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III. PREFACE

This collection of 27 published journal articles represents work carried out
between 1983 and 1995. The major thrust of these works is an extension of my
PhD studies, and centres on detailed investigations into the nature of
proteoglycans in various per¡odontal compafiments and what factors might
influence their structure and synthesis. To help this thesis read in a logical
fashion the selected papers have been arranged, not in chronological order,
but in a thematic form which covers the four main areas of research in this field
that I have pursued over the past 13 years. These fields, together with the
major sources of the subject matter used for the studies, are described below.

1. ldentification of the cellular source of the proteoglycans ¡n
gingival connective tissues.

While my PhD studies had determined the presence of proteoglycans in
human gingival tissues, their precise cellular source had not been determined.
To do this, cell cultures were established from human gingival fibroblasts,
lymphocytes and polymorphonuclear leukocytes. The tissues for these cell
isolation studies were obtained from patients attending the Graduate
Periodontics Clinic in Seattle, and the candidate's private practice in Adelaide.
All of these cultures were established by the candidate. Healthy human
volunteers, who were working in the Department of Pathology at The University
of Adelaide with the candidate, provided the blood samples for isolation of the
lymophocytes and polymorphonuclear leukocytes.

2. Isolation, identification and characterization of the
proteoglycans found in the hard connective tissues of the
periodont¡um.

Not only were proteoglycans identified in the soft connective tissues of
the periodontium, but they were presumed to be present in the two hard tissues
of the periodontium, namely cementum and alveolar bone. Thus, studies were
undeftaken to isolate, identify and characterize the proteoglycan content of
these tissues. The human alveolar bone specimens were obtained from the
Oral Surgery Clinic at the University of Adelaide following routine third molar
surgical extractions. The cementum samples were provided by Dr Sampath
Narayanan, University of Washington, Seattle, USA as part of a collaborative
project investigating the biochemical composition of cementum.

3. Determination of the pathological changes which occur to the
proteoglycans in human gingiva.

Once the proteoglycan composition of the "normal" periodontium had
been established, it became necessary to investigate the changes which
occurred during the development of inflammatory human periodontitis. The
approaches used in these studies included studies on whole gingival biopsies
as well as using cell culture. For these studies, inflamed human gingivae were
obtained from the Graduate Periodontics Clinic at the University of Washington,
Seattle, USA, and in subsequent years from the candidate's own specialist
periodontal practice in Adelaide. The gingival fibroblast cultures derived from
inflamed gingival biopsies were established by the candidate during his
postdoctoral fellowship in Seattle,

3
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4. Studying the effects of selected inflammatory and wound
healing agents on proteoglycan synthes¡s.

lnvestigations into the molecular factors which might influence
proteoglycan structure and synthesis were all carried out us¡ng cell culture.
The gingival fibroblasts used in these studies included those derived from
donors of a variety of ages, as well as those from normal and inflamed
gingivae. All of the cultures were established by the candidate either in
Seattle, Adelaide or Brisbane. The interleukin-1p was a generous gift from Dr
stephen Dower from lmmunex corporation, seattle, washington, USA; the
lipopolysaccharide preparations from Porphyromonas gingivalis and
Actinobacillus actinomycetemcomitans were a gift from Dr Stephen Miller,
State university at Buffalo, New York, USA; the culture supernatants from
Fusobacterium nucleatum were provided by Dr Tony Rogers, The University of
Adelaide; the platelet derived growth factor used was recombinant human of
the BB isoform and was purchased from Genzyme Corporation, Boston, USA.

A more detailed description of the significance of these findings is provided at
the commencement of each of the four sections. A statement regarding the
candidate's contribution to any jointly authored papers is also detailed at the
commencement of each section.
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Paper 1
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Bartold, P.M.
Turnover in periodontal connect¡ve t¡ssues. Dynamic
homeostasis of cells, collagen and ground substances.
Oral Diseases 1:238-253; 1995



Proteoglycans of the human periodontium

This paper provides a current overv¡ew of the biochemistry of the connective
tissues which comprise the periodontium, and the changes which occur during
inflammation. The complexity and un¡que features of the gingiva, periodontal
ligament, cementum and bone are discussed with respect to their molecular
composition and homeostasis. The author's studies are discussed in relation to
the current literature, not only in the field of proteoglycan research, but in the
more general terms of extracellular matrix biology. The importance of studies
on the molecular composition of the periodontal connective tissues, and the
factors which regulate their synthesis and degradation, is emphasized with
respect to periodontal diagnosis and regenerative technologies.

b



Proleoglycans of the hutnan periodontium 7

Paper 1

Badold, P M
Turnover in periodontal connective tissues. Dynamic
homeostasis of cells, collagen and ground substances.
Oral Diseases 1:238-253; 1995



Oral Diseases (1995) 1,218-253

O 1995 Stockton Press All righa reseryed. i354-523X95 $12.00

The connective tissues of the Periodontium are com.
posed of two soft tissues and two hard tissues+ach of
which has un¡que features. This review cons¡ders the con-
st¡tuents of normal, healthy periodontal connectiYe t¡s-
sues together with an appra¡sal ofthe changes ¡n the con-
nect¡ye tissue matrices of the per¡odont¡um which occur
during the development of periodont¡t¡s. Recent develop-
ments ¡n this field have paved the way for new and exc¡t-
ing vistas in periodontal diagnosis and regenerat¡on
which, ultimately, are two important goals in periodon-
tal therapy.

Keywords: proteoglycans; collagens; connective t¡ssue; per-

iodontal diseases

lntroduction
There are many diseases prevalent in our society which are

associated with defects in either the connective tissue
matrices, their resident cells, or both. A classic example of
the relationship between connective tissue matrix and its
cellular components is periodontitis.

The periodontal tissues normally exist in a steady state

equilibrium oscillating between tissue degradation and tis-
sue repair. Consequently, despite constant mechanical and
chemical assault the periodontium manages, for the most
part, to maintain its structural and functional integrity.
Nonetheless, if the delicate balance between host response

and bacterial virulence is disturbed then disease and associ-
ated tissue destruction results. Upon removal of the causa-

tive agent(s), tissue repair may proceed and ultimately
health may be restored to the affected tissues.

Of course, the above is a simplistic approach to the prob-
lem. Vy'e now recognize at least four stages in the develop-
ment of periodontitis (Page and Schroeder, 1976). The
initial, early and established lesions refer to the onset and

development of gingivitis. The advanced lesion is represen-
tative of deeper tissue destruction and indicates the onset
of periodontitis. Thus there can be little doubt that the
components of the extracellular matrix of the periodontium
are significantly affected during inflammation. Of interest,
however, is the recognition that gingivitis is very often a

stable lesion which may never progress and develop into
periodontitis. Hence in gingivitis, a balance exists between
destruction and replacement of damaged matrix. If how-
ever, this balance is disrupted, then periodontitis results and

Correspondence: PM Bartold, Department of Dentistry, University of
Queensland, Turbot Stleet, Brisbane QLD 4000, Australia
Received l8 September 1995; accepted 2 October 1995

the resultant advanced tissue destruction of both hard and
soft connective tissues becomes evident and the resulting
damage is, for the most part, irreversible.

This paper will be concerned with an overview of the
norrnal constituents of the periodontal connective tissues

together with an assessment of changes apparent with the
development of periodontitis. Together, these findings pave
the way for new and exciting vistas in periodontal diagnosis
and regeneration which, ultimately are two important goals

of periodontal therapy.

The periodontal connect¡ve tissues

The periodontium is composed of a number of discrete and
unique connective tissues, each of which confer upon the
tissues their unique properties. Classically, the gingival
connective tissue and periodontal ligament comprise the
two principal soft connective tissues of the periodontium
whereas the cementum and alveolar bone comprise the two
hard connective tissues of the periodontium. Despite being
in very close anatomic apposition, each of these tissues has

a unique architecture, composition and function. Nonthe-
less, there are some features which are characteristic of
these collective tissues. In particular, all connective tissues
are composed of three essential components, namely extra-
cellular matrix, fibrous proteins and a variety of cells.

Extracellular components of connective
tissues

Most connective tissues can be divided into fibrous and

nonfibrous elements (Table l). The fibrous elements
include proteins such as collagen and elastin while the non-
fibrous components include a variety of glycoproteins
(laminin, fibronectin, proteoglycans, etc) as well as min-
erals, lipids, water and tissue-bound growth factors.

Table 1 Components of the extracellular matrix

Fibrous'. Collagens
Elastin

Proteoglycans
Hyaluronan
Non-fibrous proteins
Lipids
Minerals
Wâter

Crountl substattce:

Fibroblast growth factors
Transforming growth factors
Platelet-derived growth factors

Turnover in periodontal connective tissues: dynamic
homeostasis of cells, collagen and ground substances

PM Bartold
Department of Dentistry, The University of Queensland, Brisbane, Australia
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CoLlagens
The collagens are major constituents of many skeletal and

soft connective tissues. Approximately 307o of the total
protein in the human body is collagen (Nimni, 1980). These
rigid proteins are responsible for the maintenance of the
framework and tone of the tissues. To date at least 14 dif-
ferent collagens have been identif,ed on the basis of their
molecular composition and structure (van der Rest and Gar-
rone, 1991). With such diversity it is apparent that the struc-
ture of collagens is not uniform and that there are several
structural groups within the collagen family. Nonetheless,
a reasonable definition of collagen would still be all
encompassing such that collagen should be recognized as

a structural protein which contains one or more domains
having the conformation of a collagen triple helix.

The collagens may be grouped according to a variety of
structural features as: (i) collagens participating in quarter

staggered fibrils, (ii) f,bril-associated collagens with inter-
rupted triple helices (FACITS), (iii) collagens forming
sheets, (iv) collagens forming beaded fibrils, (v) collagens
forming anchoring fibrils, and (v) miscellaneous (Table 2).

The distlibution of collagens varies considerably
between diffelent tissues as well as undel a variety of nor-
rnal and pathological conditions. For example the relative
proporlion and types of collagens can change according to

the stage of development, morphogenesis, inflammation,
wound healing, fibrosis and neoplasia (Adams and Watt,
1993). The substitution of one collagen for another and an

anatomic redistribution of types has important ramifications
for normal function and pathophysiology. In teeth, substan-
tial changes in the distribution of collagens (as well as other
extracellular matrix components) are associated with the

cellular differentiation of teeth (Thesleff et al, l99l). In
fetal tissues type III collagen predominates whereas in
mature tissues type I is the predominant collagen. During
inflammatory responses and early wound healing an

increase in type III and type V collagcns is sccn (Gay et
al,1978, Narayanan and Page, 1983b).

Principally, collagens are considered to be structural pro-
teins providing a rigid framework for tissues, however they
do possess othel functions. For example, collagenous sur-
faces (types I-IV) are a major substratum fol cell adhesion
in vivo, and this, together with collagen-mediated effects
on cell growth and differentiation is likely to reflect a

requirement fol cell attachment to collagens (Hay, 1991).
In addition, types I, II and III are chemotactic for fibroblasts
and monocytes (Postlethwaite and Kang, I976; Postlethwa-
ite et al, 1,978).

Table 2 Collagen classifications

Classifcntion Collagen ¡,pe

ELastin
Elastin is a very flexible and distensible protein which pro-

vides tissues the ability to stretch, bend and twist and is

present in most vertebrate tissues to varying degrees

(Mecham and Heuser, 1991). Elastin undergoes a nutnber
of changes in many diseases including athelosclerosis,
emphysema and solar dermatosis and aging'

Elastin is extrernely insoluble and this property has made

it very difficult to isolate and charactelize. Nonetheless

recent data show that elastin fibers are cornposed of iuner
amorphous elastin compollents and an outer microfìblillar
component (Cleary and Gibson, 1983). The urolecule is sta-

bilized by nutnerous crosslinks some of which are similar
to those found in collagen and others, including desmosine

and isodesrnosine, are unique to elastin. With recent devel-

opments of molecular biology methodology, the strLlcture

and composition of elastin has become clearer. The precur-
sor to elastin, tropoelastin is assernbled into elastin fibers

very rapidly exttacellularly via efficient crosslinking reac-

tions (Paz et al, 1982). Cell surface receptol's (or binding
ploteins) for elastin have been identified and may be associ-

ated with cell chemotaxis (Senior et al, 1980).

ProteogLycans
Proteoglycans are large highly anionic glycoploteins
ubiquitous to ¿rll connective tissues. They are located within
the matrix as integral components of the matrix structure

as well as on cell surfaces and within cell organelles
(Gallagher, 1989). By virtue of their high charge they have

been ascribed a valiety of functions including tissue

hyclration, regulation of collagen fiber formation, growth
factor binding, cell adhesion and growth (Ruoslahti, 1989;

Ruoslahti and Yamaguchi, 1991; Scott, 1992; Yanagashita,

1993). By definition, a proteoglycan is composed of a sin-
gle protein core to which one or more glycosaminoglycan
side chains ale covalently bound (Hardingham and Fosang,

1992). Historically, the classifìcation of proteoglycans has

been based on their glycosaminoglycan cornposition such

that proteoglycans were given a nomenclatute such as

'small dermatan sulfate proteoglycans' or 'large aggregat-

ing chondroitin sulfate proteoglycans' (Poole, 1986). How-
ever, in recent years, the classification system for proteo-
glycans has shifted fi'om this simple approach to one more

often based on core protein sequence or tissue location
(Hardingham and Fosang, 1992). Inespective of the names

given to the proteoglycans, they can still be classified into
at least thlee separate groups, based on their location,
namely: (i) matrix organizers ancl tissue space fìllers, (ii)
cell surface proteoglycans or (iii) intracellular proteogly-
cans of the haemopoietic cells (Table 3).

Hyaluronan
This unsulfated, uronate-containing macromolecule is not
found covalently bound to a protein core as are other glyco-
saminoglycans and thus does not exist as a proteoglycan
(Mason et at, 1982; Laurent and Fraser, 1992). Hyaluronan
also differs from proteoglycans in that it is synthesized in
the plasma membrane by the addition of sugars to the

reducing end of the molecule with the reducing end pro-
jecting into the pericellular envilonment (Prehm, 1984) to
form a simple structure of repeating disaccharide units of

Quartel staggered fibrils
Fibril associated collagens with interupted

triple helices (FACITS)
Collagen sheets

Beaded ûlar¡ents
Anchoring fibrils
Miscellaneous

I, II, III, V, XI
XII, XIV, IX

IV, VIII
VI
VII
X, XIII
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Tal¡lc 3 Proteoglycntì classificatìon

gluculonic acid and glucosarnine. The distribution of this
molecule is virtr-rally ubiquitous to all tissues and it is syn-
thesized by most cells. The functions of hyaluronan ar.e
rnany and varied being most importantly associated with
tissue hydration, cell surface lnatrix interactions, cell
migration, tissue developmellt, aggregation with aggrecan,
CD44 and other rnatrix components (Toole, 1990; Laurent
and Flaser, 1992).

NoncolLagenous p roteins
Apart fi'om the collagens, elastin and pr.oteoglycans there
are numerous other protein components of connective tis-
sues (Yamada, 1991). In soft connectivc tissucs these
include matrix molecules such as f,blonectin, laminin,
vitlonectin, thrombospondin, tenascin and entactin as well
as the ubiquitous cell surface glycoproteins known as the
integlins. In addition, several noncollagenous proteins have
been identified in bone matrices and include osteocalcin,
osteonectin, osteopontin and bone sialoproteins (Young er
al, 1992). V/hile the noncollagenolts proteins are only
beginning to be identifìed and studied in any detail, their
role in regnlation of tissue function and integrity will, no
doubt, be just as critical as the better studied collagens and
proteoglycans. As our understanding of the extracellular-
matrix develops it is becoming increasingly difficult to dis-
tinguish betureen matrix/structulal proteins and matrix/cell
sttrface molecules. The two components become inextri-
cably intertwined to the point where it is difficult to dis-
tinguish between the two. Indeed it is clear that while the
matrix may provide a substratum for cell surface attach-
ment it also can dictate cell mobility, cell synthetic function
arì{,I cvcn cell shape (Hay, 1984).

Growth factors
Growth factors al'e very potent rnodulators of cell function
and are produced by a wide variety of cells. Although
growth factors are usually considered in isolation it is
becoming apparent that these agents may be bound within
the extracellular matrix acting as a reservoir for subsequent
action and/or use (Ruoslahti and Yamaguchi, 1991). Many
of the proteoglycans function as modulators of growth fac-
tors through their capacity to bind these agents (Table 4).
These interactions may be mediated via the glycosamino-
glycan chains or portions of the core proteins. For example
heparan sulfate chains have high affinity for the fibroblast

growth factols, GMCSF, and IL-3 (Rober.ts er ctt, l9B8). A
strong interaction between platelet factor 4 and chondr.oitin
sulfate has also been repolted with the chondroitin sulfate
chains of selglycine being involved in this interaction
(Ruoslahti and Yamaguchi, l99l). The core proreins of cell
surface proteoglycan betaglycan and the rnatrix proteogly-
can decorin can bind TGF-B (Andres et al, l9B9 yamagu-
cht et al, 1990).

Extracellular matrix composition of the
healthy periodontium
Gingivo
The gingival tissues are comprised of an epithelial surface
layer and an underlying stt'omal connective tissue. The epi-
thelium is classically clivided into oral, sulcular and junc-
tional components which vary in their degree of keratiniz-
ation, nnmber of cells and presence of rete pegs. Both
tissues have extlacellular matrices but due to their vastly
different structul'es and functions these matrices differ
quite significantly.

Gingival epithelium
Despite its strategic position as the first line of defense
against bacterial assault on the periodontal tissues, the
extlacellulal matrix of gingival epithelium has been poorly
studied. Histological assessment of gingival epithelium
indicates that there are spaces between the epithelial cells,
yet the nature of whai 'Iìlls' l-hese spaces is not clear. It is
cleal that there is no fibrous protein component to the epi-
thelial extracellular rnatrix but the nonfibrous components
may include a valiety of glycoproteins, lipids, water and
proteoglycans as well as extensions of intercalated cell sur-
face molecules (Bartold, 1987).

For many years the ability of epithelial cells to produce
extracellular products such as proteoglycans was disputed
(Pedlar, 1979) and it was suggested that the presence of any
such material in the spaces between epithelial cells merely
indicated an origin from the underlying mesenchymal tis-
sues (Braun-Faulco, 1958). Early investigators tried to
resolve this issue using histochemical techniques, however
it was not until autoradiographic stuclics wcrc developetl
that it was clearly demonstlated that gingival epithelial cells
had a capacity to synthesize and secrete sulfated molecules
interpreted to be proteoglycans (Wiebkin and Thonard,
1 98 1).

More recently, using specific immunohistochemical and
histochemical probes hyaluronan, decorin, syndecan and
CD44 have all been identified in hurnan gingival epithelium
(Tammi et al, 1990; Häkkinen et al, 1993). While some
site variation exists between junctional, sulcular and oral
epithelium the precise signif,cance of these f,ndings is
unclear (Kogaya et al,1989; Takara et al,1990 Oyarzun-
Droguett, 1992).

Until recently the culture of oral epithelial cells was elus-
ive. Following the development of imploved methods of
culturing oral keratinocytes (Oda and Watson, 1990; Willie
et al, 1990), reports have indicated that gingival kera-
tinocytes synthesize principally heparan sulfate proteogly-
cans with small amounts of chondroitin/dermatan sulfate
(Rahemtulla et al, 1989; Potter-Perigo et al, 1994), con-

Est racc I I u la r nat t i.t p t oteogl\'(ons:

C e I Ls u t' fac e p ro te o,q l T, c rnt s :

Haentopoietic cel I pt oreogl¡'ccnts:

Agglecan
Velsicau
Perlecan
Decorin
Biglycau
Centoglycan
Syndecan- I
Syndecan-2
Syndecan-3
Syndecan-4
CD-44
Betaglycan
Selglyci ne
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Nante Grotvth fnctor botutdn Binditrg b¡,

Decorin
Betaglycan
Syndecan

Cell surface heparan
Sulfate proteoglycan
Selglycine

TGF-B
rGF-p
bFGF;aFGF;GM-CSF
CSF;IL-3;IFN-y
FGF

Platelet factor'-4

Protein cole
Protein cole
Hepalan sulfate

Heparan sulfate

Chondroitin sulfate

"Abbreviations used: TGF-B = tlansforrning growth factor beta; bFGF = basic fibroblast glowth factor; aFGF - acidic fibroblast growth factor; GM-

CSF = granulocyte-macrophage colony stìmulating factor; CSF = colony stimulating factor'; IL-3 = intelleukin 3; IFN-y = interferon garnma; FGF =

fibloblast growth factor

firming previous biochemical analyses of whole extracts of
human gingival epithelium (Barlold et al, l98I). To date
the identity of specific proteoglycan molecular species

associated with gingival epithelial cell cultures has not
been elucidated.

Gingival connective tissue
The principal extracellular colnponent of human gingival
connective tissues is collagen. To date, six types of collagen
have been identified in the gingival connective tissues with
type I collagen being the predominant species (Nalayanan
and Page, 1983a). Type III collagen is also a principal
component of the gingival connective tissues and together
with type I collagen is uniformly distributed throughout the
connective tissue (Rao et al, I9l9; Wang e/ al, 1980;
Chavrier et al, 1984; Narayanan et al, 1985; Romanos ¿f

al, l99l). Type IV collagen is found associated with blood
vessels and basement membranes whereas type V and VI
have a diffuse filamentous distribution (Narayanan ø/ al,
1985; Romanos et al, l99l).

Numerous proteoglycans have been identified in gingival
tissues ancl have becn identilled as decorin, biglycan, ver-
sican and syndecan (Bartold et al,1983a; Pearson and Prin-
gle, 1986; BratÍ- et al, 1992; Larjava et al, 1992). Immu-
nohistochemical studies have identified a Yariety of
proteoglycans within the gingival tissues which are closely
associated with collagen fibers, blood vessels and cell sur-
faces (Shibutani et al, 1989; Baltold, 1992; Häkkinen er

al, t993).
In order to understand the biosynthesis of gingival con-

nective tissue, f,broblasts which are the predominant cell
type present and presumed to be the cell responsible for
the production of the extracellular matrix have been used
extensively to study collagen and proteoglycan synthesis
(Narayanan and Page, 1976; Bartold and Page, 1987 Lar-
java et al, 1992). These studies have demonstrated fhat, in
vilro, human gingival fibroblasts produce proteoglycans
and collagens of a similar profile to those extracted from
whole gingival tissue extracts.

Elastin is a minor constituent of gingival connective tis-
sue, accounting for approximately 67o of the total tissue
protein (Chavrier, 1990). There has been little consideration
of this protein in the gingival tissues despite its important
role in conferring distensible ploperties on tissues (Chavrier
et al, 1988). Interestingly, elastin is present in relatively
small amounts in the fixed, inflexible attached gingiva but

it is more plominent in the submucosal tissues of the more

rnovable and flexible alveolar mucosa (Bartold, 1991).

Other glycoproteins including fibronectin, tenascin,

osteonectin and laminin have been identifled in gingival
connective tissues (Pitaru et al, l98l:. Salonen et al, 1990;
Steffensen et al, 1992).

Períodontal ligament
The principal collagen species in Sharpey's and other col-
lagen f,bers of the periodontal ligament is type I (Rao er

al, 1979). Type III collagen appears to coat type I collagen

of Sharpey's fibers. Together these two collagen types are

codistributed with types V and XII, and f,bronectin. Blood
vessels within the periodontal ligament contain type I, III,
IV and V collagens. The periodontal ligament also contains

small amounts of elastin and tenascin, which are present in
connective tissue and in zones along cementum and bone

lLukinmaa et al. l99l).
The proteoglycans in human periodontal ligament are

courposed of similar glycosaminoglycans to gingival tissue

being hyaluronan, heparan sulfate, dermatan sulfate and

chondroitin sulfatc of which delmatan sulfate is the princi-
pal GAG (Pearson and Gibson, 1982; Gibson and Pearson,

1982). The finding that dermatan sulfate is the principal
glycosaminoglycan in periodontal ligament is consistent

with the highly collagenous nature of this tissue. Two prin-
cipal ploteoglycans have been identified in periodontal liga-
ment as versican and decolin (Pearson and Pringle, 1986;

Häkkinen et al, 1993). The distribution of proteoglycans

in periodontal ligament is closely associated with collagen
fibers, cell surfaces and blood vessels.

The use of cell cultures for studying in vitro synthesis

ofploteoglycans by peliodontal ligament fibloblasts has not
been utilized as much as one might expect. Indeed, rela-

tively few groups have studied proteoglycan synthesis by
periodontal ligament flbloblasts. Smalley et cLl (1984) ident-
ified the glycosaminoglycans synthesized by periodontal
ligament f,broblasts and confirmed these were similar to

those found in vivo. To date there appears to be only one

detailed study on periodontal ligament fibroblast proteogly-
cans (Larjava et al, 1992). These cells, like their gingival
counterpafis, synthesize numerous types of proteoglycans

of which decorin and versican have been identified. How-
ever it is likety that other ploteoglycans are present and

these will most likely include syndecan, glypican and beta-
glycan. Although biglycan has not been identified in cul-
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tures of noullal pet'iodolìtal liganreut it is notewor-thy that
cxllosul'e of tl.ìese cells to TGF-B signifìcantly stinlulates
tlre synthesis of this ll'oteoglycan (Kähär'i et al, l99l).

Cententun
Very littlc cletailed infblrnation is available on the extla-
cellulal lnatrix of celnentLltn. Histologically cernentum is
similar to bone ancl dentin. The inorganic lnatrix accouuts
fol apploxinr.tlely 507o of the centelltulìl content and is
corrposecl plincipally oi hych'oxyapatite. The rnajor. pro-
portiorl of the olganic nlah'ix is composed of types I and
III collagens (Bilkadel-Hanselì ¿t al, 1917). Lr r.ecent year.s
intelcsI in the noneollagenous r-natlix of celltelttntl has
intensifìccl rvith the realizatiolt that many nlinelalized tis-
sues have, within theil olgunic ntatl'ix. n.rany fÌrctor.s cap-
able of irrducir.rg nel tninelaìizecl tissues whiclr al'e clearly
of ìmpoltance with l'espect to tissue legenelafion (Reddi,
1992; Ripanronti ancl Reddi, 1994). Although difficLrlties
have been encounteled in obtaining suitable quantities of
cementun for analysis, ltutreroLls studies in a variety of
animals inclicate that a variety ol nonfiblous proteins al.e
pl'esent in cernentun.r. These include at least thr.ee RGD-
associated adhesion ploteins, bone sialoplotein, tenascin,
osteonectirl ancl proteoglycans (Somenllall ¿/ al, 1990
1991; MacNeil and Sourelrnan, 1993). While the funcrion
of these molecules is still speculative solne have been
characterized in detail and appear to play a signifìcant role
irl modulating fibroblast attachnlent and fïnction
(Sornerrrair et al, 1987; Nakae er tl, 1991).

Histochelrical and biochemical stLrdies have confirmed
the presence of hyaluronan, dermatan sulfate and chon-
dloitin sulfate in cerne¡rtum with chonch'oitin sulfate being
the predorninant glycosaminoglycan (Baftold et aL, 1988).
Immunohistochemical studies have shown the distribution
of proteoglycans to be closely associated with the cemento-
blasts and lightly distlibutecl throughout the matrix (Bartold
et al, 1990), Intact proteoglycans have been extracted from
cementum and identified as predominantly a chondroitin
sulfate proteoglycan-its identity awaits further work but
on the basis of its size and sin-rilarity to bone pr.oteoglycans
it is most likely to be decolin. Due to the absence of any
reliable culturc tcchniqucs fol ccmcntoblasts uo infor-
mation is available fol the biosynthesis of proteoglycans
by cernentoblasts.

Alt¡eolar bone
Although better studied than cementLtm, alveolar.bone has
been lathel'neglected with respect to analyses of its extra-
cellular matrix composition. Collagens type I and III com-
plise the bulk of the nonmineralized matrix of alveolar bone
(Rao et al, 1979, Wang er a/. 1980). Glycosaminoglycans
have been identified by histochemical and biochemical
Íreans as predominantly chondroitin sulfate with minor pro-
portions of heparan sulfate, dennatan sulfate and hyalu-
ronan plesent (Waddington et al, 1988; Bartold, 1990).
Immur.rohistochemical localizations have shown a distri-
bution to the cells and to their lacunae as well as thloughout
the mineralized matrix (Bartold, 1990). Analysis of the pro-
teoglycans of bone have been restlicted to only a few stnd-
ies with a chondroitin sulfate proteoglycan being the major.
species identified (Bartold, 1990; Waddingron and Embery,

199 l). This is rnost likely a rnixtrl'e of clecorin and bigly-
can

Matrix changes with development of
inflammation

Gingival epithelimn
One of the earliest reported changes to occur in the per-
iodontal tissues during development of plaque-induced per-
iodontal inflammation is wiclening of the inter.cellular.
spaces between the epithelial cells of the sulcular. epi-
theliun-r (Thilander, 1968). Apart fi'orn a few early histoch-
er.r.rical stuclies these changes have been poorly studied.
What is intelesting about these changes is that although
widening occurs we have lto idea what fills these widened
spaces. Whethel it is specific matrix cornponents (perhaps
ploteoglycarrs, or hyaluronan), ol rnerely water. is ar.r

inrDortant consideration since the composition of fhese
'spaces' will have a significant bearing on how nutrients,
metabolites and toxins may passage the epithelial bar.r.ier
to initiate the inflarnntatory process (Bartolcl et al, 1983b).
Indeed, the issue of l¡atrix-controlled diffusion of mol-
ecules is very important in regulating the physiological
properties of tissues. However, this alea of physical bio-
chemistry has been given little or no recognition in the per-
iodontal literatul'e. While it is recognized that diffusion
occrìrs across the sulcular and junctional epithelia both
frorn the connective tissue to the gingival sulcus and fi.orn
the gingival suicus ro the connective tissue, the mechanisr.r.rs
are not understood. It has been ploposecl that the conceu-
trated rnatrix of healthy epithelia rnay facilitate diffusion
of rnolecules and even rnaintain tissue-destl.uctive enzymes
in a non-active conformation while the less concentr.ated
matlices associated with widening of the spaces may be
lnore conducive to ongoing tissue destruction (Bartold e/
al, 1983b).

Gingival. connective tissue
During the development of gingivitis, the gingival counec-
tive tissues are disrupted within 3-4 days after plaque
accumulation (Page and Shloeder', 1976). The destr.uctive
ptocess bcgils al- perivascular collagen bundles with up to
70Vo of the collagen within inflammatory foci being lost
during the early stages of inflammatory periodontal disease
(Payne et a\,1975). The observed increase in collagen solu-
bility indicates eithel active synthesis of new collagen
and/ol irnpaired crosslinking. As the inflammatory process
of gingivitis progresses, the amount of type V collagen
increases, often exceeding that of type III collagen
(Narayanan et cLl, 1983; 1985).

Numelous difficulties have been encountel'ed in estab-
lishing the ploteoglycan profile of normal and inflamed gin-
gival tissues due to the large numbel of component cell
types capable of synthesizing ploteoglycans. For example,
not only are fibroblasts present but, due to its high vascu-
larity, gingival tissues also have a significant number of
endothelial cells present. With the plesence of a low grade
inflammatory infiltrate, even in clinically healthy samples,
llurnerous inflammatory cells (neutrophils, lymphocytes,
mast cells etc) are also plesent in gingival connective tis-
SUES.



Early studies on inflamed periodontal tissues used histo-
chemical changes and clearly showed that at foci of
inflammation there was a loss of material which stained
positively for glycosaminoglycans while at the periphery of
the lesion there was a notable increase in staining intensity
(Melcher, 1967). Additionally, histochemical dyes stained
many of the inflammatory cells indicating them to have a

significant component of proteoglycan (Melchet, 1967).

Unfortunately these important observations were largely
ignored as biochemical techniques were developed and

studies became more focussed on the composition of the
tissues rather than the dynamics of the events. Despite
numerous studies, very few changes in the total amounts of
proteoglycans have been noted in inflamed gingival tissues
(Embery et al, 1919; Bartold and Page, 1986a). Nonethe-
less, some minor qualitative changes have been noted in
which dermatan sulfate decreases and chondroitin sulfate
increases. In addition, clear evidence has been reported on
changes to the protein core of the tissue proteoglycans as

well as significant depolymerization of hyaluronan (Bartold
and Page, 1986b). These findings differ from those noted
for the collagens where there appears to be a net loss of
collagenous proteins from the inflamed tissues. Initially, the
findings of little change with respect to proteoglycan con-
tent wele perplexing. However, they can be explained in the

light of the earlier histochemical studies alluded to above as

well as more recent data on the ubiquitous cellular distri-
bution of proteoglycans. Firstly, the findings should not
have been surprising since earlier studies showed some loss

of material at the inflammatory focus but increased staining
at its periphery (Melcher, 1967). This observation indicates
that, as part of the tissue response to inflammation, the resi-
dent cells, when trying to wall off the inflammatory lesion,
increase their production of some components of the extra-
cellular matrix. Furthermore, findings of inflammatory cell
staining by histochemical dyes (Melcher, 1967) together
with more recent detailed studies on the production of pro-
teoglycans by numerous inflammatory cells (Bartold er ø/,

1989a;1989b) explain why marked changes or depletion
of proteoglycans in inflamed gingival tissue are unlikely to
occur. In addition, since the principal proteoglycan pro-
duced by inflammatory cells is a chondroitin sulfate proteo-
glycan, and there is significant loss of proteoglycan (most
likely dermatan sulfate) with the loss of f,brous tissue, the
switch from a predominantly dermatan sulfate lich proteo-
glycan matrix to one richer in chondroitin sulfate with
developing periodontal inflammation is explained.

Periodontal ligament
To date there have been few studies concerning the patho-
logical changes occurring in the periodontal ligament dur-
ing the development of periodontitis. Topographical studies
in sheep have mapped the composition of the periodontal
extracellular matrices in sheep (Kirkham et aI, 1989) and
determined the changes occurring in the periodontium dur-
ing inflammatory mediated degradation (Kirkham et al,
19911' 1992). As noted for gingival tissues, the level of sul-
fated glycosaminoglycans in the periodontal ligament
increases with increasing disease. This increase apppears to
be specifically associated with an increase in chondroitin
sulfate at the expense of delmatan sulfate. The significance
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of such findings is still unclear but is most likely relatecl

to an increase in cellularity of the tissue, release of proteo-

glycans from the alveolar bone, or altered metabolism of
the sulfated glycosaminoglycans in the inflamed tissues.

Evidence of structural changes to periodontal ligament pro-
teoglycans has been noted in tissues undergoing orthodon-
tic forces (Last et al f987). Although there appears to be

little change in the types of glycosarninoglycans present in

such tissues, there is a significant decrease in the amount

of high molecular weight proteoglycans in periodontal liga-
ments subjected to a variety of tensional and compressive
stresses.

Cementum
As noted above cementum has been poorly charactelized
with respect to its normal biochemical composition in
relation to the othel periodontal tissues. Virtually nothing is

known of the biochemical changes occurriug in cementum

adjacent to tissues affected by periodontal inflammation.
Apart from the obvious acclual of a variety of bacterial
products either on the cementum surface or possibly within
the cementum matrix (Hughes and Smales, 1986; Hughes

et at, 1988), other changes in cementum associated with
periodontal disease have included increased softness

(Riffle, 1952), inueased inorganic components (Selvig and

Zander, 1962), deueased organic cornposition (Stepnick et

al, 1975), all of which may contribute to the reported struc-

tural changes noted in exposed cementum. The collagens
of peliodontally affected cementum appear to be denatured

and have a lelatively high affinity for mineral adsorption
(Furseth, l97I).If has been proposed that as periodontitis
develops the cementum is exposed to four different
environments (Armitage and Chlistie, 1977).In health the

root surface is largely covered by the ûbrous and non-

fibrous matlix of the periodontal ligament and supracrestal
gingival tissues. With development of gingival inflam-
mation and loss of fìber attachment inLo l"he rool sutface,

epithelium migrates along the root surface to cover the

cementum. As a pocket begins to develop the cementum

becomes exposed to the pocket environment and with sub-

sequent recession (either as a result oftherapy or continuing
pathological events) the cementum may be exposed to the

supragingival oral environment. There is clearly a need for
further investigations into the chemical changes associated

with exposed root surfaces and how these might be made

more'biologically acceptable'.

Alveolar bone
Changes to the matrix of resorbing alveolar bone are poorly
understood. It is likely that the general mechanisms of bone

resorption (Pierce er al, 1991) would apply to the alveolar
bone affected by periodontitis. These mechanisms, require
both decalcif,cation as well as removal of the organic

components and involve an interplay between osteoblasts
and osteoclasts (Rodan and Martin, 1981; V/ong, 1984).

However, the precise sequence of these events is still the

topic of debate. An important sequela to bone resorption
is the release of organic components into the periodontal
connective tissue matlices which may be detected sub-

sequent to the resorptive process and used as potential mar-

kers of bone resorption (see later in this review).
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Mechanisms of matrix disruption
As outlined above, there is little doubt that the components
of the extracellular matrix of the periodontium are signif,-
cantly aftected during inflammation. However, the mechan-
isms of extracellular matrix disruption associated with
microbial colonization and subsequent periodontal destr.uc-
tion are many and valied (Bilkadel-Hansen, 1993a). Matrix
changes noted in periodontitis may result via one of three
principal pathways: (i) release of degradative enzymes by
host or bacterial cells, (ii) release of reactive oxygen spec-
ies, or (iii) alteration in matrix synthesis by fibroblasts,
keratinocytes, endothelial cells and osteoblasts induced by
a variety of cytokines and inflammatory rnediator.s. As has
been noted before, several of these pathways are indeed
inflammation-independent (Bilkadel Hansen, 1993a) and
thus the issue of tissue destluction, rather than inflammation
alone, becomes a critical consideration in understanding the
disease process associaied with periodontitis (Figure l).

Enzymatic degradation
Bleakdown of the extracellular matrix in per.iodontal dis-
eases can be caused by enzymes of either an intracellular
or extracellular source. The extlacellular pathways may
involve mammalian interstitial enzymes or those of an
exogenous source such as from bacteria.

Intracellular (phagocytic) degradation of extracellular
matrix components is often overlooked as an impottant
pathway of tissue remodelling (Melcher and Chan, 1981).
The process of phagocytosis of collagen has been well
described whereby collagen f,bers have been noted in lyso-
sornes where they undergo proteolytic digestion (Ten Cate,
1972; Listgarten, 1973). In ordel for phagocyrosis to occur
the collagen must first be partially digested extracellularly.
The mechanism by which this occurs is not entirely clear
but may be via cell surface associated or secreted proteases
acting in the immediate pericellular environment (Svoboda
et al,1979). Once inside the cell the phagocytosed collagen
collects in small vacuoles which appear to coalesce with
lysosomes. Although numerous cathepsins are able to
degrade the partially denatured collagen (Burleigh et at,
1974; Kirschke et al, 1982) cathepsin L appear.s to be the
most effective (Kirschke and Barrett, 1985).

Extracellular degtadation of the extracellular matrix may
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occur via the action of a nurnber of metalloendopeptidases.
Amongst these enzymes, interstitial collagenase (MMp-1),
gelatinase (MMP-2), type IV collagenase (MMP-9), and the
stlornelysins (MMP-3, MMP-10, MMP-11) have been sug-
gested to have a significant role in the initial destr.uction of
periodontal extracellulal matrix macLomolecules (Birkadel-
Hansen, 1993b). Subsequent to the initial depolymer.ization
caused by these enzymes more complete degradation of the
ploteins involves the action of other less specific host and
bacterial enzymes.

Although these enzymes possess the ability to degrade
matrix components it must be temembered that most of
them are secreted in a latent folm and must be 'activated'
before they can degrade their specific substtates. proen-
zyme activators and specific inhibitols of metalloprotein-
ases (TIMPs) are important regulatols of enzyme activity.
Activation of the enzyne involves a complex series of
events closely linked to conformational changes leading to
cleavage of the proenzylne sequence by exogenous protein-
ases such as trypsin, plasmin, chymotrypsin, neutrophil ela-
stase, or plasma kallikrein (Nagase et al, 1990). The initial
cleavage then permits a second, autolytic cleavage to occur
leading to the mature and active form of the enzyme
(Stricklin et al, 1983). In addition to endogenous control
of latent matrix metalloproteinases, recent evidence indi-
cates that proteases from peliodontopathic bacteria may
also activate latent collagenases (Sorsa et al, 1992). TIMps
form noncovalent complexes with the MMPs to inhibit the
activity of the active enzyme or inhibit precursor activation.
At least two members of the TIMP family have been ident-
ified (TIMP-I and TIMP-2) wirh rhe likelihood of others
being identified (Stettler-Stevenson et al, 1989).

The role of hydrolytic enzymes in matrix degradation is
unclear. Many hydrolytic enzymes have been identified in
inflamed periodontal tissues. The most notable of these
enzymes identified in inflamed periodontal tissues include
B-glucuronidase, aryl sulfatase and hyaluronidase (Goggins
et al, 1968; Podhradsky et al, 1982: Lamster et at, 1985).
The substrates for such enzymes would clearly be the
carbohydrate components of the ploteoglycans as well as
hyaluronan. It would seem unlikely that these enzymes are
responsible for the primary degradation of proteoglycans.
More likely, such enzymes are involved in a secondary
capacity, after initial proteolytic cleavage of proteoglycans,
in the subsequent breakdown of glycosaminoglycan chains.
However, in light of current biochemical analysis of
inflamed periodontal tissues there is little evidence to sup-
port such a role for these enzymes in matrix degradation.
No evidence has been found to indicate the products of
their activity since glycosaminoglycans isolated from
inflamed gingiva appear to remain relatively intact despite
an abundance of hydrolytic enzymes (Embery et al, 19i9,
Bartold and Page, 1986b).

Bacterial enzymes
Another important source of degradative enzymes is from
the microbial plaque in the gingival sulcus. Indeed, numer-
ous enzymes associated with bacterial dental plaque have
been implicated in the pathogenesis of inflammatory per-
iodontal disease (Slots and Genco, 1984; Mayrand and
Holt, 1988). In particular, the black pigmented Bacteroides
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Figure I Schematic representation of the interplay between inflam-
mation, matrix synthesis, matrix lysis and tissue repair.



(Porphyromoizas) species appear to synthesize numerous
proteases with a potential to disrupt periodontal extracellu-
lar matrix (Mayrand and Holt, 1988; Greiner and Mayrand,
1993). In addition, C. histolyticus and some facultative
Bacillus species from dental plaque also secrete enzymes
which can degrade collagen (Makinen and Makinen, 1987).
Other enzymes with tlypsin-like activities have been
described from P. gingivalis, T. denticola (and other
spirochetes) and B. forsythus which may degrade type I
collagen and plasma fibronectin (Mäkinen et al, 1986;
1990; Smalley et al 1988a; Söderling et al, l99l).

While there is no question that many oral bacteria secrete

collagenases, their role in the primary destruction of per-
iodontal collagens has been questioned (Overull et al,
1987). Evidence for a host, rather than bacterial, origin of
collagen degradation comes from the observation that 3/4-
l/4-fragments of collagen, indicative of mammalian col-
lagenase digestion, can be identified in inflamed gingival
extracts. Furthermore several investigators have found little
evidence for the presence of bacterial collagenase in gin-
gival crevicular fluid (Overall et al, l99l; Ingman et al,
1993). Thus, despite observations that periodontopathic
bacteria such as Porphyromonas gingivalis and Treponema
denticola contain and produce proteolytic enzymes (such
as trypsin-like proteases and collagenase), there is little evi-
dence to support their activity as first line initiators of col-
lagen degradatiol in vivo. Nonetheless, it should be remem-
bered that these enzymes may play an important role in
degradation of collagen peptides subsequent to initial cleav-
age by mammalian collagenases.

Alternative mechanisms of action for bacterial enzymes
may be via: (i) acting as antigens capable of stimulating
cytokines from circulating mononuclear cells which in turn
may activate MMPs, (ii) cleavage of host defence mediators
such as immunoglobulins, plasma proteinases, and cyto-
kines, (iii) cleavage and activation of procollagenase or (iv)
inducing keratinocytes and fibroblasts to release matrix
metalloproteinases (Birkadel-Hansen et al, I993a; Nilson
et al, 1985; Schenkhein, 1988; Sorsa et al, 1992). Thus,
irrespective of their mode of action, bacterial enzymes are

likely to be significant contributors to matrix disruption
through either direct or indirect pathways.

With respect to proteoglycan destruction in the periodon-
tium, bacterial enzymes may play a significant role. There
is overwhelming evidence confirming that oral bacteria
synthesize hyaluronidase (Nord et al, I9l0; Tam et al,
1985), neutral proteinases (Uitto et al, 1986), heparinase
(Okuda et al, 1985), chondrosulfatase (Tam et al, 1982)
and chondroitinase (Tipler and Embery, 1985). All of these

enzymes have the potential to degrade various stt'uctural
elements of periodontal proteoglycans as well as influence
the matrix indirectly through activation of interleukins or
modulating f,broblast function. In addition to direct tissue
damage, indirect effects of enzymes on proteoglycans has

been noted whereby the enzyme released by P. gingivalis
has been found to have a significant inhibitory effect on
proteoglycan synthesis by periodontal ligament fibroblasts
(Smalley et al,1988b).

It is important to remember that in order for any tissue
degradation to occur via enzymatic means, three mechan-
isms must operate. Firstly, the enzyme must be in an active
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form such that it is not complexed with an inhibitor or pre-

sent in a pre-active form. Secondly, it must be in a confor-
mational configuration which will allow it to be active-
the quality and concentration of the matrix may have a sig-
nificant effect on this (Bartold et al, 1983). Finally, the
appropriate substrate must not only be available but must
be in a conf,guration which will permit degradation. This
final point is worthy of further consideration because,

although enzymes can be shown to be active in vitro against
specific substrates, one must always remember that such
substrates rarely exist in isolation in vivo rather they are

more likely complexed with other matrix proteins. Thus,
the in vivo availability of collagen for degradation while
tightly complexed with proteoglycans and other matrix
components raises important issues as to the actual effec-
tiveness of 'collagenases' in initiating tissue destruction
without the additional help of other enzymes (stromelysins)
to first 'unravel' or 'expose' the necessary substrate.

Oxy gen-derived free radicals
Oxygen-derived free radicals, such as the superoxide rad-
ical and the hydroxyl radical, are integral reaction products

of normal cellular metabolism but are elevated in cells
undergoing active respiratory bursts (Baboir, 1984). In
parlicular, tissues may be exposed to ODFR during
inflammatory reactions, particularly where polymorpho-
nuclear leukocytes and macrophages are in abundance.

These phagocytic cells are very reactive in reducing mol-
ecular oxygen to superoxide radicals when exposed to stim-
uli which induce phagocytosis. For example, adhesion of
particles to the cell surface of phagocytic cells results in
an increase in oxygen consumption by the cell. The
reduction of oxygen produces superoxide radicals. These
superoxide radicals may then leact with hydrogen peroxide
in the presence of trace metals (iron) to produce hydroxyl
radicals. Oxygen-derived free radicals are highly reac[ive,
and if present in abundance in tissues, can cause extensive
damage (Freeman and Crapo, 1982). Free radicals may dis-
rupt cellular proteins, nucleic acids and membrane lipids as

well as effecting depolymerization of matrix components
such as collagen, hyaluronan and proteoglycans (Vy'ard er

al, 1988).
The role of oxygen-derived free radicals in periodontal

tissue destruction has been largely overlooked in favour of
the more commonly cited enzymatic degradation. However,
given their highly reactive nature and likely abundance in
inflamed periodontal tissues, their role in inflammatory
mediated tissue destruction should not be discounted
(Bartold et a|, L984; Sorsa et a\,1989). Studies on the effect
of oxygen-derived free radicals on gingival proteoglycans
and hyaluronan have demonstrated a susceptibility of these

molecules to depolymerization by such reactive molecular
species (Bartold et al, 7984). Molecular size is diminished
significantly leading to a reduction of solution viscosity. If
translated to an in vlvo scenario, reduced matrix viscosity
could be expected to have significant ramifications for the
mechanical and biophysical properties of the periodontal
tissues. A further role for oxygen-derived free radicals in
early depolymerization of matrix macromolecules in
inflamed periodontal tissues has been proposed whereby

.'t:ì
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neutrophil collagenase ean be activated by leactive oxygen
species (Sorsa ør al, 1989).

Matrix changes assoc¡ated with metabolic
activity of fibroblasts
In addition to changes in the matrix brought about by degra-
dation, significant changes may also result via the effects
of microbial and host-derived mediatols on the resident
flbroblasts. Fibroblasts fi'om normal and inflamed periodon-
tal tissues have been analysed and indicate that stable
phenotypic diffelences exist between these two conditions
(Narayanan et al, l9l8; Bartold and Page, 1986a; Häkkinen
and Larjava, 1992). With respect to synthesis of matrix
components, a good comelation has been noted with respect
to the types of proteoglycans and collagens synthesized by
gingival fibroblasts in vitro and the types present in either.
normal or inflamed tissues. Vy'hether these represent the
emergence of subpopulations within the tissues or perma-
nent phenotypic change as a result of the inflammatory
environment remains to be established (Bordin et al, 1984).

Inespective of the above mechanisms of fibroblast
phenotype expression it is clear that the inflammatory
environment differs significantly from that of health. V/ith
the infiltration of plasma proteins, leukocytes and macro-
phages into the tissues a vast alray of soluble mediators is
available for interaction with the fibroblasts leading to
changes in their mobility, synthetic activity, growth and life
span (Irwin et al, 1994). Added to these soluble mediators
of endogenous origin should be the numerous soluble pro-
ducts and fragments of the bacteria residing in the gingival
sulcus. Taken together, the potential fol signif,cant effects
on matrix synthesis, quality and quantity is very significant
through altered metabolism of the matrix by the resident
fibroblasts. As seen in Table 5 the variability of the effects
of these agents on fibroblast function is high and highlights
the complex interactions involving numerous different
cells, systems and processes which are only beginning to
be fully appreciated. Nonetheless critical to the emergence
of periodontal pathologyidestruction is a dynamic interac-
tion of host and parasite mediators together with the nature
of ûrc cxtlaccllular matrix on the resident fibroblasts and
other matrix-forming cells (Figure 2). Indeed, the role of

ple-formed extracellular matrix and various cytokines in
modulating periodontal f,bloblast function in a manner
quite different to that noted for monolayer cell culture has
beerr reported (h'win el al, 1994).In these studies proliferat-
ive responses and matrix production correlated well with
the catabolic events noted in vivo.

Extracellular matr¡x components in gingival
crevicular fluid
Given the significant amount of tissue destruction which
occurs during development of periodontitis it is not surpris-
ing that attention has focussed on identifying tissue break-
down products as indicators of tissue damage for diagnostic
purposes (Embery and Waddington, 1994). At pr.esent there
is no single reliable diagnostic indicator for active per-
iodontal destruction (Beck, 1995). Given the multifactorial
nature of the disease it is unlikely that only one parameter
will ever be used as a universal diagnostic aid. The events
of periodontitis can be divided into bacterial etiology, meta-
bolic events and anatomical changes each of which need
to be taken into account when diagnosing periodontal con-
ditions. Connective tissue markers of disease activity may
be of use when considering the metabolic events of the
disease process. Such connective tissue components may be
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PMN's:
ODFR, Enzymes

Lymphocytes:
eytokines & tnterleukins

Macrophages:
lL-1, Enzymes,
Prostaglandins

Figure 2 Interplay between cells which produce extracellular matr.ix and
soluble mediators

Table 5 Effect of soluble mediators on fibroblast funcrion

FIBROBLAST
OSTEOBLAST

KERATINOCYTE
ENDOTHELIAL CELLS

Agent Proliftration Collagcn Proteoglycans Ilyaluronun

+
+
+
1?

+
?'!
+
+
+

+

+
1?

nil
+/-

+
+
??

+

+
+
+

+
??

+
+
+
+
+

PGE2
L-1
tL-6
ODFR
TGF
TNF
PDGF
IGF
EGF
LPS

Abbreviations: PGEt = prostaglandin Er; IL-1 = inter'leukin-l; IL-6 = interleukin-6; ODFR = oxygen-derived free radicals; TGF = transforming growth
factor; TNF = tumor necrosis factor; PDGF = platelet-derived growth factor; IGF = insulin-like growth factor; EGF = epidermal growth facìoi; LpS
= lipopolysaccharide
Symbols: '+' indicates stimulation; '-' indicates reduction; 'nif indicates no effect; '??' indicates effect unknown; 'fl-' indicates an equivocal effect



further divided into effectors of inflammation or products

of inflammation. For the purposes of tbis paper only the

connective tissue elements associated with the extracellular
matrix and its degradation will be considered.

The gingival crevicular fluid contains many components
of breakdown ploducts from the periodontium arising from
gingivitis and periodontitis. As a result, many studies have

focussed on analysing components of this inflammatory
exudate in the hope of finding an indicator of active per-

iodontal breakdown (Lamster and Grbic, 1995). Specifi-
cally, plasma proteins, bacterial and mammalian enzymes,
inflammatory mediators have been amongst the myriad
components studied in detail. Unfortunately, a serious

drawback of all of these 'potential markels' is that they

reflect processes occur:ring in the gingival connective tis-
sues and tell us little about attachment loss or bone loss.

Thus, no distinction can be made between gingivitis and

periodontitis. However, due to the site specificity of some

matrix components (Table 6), the possibility exists to detect

these and corelate them with speciflc tissue destruction.

Collagen components in gingival crevicular fluid
Since the major fibrous constituents of the periodontal con-
nective tissues ale collagens type I and III, and because of
their hydroxyproline content, early studies on periodontal
collagens focussed on quantitating the hydroxyproline lev-
els in gingival tissue extracts and crevicular fluid in an

attempt to monitor periodontal breakdown (Hara and Taka-
hashi, 1975). However, due to the relative nonspecif,city
of such assays (ie all collagens have hydroxyproline), no

correlation between the presence of hydroxyproline and its

site or source of breakdown could be made. The hydroxy-
proline content of gingival crevicular fluid and serum has

been monitored in patients before, one month and six
months after periodontal surgery and found to be signifi-
cantly lower in both serum and gingival crevicular fluid
by six months. In a ligature-induced periodontitis model,
collagen-derived hydroxyproline (total GCF minus serum
value) was maximal in samples taken 4 days after ligature
removal (Svanberg, 1981a;1987b), however no indication
was given regarding the extent of tissue destruction at this
time point. Furthermore, the source of these collagenous
components (ie hard or soft tissues) is unknown. Thus,
further studies on the accuracy of hydroxyproline as a

marker of periodontal breakdown are needed.

Other structural components of gingival collagens have

been monitored in gingival crevicular fluid to evaluate col-

Table 6 Distribution of collagens and proteoglycans in the periodontium

Periodontal (onnective t¡ssues

Pl'4 Banold

lagen degradation and turnover. Detection of type I col-
lagen carboxyterminal propeptide and type II collagen ami-
noterminal propeptide has been used to study collagen
synthesis (Talonpoika and Hämäläinen, 1992; 1 993). Other
studies have described type I collagen carboxyterminal telo-
peptide in gingival crevicular fluid as a measure of collagen
degradation (Talonpoika and Hämäläinen, 1994). However,
as for hydloxyproline assays, the detection of such telopep-
tides is still relatively non-specific for the source of such

degradation products, since measurement of type I collagen
C-terminal telopeptide is unable to distinguish the source

which may be soft tissue, periodontal ligament or

alveolar bone.
In recent years interest has focussed on the development

of methods to identify pyridinium crosslinks in collagens

specific for bone (type I). Since these crosslinks result from
post-translational modifications of collagen, and thus they
cannot be reutilized during collagen synthesis, they rep-

resent a true indicator of bone resorption. Preliminary stud-

ies have identified pyridinium crosslinks in crevicular fluid
and these may corelate with sites undergoing active bone

resorption (Meng et al, l99l).If these observations are con-

f,rmed then the possibility of using the presence of pyridin-
ium crosslinks in crevicular fluid as a marker of active bone

destruction is very attractive.

Proteoglycans and glycosaminoglycans in gingival
crevicular fluid
The measurement of proteoglycans and their glycosamino-
glycan components in crevicular fluid shows some potential
for monitoring active periodontal destruction (Embety et

at, 1982; LasT. et al, 1985; Giannobile et al, 1993). The
sulcular fluid appears to be quite rich in metabolic or
degradative products of proteoglycans found in the various
periodontal tissues. Some site specificity for various glycos-

aminoglycans in the periodontium has been noted with the

gingival connective tissue being rich in tlerrlta[atr sulfate

while the alveolar bone is rich in chondroitin sulfate (see

Table 6).
The application of histochemical dyes to exudate col-

lected onto filter paper strips to indicate the presence of
glycosaminoglycans in this fluid was first reported by

Sueda ¿t at in 1966. Chemical analysis identif,ed uronic
acid in sulcular fluid and thus conf,rmed the presence of
glycosaminoglycans (Hara and Löe, 1969). More recently,
these studies have been extended to include identification
of the types of glycosaminoglycans present in crevicular
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Tissue CoLlagen Glycosaminoglycan ProteogLycan

Healthy gingiva

Peliodontal ligament
Cementum
Alveolar bone
Inflamed gingiva

I', III. IV, V, VI

I', III', IV, V, VI
Type I trimer

HA, HS, DS', CS

HA, HS, DS", CS
HA, HS, DS, CS"
HA, HS, DS, CS^
HA, HS, DS", CS

Decorin", Versican, Syndecan,

CD44
Decorin", Versican
??? CSPG'
Decorin, Biglycan
Decolin", Versican, Syndecan,
CD44

I', III, V
I", m"
I", III

"Indicates the most abundant species present in the specified tissue

Abb¡eviations: HA = hyaluronân; HS = heparan sulfate; DS = den¡atan sulfate; CS = chondroitin sulfate; ??? CSPG = unidentified sulfate proteoglycan
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fluid. Hyalulouan is a ubiquitous colnponent of sulcular
fluid irlespective of the site it is sampled (inflamed or non-
inflamed). Chondroitin sulfate is the plincipal sulfated gly-
cosarninoglycan iclentifiable in clevicular fluid with minor
proportions of hepalan sulfate and dermatan sulfate being
noted (Last et al,1985; Shibutani et al,1993). The pr.esence
of high amounts of chondloitin sulfate in cr.evicular. fluid
sampled frorn sites of active bone resorption has been inter-
preted to indicate that these components originate frorn the
matrix of bone (Last et al, 1985; Samuels et aL, 1993;
Smedberg et al, 1993). However, the precise origin of this
glycosaminoglycan has not been deter.mined. An alternative
source could be the relatively high cellular composition of
inflarned tissues from which cell sulface chondroitin sulfate
may be sequestered. Nonetheless, the observation that high
levels of chondroitin sulfate are noted in samples taken
from non-inflamed sites undergoing orthodontic tooth
movement does imply a close association between the
appearance of chondroitin sulfate in crevicular fluid and
bone resorption (Last et al, 1988; Samuels et cLl, 1993).
While the usefulness of rnonitoring glycosaminoglycans in
crevicular fluid awaits the appropriate longitudinal studies
to test for correlation with disease progression, the potential
for these as useful markels of active bone resorption is good
and warrants further detailed investigation.

Otlter connective îissue mctrkers in gingivcLl creviculctr
fluid
The identif,catiol of other connective tissue proteins in gin-
gival crevicular'fluid specif,cally associated with bone con-
tinues to be of interest for developmenf as markers of bone
resorption associated with advancing periodontitis. In this
light, osteocalcin has been correlated with incr.easing
pocket depth (Bowels, 1989). However, these srudies
require further development and assessment as although
osteocalcin may predominate in bone, it is not unique to
bone alone, and thus difficulties in determining its precise
source remain a problem.

Fibronectin has also been identif,ed in crevicular fluid
(Cho et al, 1984; Talonpoika et al, 1993). However,
whether the appearance of fibronectin in gingival crevicular
fluid rcflccts tissue remodelling or seruur cxudation is
unclear'.

Extracellular matrix, gene express¡on and
periodontal regeneration
Repair of damaged tissues is a major biological response
of all animals. However, the nature of the repair process
may often lead to compromised function. In this respect the
periodontium is no exception. Although tissue repair and
regeneration of peliodontal tissues affected by gingivitis
will lead to full restitution of form and function, once the
destructive phase of periodontitis reaches the deeper per-
iodontal structures, then repair in the form of regeneration
of the destroyed components is less likely to occur on a
predictable basis (Melcher, 1976). Such compromised heal-
ing is not restricted to the periodontium since tegenelation
of organs or appendages in response to tissue destruction
or loss is a general feature of mammalian healing. Com-
monly, the repair of injured tissues results in scarring and

replacement with tissue rvhich does not resemble the orig-
inal tissues (Forrest, 1983). In this lespect the periodontium
differs in that palts of it have remar.kable regenerative
capacity. For example, tlie gingival tissues show little
capacity to scar even following the most radical of surgical
procedures (Melcher, 1976).

Despite the good reparative potential of the gingivae, the
deeper periodontal stluctul'es (cementum, ligament and
bone) have very poor regenerative capacity. Nonetheless, a
principal aim of periodontics is to determine the mechan-
isms by which these tissues rnay be encouraged to repair
and regenerate theil oliginal form, function and architectule
following destructive episocles. At pr.esent significant
advances are being rnade in this area but many of the pr.o-
cedules being used still lack clinical predictability. V/ith a
fuller undelstanding of the cell biology and physiology of
the wound legenerative events these procedures should
becor-ne mot'e refined and based on sound biological pr.in-
ciples.

Regenerating connective tissues are characterized by cell
migration and proliferation, neovasculalization and matrix
synthesis. From this highly ordeled sequence of events,
evolve the molecular events which direct the wound healing
process. The synthetic phase of healing is preceded by
inf,ltration of inflammatory cells resulting from the original
injury. This phase is not only protective for the host but
instrumental in lecruiting cells responsible for the repar.a-
tive processes to the site. The organization of the new
matrix follows several phases proglessing from an imma-
ture matrix to a fully formed functional matr.ix complete
with the fibl'ous and nonfibrous elements characteristic of
the tissue prior to damage (Ivaska, 1981). V/ith respect to
matrix deposition the usual sequence of events is an initial
deposition of a hyaluronan rich matrix together with plasma
ptoteins. This provides a suitable matrix for. cellular infil-
tration and fulthel matrix development. Proteoglycan syn-
thesis (rich in chondroitin sulfate) then appears closely fol-
lowed by collagen deposition. At the same time that the
collagen is deposited and matrix maturation takes place the
types of proteoglycan begin to change with the levels of
chondroitin sulfate decreasing and the levels of detmatan
sulfate increasing. Little is known of the nature ol the prote-
oglycans which these glycosaminoglycans constitute.

In the case of periodontal wound healing and regener-
ation, a significant confounding event is the rapid epi-
thelialization of the wound surface. The epithelium rapidly
establishes a surface covering between the root surface and
the exposed connective tissue surface. Attempts have been
made to impede this event by the utilization of barrier mem-
branes and applying the principles of Guided Tissue Regen-
elation (Nyman et al, 1982). While the principles of this
procedure are very sound, the clinical outcomes are still to
some extent quite valiable (Minabe, 1991). Although the
histological and clinical events of GTR are well docu-
mented, the cell biology and molecular events associated
with periodontal regeneration are still largely poorly under-
stood. The precise importance of excluding gingival fibro-
blasts from the healing site to enable repopulation by
fibroblasts detived from the periodontal ligament requires
more rigorous testing. It is intelesting to note that regener-
ation is possible in the absence of barrier exclusion tech-
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niques by using selective tissue-promoting molecules
known as growth factors (Lynch et al,1989).

The role of growth factors in periodontal regeneration is
becoming increasingly important. These extremely bioac-
tive molecules have been isolated from repairing and
developing tissues and are intimately associated in directing
specif,c events associated with tissue repair and regener-
ation. For example some growth factors will promote spec-
ific cell migration (chemotaxis) to wounded sites while
others will promote cell division and matrix synthesis. Vy'ith
the recent cloning and sequencing of many of the growth
factor polypeptides, highly pure recombinant forms are now
available for investigation. Of the growth factors studied to
date, transforming growth factor, platelet-derived growth
factor, platelet-factor-4 and flbroblast growth factor show
great potential in being able to stimulate regenerative pro-
cesses in periodontal tissues previously destroyed by
inflammatory destruction (Lynch, 1994).

Thus the stage is now set. 'We know that it is technically
possible to direct periodontal regeneration. However, we do
not understand the underlying contlolling mechanisms.
Most likely the key will reside in the regulatory role that
the extracellular matrix plays in cell function and gene
expression. It is clear that the extracellular matrix signifi-
cantly influences cell behaviour (Hay, 1984). Such influ-
ences begin during embryogenesis and continue throughout
life whereby changes in matrix, as a result of aging,
inflammation or other means, influence the synthetic,
migratory and phenotypic behaviour of cells. While the
mechanisms are poorly understood a reasonable working
model is shown in Figure 3. In this model, the extracellular
matrix macromolecules and bound tissue growth factors
can bind to cell surface integrins or other cell surface recep-
tor molecules (Bissell et al, 1982; Juliano and Haskill,
1993). Such interactions will, in turn, lead to rearange-
ments of cytoskeletal components (Hynes, 1981), or signal
transduction pathways (Ullrich and Schlessinger, 1990)
which subsequently lead to an effector system acting on
the cell nucleus to allow specific gene expression (Streuli
and Bissell, 1990). Such gene expression may well include
new matrix synthesis or release of growth factors which in

Matrix Synthesis
I
l

Gene Expresslon

+
Nucleus

+

Cytoskeleton

+

Cell Surface
(lnteg ri ns, Receptors)

I
I

Matrix
(Macromolecules, Bound growth factors)

Figure 3 A model fol the relationship between the extracellular matrix
and gene expression
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turn will feed back and lead to further regulation of gene
expression and matrix modulation (Stoker et al, 1990).
While simplistic in its outline, this model provides a work-
ing base upon which to further consider the intricate mech-
anisms of periodontal repair and regeneration.

Concluding comments
The periodontal tissues are amongst the most metabolically
active tissues in the entire human body. Given their stra-
tegic location and exposure to a wide variety of chemical
and mechanical stlesses it is remalkable how well these
tissues remain intact. However, disease is still common in
the periodontal tissues with all the classic signs and symp-
toms of chronic inflammatory disease. The delicate balance
between tissue damage and tissue repair is well recognized
(Figure 1). However, the mechanisms which govern these
processes are still largely poorly understood. Nonetheless,
by studying both tissue destruction as well as reparative
processes we are assured of developing a deeper under-
standing of the periodontal tissues which will ultimately
lead to improved therapeutic treatments based on a sound
knowledge of tissue destruction and repair.
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This section comprises a collection of papers dealing with the determination of
the cellular source of proteoglycan synthesis within the periodontal tissues.
Until these studies were carried out, few studies had addressed the ability of
fibroblasts derived from periodontal tissues to synthesize and secrete
proteoglycans, and none had carried out any son of molecular characterization.

Paper 2 provided the first definitive statement on the qualitative and quantitative
features of glycosaminoglycan and hylauronan synthesis by human gingival
fibroblasts. Although hyaluronan was found to be synthesized in very large
amounts, the levels of the sulfated glycosaminoglycans (heparan sulfate,
dermatan sulfate and chondroitin sulfate) were found to be produced, in vìtro, in
similar quantities and proportions to those found in vivo. The high level of
hyaluronan synthesis appears to be an añifact of cell culture and highlights the
artificial nature oÍ in vitro systems and the need for extreme caution ¡n

extrapolating f rom in vitro f indings lo in vivo conditions.

Paper 3 extended the above findings on the glycosaminoglycan synthesis of
human gingival fibroblasts by considering the intact proteoglycan molecules
synthesized and secreted by these cells. lt was pioneering in its use of current
cell culture techniques and recently developed techniques in proteoglycan
biochemistry. This study provided the first serious attempt at isolating and
characterizing all of the proteoglycans synthesized by gingival fibroblasts. lt
demonstrated that the proteoglycans synthesized in culture were very similar in
composition and structure to those isolated from whole tissue extracts, and that
multiple types of proteoglycans were likely to be synthesized by one cell type.

Papers 4 and 5 are particularly significant in that they are amongst the earliest
papers demonstrating the ability of both lymphocytes and polymorphonuclear
leukocytes to synthesize and secrete proteoglycans in vitro. These findings
were interesting in that, at the time, it was generally considered that
proteoglycan synthesis was the domain of mesenchymal and ectodermal cells.
The issue that cells of the hemopoietic cell system might make significant
quantities of these molecules had been largely ignored. These studies
provided both qualitative and quantitative data concerning the proteoglycans
made by these cells. The studies concerning the lymphocytes were more
extensive and provided early documentation that proteoglycan synthesis was
associated with mitogenic activation of the cells, yet was independent of cell
proliferation. These studies also helped to explain, in part, why earlier results
using extracts of inflamed gingivae had failed to show any remarkable
differences in total amount of proteoglycan extractable from normal and
inflamed tissues. On the basis that the inflamed tissues had a significant
inflammatory cell infiltrate which contributed to the overall proteoglycan content
of the tissues, it is hardly surprising that gross biochemical assessment of
proteoglycan content of normal and inflamed tissues failed to uncover any
identifi able differences.
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lsolatioî, identification, and quant¡tation
of glycosaminoglycans synthesized by

human gingival fibroblásts in vitro '

lntroduction

Proteoglycans are important extracellular
nonhbrous macromolecules of connective
tissues (Balazs 1973). Structurally, proteo_
glycans are arranged as a single proteìn core

matrix (Comper & Laurent 197g) and of
interaction at cell surfaces (Rollins, Cath_
cart &, Culp 1982).

Three major molecular species of pro_
teoglycans have been i<tentified in soft ôon_
nective tissues,
its principal gly
heparan sulfate
fate proteoglycan, and chondroitin sulfate
proteoglycan (Kraemer & Smith 1974,
Obrink 1972, Damle et al. 1979). The othei
major glycosaminoglycan found in soft con_
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This study was undertaken to determine
the capacity of normal gingival fibroblasts
to synthesize glycosaminoglycans, as well as
to identify and quantitate the molecular

studied. In particular, this in vitro system
could be used to study the effect of inflam_
matory agents on glycosaminoglycan pro_
duction by gingival hbroblasts.
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Material and Methods

Cell culture and labeling
The hbroblasts used were from 3 strains of
normal human gingival fibroblasts obtained
from donors with clinically and radiogra-
phically healthy periodontal tissues and
were designated HGF22, HGF2s, and
HGF27. Such cells have been well-charac-
Iertzed morphologically (Engel et al. 1980)
as well as biochemically for collagen and
protein synthesis (Narayanan &Page 1976).
Only cells between the sixth and tenth trans-
fer were used, and all experiments were done
in triplicate.

Cells were plated into 75 cm3 flasks (Fal-
con Plastics, Oxnard, CA) and cultured in
10 ml Dulbecco-Vogt medium supplement-
ed with 70o/o fetal calf serum (Grand Island
Biological Company, NY) at 37"C in a
humidihed atmosphere of 5o/o CO, and
95o/o aft. On day 6 when the cultures were
confluent (approximately 2.5 x 106 cells),
the mediuni in each culture dish was re-
placed with 5 ml Dulbecco-Vogt medium in
which MgSOo had been replaced with
MgCl, and incubated for I h under the same
conditions as described above. The sulfate-
depleted medium was then removed and
replaced with 5 ml of sulfate-depleted
medium supplemented with 75 pCilml
[3sS]-sulfate and 17.5 pCílml [3H]-gluco-
samine (New England Nuclear, Boston,
MA) and incubated for 48 h. To determine
the rate of incorporation of [3sS]-sulfate,
the sulfated glycosaminoglycans were har-
vested from the cells and the medium of
triplicate cultures at2,6,8,24,30, and 48 h
after start of radiolabeling. The amount of
radiolabel incorporated into the proteogly-
cans of the media and cell layer of each
culture at the various time points was deter-
mined in triplicate. Aliquots of 100 ¡rl from
the media and cell layer were spotted onto
Whatman 3MM chromatography paper,
dried, immersed in 0.lo/" cetylpyridinium

chloride over 5 changes of I h duration,
dried, and counted in a liquid scintillation
counter (Castor et al. 1981).

I s o lation of gly co s amino gly c ans

On completion of labeling the cells for 48 h,
the medium was removed and the cell layer
was washed with 5 ml phosphate-buffered
saline. Wash and medium were pooled and
will henceforth be referred to as the "medi-
um fraction." The cell layer of each culture
was then extracted for 24h at 4"C with 5 ml
4 M guanidine HCI in 0.05 M sodium
acetate, pH 5.8, containing protease inhibi-
tors (0.1 M 6-aminohexanoic acid, 5 mM
benzamidine HCl, 50 mM EDTA, 0.1 mM
phenylmethylsulfonyl fluoride, 10 mM N-
ethylmaleimide) (Oegema, Hascall &
Dziewiatkowski 1975) and scraped from
the flasks. The flasks were then washed with
5 ml4 M guanidine HCI in 0.05 M sodium
acetate, pH 5.8. Wash and extract were
pooled and will henceforth be referred to as

the "cell fraciton."
The medium fraction and the cell fraction

were then dialyzed against several changes
of deionized water, and the retentates were
lyophilized. The lyophilized fractions of the
medium fraction and cell fraction were then
separately digested with 1.0 ml papain (Sig-

ma Chemicals, St. Louis, MO), 1 mg/ml in
0.2 M sodium acetate buffer, pH 5.7, con-
taining 0.004 M EDTA and 0.02 M cysteine
HCI (Sigma Chemicals, St. Louis, MO) for
48 h at 60"C (Bartold et al. 1981). Protein
was precipitated with trichloroacetic acid
and removed by centrifugation. The super-
natant was dialyzed, concentrated by lyo-
philization, and the glycosaminoglycans re-
covered by precipitation with ethanol.

The ethanol precipitate was then reconsti-
tuted to a small volume (200 ¡l) with 0.2 M
ammonium acetate, and 50 pl of 1 mg/ml
each of standard glycosaminoglycans (hy-
aluronic acid, chondroitin 4-sulfate, and
dermatan sulfate) (Miles Laboratories, El-
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kart, IN) were added as carriers. These
preparations were then chromatographed
on columns (0.7 cm x 35 cm) of Sephadex
G-50 (Pharmacia Inc., Piscataway, NJ) in
the same buffer at 3 mllh, and fractions of
0.5 ml were collected. Aliquots from each
fraction of 50-150 pl were taken for radio-
activity determination.

G ly c o s amino g ly c an i den t ifi c at io n an d q uan t i-
tatiotl
Individual glycosaminoglycans were identi-
fied and subsequently quantitated using a
sequential series of species-specihc degrada-
tive steps followed by column chromatogra-
phy on Sephadex G-50 in 0.2 M ammonium
acetate as described above (Pintar 1978).

The degradative sequence used was Strepto-
my ce s hy aluronidase followed by chondroit-
inase AC II followed by chondroitinase
ABC and hnally degradation with nitrous
acid. Each of these enzyme and chemical
treatments is specihc for the identihcation
of hyaluronic acid, chondroitin sulfate, der-
matan sulfate, and heparan sulfate and are
listed in Table 1. The enzymes were pur-
chased from Seikagaku Kogyo Co., Tokyo,
through Miles Laboratories (Elkhart, IN).

Digestion witlr S tr ep t omy c e s hy alw onid-
ase (20 units/mg hyaluronic acid carrier) to
specifically identify hyaluronic acid was car-
ried out in 0.05 M sodium aceLate, pH 5.0,
for 3 h at 60'C (Ohya & Kancko 1970).

Table 1

Substrates of enzyme and chemical treatments

Enzyme/Chemical Substrate

Chondroitin sulfate was identihed by treat-
ment with chondroitinase AC II (0.05
unit/O.5 mg chondroitin sulfate carrier) in
0.1 M tris-Hcl, 0.1 M sodium acetate, pH
7.2, lor 3 h at 37'C (Saito, Yarnagata &,

Suzuki 1968). To identify dermatan sulfate,
the remaining glycosaminoglycans were di-
gested with chondroitinase ABC (0.2
unit/O.5 mg dermatan sulfate carrier) under
the same conditions as described for chon-
droitinasc AC II (Saito et al. 1968). Gly-
cosaminoglycans containing N-sulfated
amino sugars (heparan sulfate) were identi-
f,red by their susceptibility to degradation by
treatment with nitrous acid (Lagunoff &
Warren 1962).

Chromatography was done after each
degradative step. The percentage of total
glycosaminoglycans either degraded by or
resistant to such treatments could then be
determined by directly computing the
amount of radioactivity in each peak. Thus,
the individual glycosaminoglycan species
could be quantitated for both the cell and
medium fractions.

Analysis for r adioactiuity
Aliquots (50-150 ¡rl) from the fractions
obtained by column chromatography were
dissolved in 5 ml Aquamix (West Chem, San
Diego, CA). A Beckman liquid scintillation
counter (Model 3255) was used with the
adjustablc discriminators set for dual-label
counting of 3sS and 3H. In all instances,
standard preparations at 3sS and 3H of
known radioactivity were counted to allow
calculation of d.p.m. from c.p.m. by the
channels ratio method.

Results

Synthesis of gly cosaminoglycans
The amounts of [3sS]-sulfate-labeled ma-
cromolecules released into the medium by
the gingival fibroblasts and present in the 4
M guanidine HCI extracts at various times

Str e pto myces hya I u ron¡dase
Chondroitinase AC ll

Chondroitinase ABC

Nitrous Acid

Hyaluronic acid
Hyaluronic acid
Chondroitin sulfates
4and6
Hyaluronic ac¡d
Chondroitin sulTates
4ando
Dermatan sulfate
Heparan sulfate
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Fig. l. Accumulation of "'S-labeled macromolecules in the culture medium and cell layer of the HGFzs cell strain
over a 48-h period. Medium o-o; cell layer o a.

of continuous labeling Ìvere similar for all
three cell strains studied. A typical incorpo-
ration proflrle is shown in Fig. 1. The release

of ¡35s1-labeled glycosaminoglycans into
the medium was linear for at least 48 h,
whereas the amount of incorporated radio-
activity present in the 4 M guanidine HCI
extracts of the cell layer ltrst increased
steadily over 30 h, then appeared to level
off, staying fairly constant up to 48 h. By 48

h, approximately 70-80o/o of the [3sS]-
labeled glycosaminoglycans was in the me-
dium fraction and the remaining 20-30%
was found in the cell fraction.

The incorporation of [3H]-glucosamine
over time was not measured because, as is
shown later, hyaluronic acid is produced by
hbroblasts in vitro in extremely large quan-
tities which do not reflect in vivo hyaluronic

acid production. Nonetheless, measure-

ments of total [3H]-glucosamine incorpora-
tion into glycosaminoglycans were made for
all cultures at 48 h. The ratio of [3sS] to

[3H] incorporation for the cell-layer gly-

cosaminoglycans was 1:1.3, whereas the

ratio for the medium glycosaminoglycans
was l:3.0, indicating approximately 2.5

times more glucosamine-containing glycos-

aminoglycans in the medium than in the cell

layer.

Identific at ion of gly co s amino gly cøns

Individual glycosaminoglycan species were

identifìed by specific enzyme and chemical

degradation. The results of such treatments
are shown in Fig. 2. The glycosaminogly-
cans isolated from both the medium and the

cell layer demonstrated susceptibility to deg-
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Table 2

Proportions of glycosaminoglycans synthesized by gingival fibroblasts

Cell Type

HGF,, HGF"r** HGF"" HGF", Mean * SD*

Cells
HA
Sulfated GAG

chs
DS
HS

Medium
HA
Sulfated GAG

chs
DS
HS

31 .0 + 8.0

16.0 + 1.0
27.0+ 1.0
56.0 + 3.0

72.O+5.O

2A.O+2.O
50.0 + 5.0
22.0 + 1.0

63.0 + 6.0

27 .O+ 1.O

28.0 + 1 .0
45 0+20

90.0 + 5.0

39.0+2 0
42.0+2.0
19.0 + 1 .0

56.0 + 9.0

23.0 + 3.0
26.0 + 1 .0
51.0 + 4.0

85.0+7.0

25.0+2.0
25.0+4.0
22.0+3.0

50.0 + 6.0

29.0 + 1.0
30.0 + 3.0
41.0+ 2.0

80.0 + 5.0

34.0+2.0
45.0 + 3.0
21.0+2.0

50.0 + 13.0

23.6 + 5.9
27.8+17
48.3 + 6.6

81.8 + 7.6

31.5 + 6.2
47 .5+ 4.9
21.0+ 1.4

The values for HA are expressed as percentage of total GAG, while the values for the sulfated GAG are expressed
as percentage of total sulfated GAG. The t values represent standard deviation of the mean of triplicate cu ltures
of each cell strain.

x Represents the mean value and its standard deviation for each of the glycosaminoglycans synthesized by all
of the cell strains studied.

** This culture was labeled when noticeably subconfluent.

Abbreviations: HA, hyaluronic acid; ChS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; GAG,
g lycosam inog lycan.

radation by Streptomyces hyaluronidase,
chondroitinase AC II, and chondroitinase
ABC. In aclclition, a proportion of the gly-
cosaminoglycans from both preparations
could be degraded by treatment with nitrous
acid. These hndings indicated that the con-
stituent glycosaminoglycans isolated from
the medium and cell-layer preparations are
hyaluronic acid, chondroitin sulfate, der-
matan sulfate, and heparan sulfate. Keratan
sulfate was aonsidered not to be a compo-
nent since none of the radiolabeled material
was resistant to all four degradative steps.

Quantitation of glycosaminogly cans

The Sephadex G-50 chromatograms shown
in Fig. 2 are representative of the prohles
obtained for all three cell strains. Differ-
ences in the relative distribution of the
various glycosaminoglycan species between
the cell layer and the medium fractions can

be seen. The total amount of radioactivity
present in each peak allows quantitation of
the proportion of the glycosaminoglycans
either resistant to or degraded by the vari-
ous degradative treatments. Data compiled
from such calculations are shown in Table 2.

Quantitatively, the major differences noted
were that hyaluronic acid was the predomi-
nant glycosaminoglycan in both prepara-
tions. Furthermore, hyaluronic acid ap-
peared to be present in greater proportions
in the medium fractions rather than in the
cell layer fractions. These observations cor-
roborate the earlier finding of increased
amounts of [3H]-glucosamine labeled gly-
cosaminoglycans in the medium after a 48 h
incubation, With respect to the sulfated
glycosaminoglycans, the predominant gly-
cosaminoglycan present was identified as

heparan sulfate (48.25%), whereas the pre-

dominant sulfated glycosaminoglycan in the
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medium preparations was dermatan sulfate
(41.s%).

Discussion

In this study, isolation, identification, and
quantitation of the glycosaminoglycans syn-
thesized by adult human gingival flrbroblasts
was achieved. Whilst data for one set of
experiments are presented in the f,rgures,

these experiments have been repeated sever-

al times on the separate cell strains and a
high degree of reproducibility has been

achieved.
The glycosaminoglycans were identif,red

using a sequential procedure of elimination
of glycosaminoglycans by enzymes and
chemicals of known specihcity. Thus, hy-
aluronic acid, chondroitin sulfate, dermatan
sulfate, and heparan sulfate were identified
as the glycosaminoglycans synthesized by
gingival hbroblasts in vitro. Qualitatively,
these are the same molecular species as

those previously identihed in digests of
human gingival tissue (Bartold et al. 1981,
1982). Quantitatively, the glycosaminogly-
cans synthesized by gingival fibroblasts in
vitro show one major difference with respect
to the glycosaminoglycans found in digests
of gingival tissue. In culture, gingival f,r-

broblasts appeared to synthesize large quan-
tities of the unsulfated glycosaminoglycan
hyaluronic acid comparcd with thc othcr
sulfated glycosaminoglycans. Nonetheless,
while hyaluronic acid was the principal gly-
cosaminoglycan synthesized in vitro (cell
Iayer 50Yo; medium 82Yo), it is a relatively
minor quantitative component of tissue ex-
tracts, comprising approximately 4Yo of the
total glycosaminoglycans.

In one of the cultures studied (HGF2r),
up to 90Vo of the total glycosaminoglycans
in the medium and 630/o of the total cell-
associated glycosaminoglycan content were
identified as hyaluronic acid. One explana-
tion for such an elevated level ofhyaluronic

acid synthesis is that this culture was labeled
when the cells were noticeably subconfluent
(approximately I x 106 cells). Therefore,
since hyaluronic acid is known to be as-
sociated with cell proliferation (Tomida,
Koyama & Ono 1974, Hopwood & Dorf-
man1977), such a finding of elevated hyalu-
ronic acid synthesis in this particular culture
v/as not surprising. Nonetheless, hyaluronic
acid was routinely noted as the predominant
glycosaminoglycan synthesized by gingival
fibroblasts in all the strains studied and thus
appears to corroborate other reports that
elevated hyaluronic acid synthesis is a char-
acteristic feature of hbroblasts in vitro
('Wight & Ross 1975).

Because of the large proportion of hy-
aluronic acid synthesized,lhe data for quan-
titation of the sulfated glycosaminoglycans
are presented as percentages of the total
sulfated glycosaminoglycans rather than as

percentages of the total glycosaminogly-
cans. The relative proportions of specihc
sulfated glycosaminoglycans in the medium
and the cell layer were noted to differ. The
sulfated glycosaminoglycans isolated from
the medium were characterized by a pre-
dominance of dermatan sulfate, with chon-
droitin sulfate and heparan sulfate present
in smaller quantities. Heparan sulfate was
always present in the smallest proportion.
On the other hand, glycosaminoglycans iso-
latcd from thc ccll layer consisted predoni-
nantly of heparan sulfate; dermatan sulfate
and chondroitin sulfate were the minor
components. These data further corrobo-
rate previous studies concerning the in vitro
synthesis of glycosaminoglycans synthesized
by fibroblasts from a variely of sources in
which similar compartmentalizafton of gly-
cosaminoglycans has been reported (Kresse
eI al. 1975, Vogel & Kendall 1980). In
addition, the above hndings support earlier
biochemical studies concerning the glyco-
saminoglycan distribution in gingival tissue
(Bartold et al. 1981). In that study, der-
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matan sulfate was found to be the major
connective tissue glycosaminoglycan and
was presumed to be mainly associated with
collagenous matrices, whereas heparan sul-
fate, which is a cell surtàce-associated gly-
cosaminoglycan, was found in the highly
cellular gingival epithelium. A similar distri-
bution is seen in vitro; the cell layer (pre-
dominantly cells) has an elevated amount of
heparan sulfate, while the medium (extra-
cellular compartment) contains chiefly der-
matan sulfate. Although the above observa-
tions compare two completely different tis-
sues (epithelium and connective tissue) with
a culture system that presumably resembles
connective tissue, the study makes it clear
that compartmentalization of extracellular
matrix components occurs in vitro. Thus,
while extrapolation from in vitro conditions
to in vivo conditions must be made with
caution, it seems likely that, in vivo, compo-
nents of the extracellular matrix associated
with the collagenous network are likely to
be greatly different from the constituents of
the pericellular environment.

In conclusion, this study has demon-
strated that gingival fibroblasts in vitro
express their phenotype for the same gly-
cosaminoglycans as are found in vivo. These
data therefore provide a background for
future investigations concerning gingival
glycosaminoglycans. In particular, the in
vitro system described above should be use-

ful for studying the physiological role of
glycosaminoglycans produced by gingival
Itbroblasts as well as investigating the
effects of factors associated with inflamm-
ation, on glycosaminoglycan synthesis.
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The proteoglycans synthesized by fibroblasts derived from healthy human gingivae
were isolated and characterized. The largest medium proteoglycan was excluded from
Sepharose CL-48 but not from Sepharose CL-2B; it was recovered in the most-dense
density gradient fraction and identified as a chondroitin sulfate proteoglycan. The me-
dium ðontained two smaller proteoglycans; one contained predominantly chondroitin
sulfate proteoglycan, while the other was comprised predominantly of dermatan sulfate
proteoglycan ãnd was quantitatively the major species. The largest proteoglycan in the
cell layer fraction, excluded from both Sepharose CL-28 and Sepharose CL-4B, was
found in the least-dense density gradient fraction and contained heparan sulfate and
chondroitin sulfate proteoglycan. It could be further dissociated by treatment with de-
tergent, suggesting an intimate association with cell membranes. TVo other proteoglycan
populrtiotrããf intermediate size were identified in the cell layer extracts which contained
vaiiabte proportions of heparan sulfate, dermatan sulfate, or chondroitin sulfate pro-
teoglycan. Sóme small molecular weight material indicative of free glycosaminoglycan
chains was also associated with the cell layer fraction. Carbohydrate analysis of the
proteoglycans demonstrated the glycosaminoglycan chains to have approximate average
moleculãr weights of 25,000. In addition, N- and O-linked oligosaccharides which were
associated with the proteoglycans appeared to be sulfated in varying degrees' @ 1s8?

Academic Press, Inc.

Gingival tissue, like skin, comprises a
superficial epithelial layer and an under-
lying connective tissue. Since this tissue
has the general features of many soft con-
nective tissues and manifests a sponta-
neously occurring progressive inflamma-
tory condition, it has served as a useful
model for'studying connective tissues in
both health and disease (1).

The glycosaminoglycan composition of
human gingivae is well established (2-6).
Dermatan sulfate is the predominant gly-
cosaminoglycan, accounting for 6OVo of the

1 To whom correspondence and reprint requests
should be addressed at the Department of Pathology,
University of Adelaide, G.P.O. Box 498, Adelaide South

Australia 5000, Australia.

total; hyaluronic acid, heparan sulfate, and
chondroitin sulfate are present as minor
quant re-
spect sue'
three Y in
molec ino-
glycan composition have been identified but
their properties and structure are still un-
clear (3, 7, 8).

There have been many difficulties in ob-
taining samples of suitable size for the ex-
traction and chemical characterization of
soft connective tissue proteoglycans. Fur-
thermore, analyses using whole tissue ex-
tracts provide little information regarding
the cellular source and biosynthesis of
these molecules. Consequently, fibroblasts
from a variety of tissues, especially those
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of embryonic origin, have been studied iø
aitro for their proteoglycan synthetic ca-
pacity, and proteoglycans similar to those
found in tissue are synthesized in culture
(9-72). The classes of glycosaminoglycans
synthesized by fibroblasts from a variety
of tissue sources are similar; however, they
vary in their size and tailoring. For ex-
ample, proteoglycans synthesized by em-
bryonic lung fibroblasts differ with respect
to glycosaminoglycan composition and size
distribution from those synthesized by
embryonic skin fibroblast cultures (I0,lZ).
rWhether or not such differences reflect tis-
sue specificity remains to be established.

fn uitro studies can be useful for deter-
mining the molecular features of proteo-
glycans and providing information re-
garding their biosynthesis. However, be-
cause of the variability between the
proteoglycans synthesized by fibroblasts
from different sources, generalizations
based on a single fibroblast type are ques-
tionable. In the present study, we have iso-
lated and characterized the proteoglycans
synthesized by fibroblasts from healthy
human gingivae. The proteoglycans syn-
thesized are unique for this cell type, and
therefore presumably unique to the tissue
of origin. Also they are very similar to
those previously reported to be present in
extracts of whole gingiva.

MATERIALS AND METHODS

Materials. Guanidine-HCl, 6-aminohexanoic acid,
benzamidine hydrochloride, À/-ethylmaleimide, phe-
nylmethylsulfonylfluoridc, ccsium chloride, cysteine
HC1, 3-[(3-chloamidopropyl)-dimethylaminio]-1-pro-
panesulfonate (CHAPS),'z sodium borohydride, and
\pe X neuraminidase (Cbstridi,um perfringetx) were
all purchased from Sigma Chemical Co. (St. Louis,
MO); sodium dodecyl sulfate (SDS) and Biogel p-10
were from Bio-Rad Laboratories (Richmond, CA);
chondroitinase AC (Arthroba.cter aurescens), chon-
droitinase .LBC (Proteu,s oulgarß), Streptontyces hy -
aluronidase (Streptamyces hyalurolgticus), and kera-
tanase (Pseud,onlùnos sp. IFO-IBBOS) were from
Seikagaku Kogyo (Tokyo, Japan) through Miles Lab-
oratories, Inc. (Elkhart, IN); Sephadex, Sepharose, and

2 Abbreviations used: CHAPS, B-[(B-chloamidopro-
pyl)-dimethylaminiol-1-propanesulfonate; SDS, so-
dium dodecyl sulfate.

DEAE-Sephacel were from Pharmacia, Inc. (pisca-
taway, NJ); Na{sSlO{ (2 mCi/ mL 4Z|.IE mCi/ mmol)
and D-[6-3H]glucosamine HCI (1.0 mCi/ml, g1.g Cil
mmol) were from New England Nuclear (Boston, MA);
o-[2-3H]mannose (1.0 mCi,/ml, 16.0 Cilmmol) was from
Amersham (Arlington Heights, IL); Aquamix was
from WestOhem (San Diego, CA); Dulbecco-Vogt me-
dium and fetal calf serum were from Grand Island
Biological Co. (GIBCO, Grand Island, NY); sulfate-
depleted medium was made from amino acids and vi-
tamins purchased from GIBCO; and tissue culture
flasks were from Falcon Plastics (Oxnard, CA).

Cell culture arul rod,ictßotope labeling. Fibroblasts
were obtained from explants of human gingivae from
individuals with clinically and radiographically
healthy periodontal tissues (18). Three separate cell
strains were initially studied and highly reproducible
data were obtained for both radiolabel incorporation
and gel flltration profiles. Therefore, representative
data for only one cell strain are reported. Cells were
allowed to grow to confluency in Dulbecco-Vogt mod-
ified Eagle's medium supplemented with L\Vo fetal calf
serum, at which time they were trypsinized and pas-
saged. The passaged cells were plated in ?5-cm2 flasks
(approximately 1 X 106 cells per flask) in 10 ml medium
and grown in a humidified atmosphere of 6Vo CO2and,
95Vo air al 37oC. By Days 3-5, the medium was then
removed and replaced with 5 ml of sulfate-depleted
medium containing 75 pCi/ml Na2[8õS]Oa and either
l7.5 pCi/mlo-[6-3Hþlucosamine HCI or 50 ¡rCi,/ml o-
[2-3H]mannose, and incubation continued for 4g h.

Proteoglycan isoln tian When labeling was complete,
the media were removed and the cell layers were
washed twice with phosphate-bufrered saline. The
media and washes were pooled and will be referred
to as the medium extract. Solid guanidine-HCl (0.88
g/ml) was then added to the medium fraction to make
it approximately 3 u in guanidine-HCl (14). The cell
layers were immediately extracted with 4 tr.l guani-
dine-HCl in 0.05 rrl sodium acetate containing protease
irhibitors: 0.1 ¡¿ 6-amlnohexanoic acid, b mu benza-
midine-HCl, 50 mu EDTA, 0.1 mu phenylmethylsul-
fonyl fluoride, and 10 mlr N-ethylmaleimide, pH 5.g.
After extraction for 12 h at 4"C, the cell layers were
scraped, the extract was removed, and the flasks were
washed twice with 5 ml 4 rvr guanidine-HCl containing
protease inhibitore. The extracts wcre pooled and
centrifuged at 15,000 rpm for 20 min to remove any
insoluble residue; the resulting supernatant will be
referred to as the cell layer extract. Less than 3Zo of
the total radioactivity was associated with the residue
remaining after 4 u guanidine-HCl extraction. In the
present study this fraction was not further analyzed..

Labeled macromolecules were separated from free
label by eluting the medium and cell layer extracts
from a Sephadex G-50 column (2.5 X S0 cm) that had
been equilibrated with 4 rvr guanidine-HCl, in 0.05 u
sodium àcetate, pH 5.8, plus protease inhibitors.
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ml were collected at a flow rate of 15 the sslabeled material in each of the peaks identified

ots of each were assessed for radio- tlptermined

Packard Tri-Carb 3255 liquid scintil- olurlns (0'?

buffer both

Arnlgtical column chromatographg. .Lliquols of the before and after digestion with papain (50 pglml) in

excluded Sephadex G-50 peak we"" ch"o-atographed 0.2 IvI sodium acetate,0'004 M EDTA' and 0'02 Ùr cys-

(0.? X 100 cm), Seph- teine-HCl, pH 5'?, for 24 h at 60"C' Following papain

sepharose cL-6B (0.? digestion, the samples were dialyzed âgainst acel^te

ative conditions (4 u bufier prior to sepharose cL-68 chromatog¡aphy. The

guanidine-HCl in 0.05 u sodium acetate,pH 5.8, con- types of glycosaminoglycans and their relative pro-

laining the above-mentioned protease inhibitors) or portions in each of the Sepharose CL-48 peaks were

detergent conditions (0.270 soalium dodecyl sulfate in determined by treatment of the proteoglycans with

0.15 ru sodium acelate,l mM magnesium chloride, and either chondroitinase AC, chondroitinase ABC' or ni-

1 mrvr calcium chloride, pH 5.8). Prior to chromatog- trous acid (15, 16). The enzyme digests were then

raphy on the sDS columns, the samples were dialyzed chromatographed on sepharose cL-68 columns (0'7

against acetate buffer, and then made 0.27o in SDS X 60 cm) using the same SDS/acetate bufier as de-

since sDS is insoluble in guanidine-HCl. Fractions of scribed above. The relative proportions of each gly-

0.5 ml were collected at a flow rate of 3 mllh and cosaminoglycan species were determined by calculat-

ing the amount of sslabeled material resistant to or
^ ng. Aliquots of the ex- degrade treatment'

g€xtractpeaksobtainedoligosProteoglycanslabeledwith
after Sephadex G-50 chromatography were dialyzed either e and [â6S]sulfate' or

against ? u urea, 0.05 ru Tris-HCl, and protease in- fH]mannose and ffS]sulfate, or ffS]sulfate alone were

hibitors, pH ?.0, and eluted from a DEAE-Sephadex isolated by elution from Sephadex G-50 followed bv

column (0.9 x ? cm) equilibrated in the same bufier. DEAE-Sephacel ion-exchange chromatography as

prior to analytical ion-exchange chromatography, described above. Aliquots from these preparations

Triton x-100 was added to give a concentration of were treated with 0.05 Ivr NaOH, l IvI NaBH¿ at}loc
0.5vo. Afler elution of the unbound material, a con- for 12 h as previously described (17). The samples were

tinuous 0.1 to 0.8 rvr NaCI gradient was applied using then neutralized with glacial acetic acid and eluted

a total of 140 ml. FractioÃ of 2 mI were collected ai from a Biogel P-10 column (0'? X 60 cm) using 0'5 u

a flow rate of 5 ml/h and aliquots from each fraction pyridine acetate, pH 5.0, and the fractions were as-

were assaye sessed for radioactivity' To determine whether the

matography oligosaccharides contained sialic acid residues' ali-

as a method quãts of proteoglycans labeled with [sS]sulfate and

In these cas fHþlucosamine were treated with neuraminidase (20

ence of [s5S]sulfate and either [aHþlucosamine or milliunits/ml) in 0.05 Ivr sodium acetate, pH 5'0' at

[3H]mannose, ond the medium and cell layer extracts 3?oC for 3 h, followed by a 12-h incub¿tion at 3?oC in

were desalted by elution from sephadex G-50 columns 0.05 u NaoH, 1 rrr NaBH¿. The digested samples were

in ? u urea. The excluded peakì *"re then apptied eluted from a Biogel P-10 column under the same con-

directly onto DE¡E-sephacãl and eluted by a contin- ditions as described above' Oligosaccharide fractions

uous 0.1 to 0.8 tr.l NaCl gradient as described above, eluted from Biogel P-10 were also analyzed for hex-

except that Triton X-100 was omitted from the eluting osamine and hexosaminitol content (18)' Pooled oli-

buffer. gosaccharide fractions which eluted from Biogel P-

Equilibrium ilercitg gradient centrífugatiun. Lli- 10 were hydrolyzed with 4 nt HCI at 100'c for 10 h

quots of the proteoglycans isolated by sephadex G- under nitrogen, then thoroughly dried' and analyzed

b0 chromatography were made to a siarting density with a Beckman amino acid analyzer Model 120C using

of 1.35 g/ml in 4 rr.r guanidine-Hol bufier by the ad- a 0.2 lt sodium citrate borate bufier, pH 5'28, and a

dition of solid cesium chloride. The samples were cen- column temperature of 50"c' Fractions of 0'5 ml were

trifuged for 60 h at 8b,000 rpm in a Beckman Sttr 50.1 collected and counted for radioactivity. Since the above

rotor and then divided into five fractions of approx- analyses were performed on crude proteoglycan prep-

imately equal volume. These were termed D1 through arations, the possibility of the presence of contami-

D5 where D1 was the most dense fraction. The specific nating glycoproteins copurifying with the proteogly-

gravity of each fraction was determined using a 100- cans could not be excluded' Therefore, to further define

¡rl pipette. portions of each fraction were assayed for the association of oligosaccharides with proteoglycans,

[sS]sulfate content by tiquid scintillation counting. we took aliquots of specifrc proteoglycan species iso-

The remainder of each iraction was eluted from lated after sequential Sephadex G-50, DEAE-Sepha-

sepharose cL-48 under dissociative conditions. cel, and sepharose cL-4B purification' These isolates

Proteoglgcan analgsis. The proteoglycan nature of were then treated with alkaline sodium borohydride
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and the reaction products were analyzeò, using Biogel
P-10 as described above.

RESULTS

Eætractian and Isolation of Proteoglgcaræ

Gingival fibroblasts were incubated in
the presence of
and [ffS]sulfate
80Vo of the 35

were found in the medium; the remaining
20-30Vo remained associated with the cell
layer and were recovered by guanidine-HCl
extraction. The results reported were
highly reproducible in the three cell strains
examined, and the following are represen-
tative data from these experiments.

Analgticøl Column Chrornatography :
Dis s ociatia e C on dititytæ

The molecular size distribution of me-
dium- and cell layer-associated proteogly-
cans was assessed by Sepharose CL-28 and
CL-4B gel filtration. In all cases, the re-
covery of labeled material from these col-
umns was in the range of 75-80Vo. The 35S-

labeled proteoglycans from the medium
eluted from Sepharose CL-48 into three
well-defined peaks (Fig. 1a). The first peak
(MI) eluted in the void volume and com-
prised approximately \Vo of the total 35S

radioactivity. The second (MII) and third
(MIII) peaks eluted with -K., values o10.28
and 0.4 and accounted for 20 and.75Vo of.
the radiolabeled material, respectively. The
cell layer extracts separated into four 35S-

labeled peaks upon elution from Sepharose
CL-48 (Fig. 1c). Peak CT, which marle up
25Vo ofthe total radioactivity, eluted in the
void volume. The next peak (CII) eluted
with a -K,, of 0.1 and accounted for another
25Vo of the radioactivity. A third peak
(CIII), which was often poorly defined,
clutcd at Rs,0.45 and comprised !\Vo of tlne
radioactivity, with the remaining 40Vo
eluting with a K"u of 0.6 (CIV).

Since some of the 36S-labeled macromol-
ecules from the medium and cell layer were
excluded from Sepharose CL-48, these
preparations were also eluted from Seph-
arose CL-28 to determine if any of the la-
beled material could be excluded from this

o o.s i i---i:----l
Kau Kuu

Ftc. 1. Gel filtration profiles of gingival fibroblast
medium and cell layer extracts (4 rr,r guanidine-HCl).
(a, c) Sepharose CL-48; (b, d) Sepharose CL-28. The
peaks are labeled MI to MIII and CI to CIV for ref-
erence purposes and relate to their elution order. The
void volume ( %) and total volume ( 7t) were identified
with IsH]DNA and Na2[36S]O4, respectively.

gel. The medium proteoglycans which
originally separated into three peaks on
Sepharose CL-4B eluted from Sepharose
CL-28 as an asymmetrical peak of K^u 0.6
(Fig. 1b). The cell layer extracted material
eluted as three peaks from Sepharose CL-
28 (Fig. 1d). The first peak, which was ex-
cluded from the column, accounted for ap-
proximately 25Vo of. the total 35S counts. In
addition, a second peak with a K^" of 0.4
and a third peak of K,, 0.7 were also noted;
these accounted for 30 and 45Vo of thc total
radioactivity, respectively.

Analytical Column Ch,romatographg :
Detergent Canditians

Medium and cell layer proteoglycans
were also analyzed by gel filtration on
Sepharose CL-48 eluted with an SDS/ac-
etate buffer (Fig. 2). Recovery of labeled
material under these conditions was
slightly better than when guanidine HCI
was used, and was in the range of.80-85Vo.
Similar to the profiles observed under dis-
sociative conditions, the medium tus-la-
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Frc. 2. Sepharose CL-4B chromatograms of medium
and cell layer extract proteoglycans treated and eluted
with SDS (Sepharose CL-48/0.2VoSDS): medium pro-
teoglycans (a), cell layer proteoglycans (b), and cell
layer proteoglycan peak CI (c). The I/6 and I/¡ were
determined as described in Fig. 1.

beled proteoglycans eluted into three peaks
(Fig. 2a) corresponding to MI, MII, and
MIII seen in Fig. 1a. Under detergent con-
ditions, the cell layer extract separated into
three peaks with K"" values of 0.1, 0.45, and
0.6 (Fig. 2b). These corresponded to the
peaks CII, CIII, and CIV seen in Fig. 1c. No
material eluted in a position corresponding
to peak CI under detergent conditions. In
addition, the proportions of the peaks were
different (compare Figs. lc and 2b), indi-
cating that in the presence of SDS, the ma-
terial in peak CI may dissociate. Also, fol-
lowing SDS treatment, an increased
amount of 35S-labeled material was seen to
elute between K,,0.2 and K^u0.4. To further
analyze the nature of the cell layer proteo-
glycans eluting in the void volume, peak CI
was obtained by dissociative Sepharose CL-
48 chromatography and was chromato-
graphed with buffer containing detergent.
Under these conditions peak CI was re-
solved into two components of Kau 0.1 and
0.a5 (Fig. 2c). The material eluting in each
of these positions was pooled and kept for

subsequent glycosaminoglycan analysis
(see below). None of the other cell layer
extract proteoglycans obtained by disso-
ciative column chromatography (CII, CIII,
and CIV) eluted in different positions after
SDS treatment (results not shown).

Similar treatment of the medium and
cell layer proteoglycans with the milder
detergents, CHAPS, or Triton X-100 (0.2V"
w/v in 4 u guanidine-HCl/0.05 u sodium
acetate, pH 5.8), failed to completely re-
solve peak CI into its separate components.
However, if used at concentrations greater
than IVo, these detergents were able to
completely dissociate peak CI into its in-
dividual components (results not shown).

Since some contamination of peak CI by
peak CII was likely, and could account for
material eluting at position CII after SDS
treatment of CI, we also isolated the ma-
terial from the cell layer which eluted in
the void volume on Sepharose CL-28. This
material was treated with SDS and eluted
from Sepharose CL-48. The results ob-
tained confirmed our previous findings that
this material was comprised of components
which eluted with.K", values of 0.1 and 0.45
on Sepharose CL-48 (results not shown).

f ctn- E rchang e Chramatographg

Proteoglycans were separated from
other glycoproteins and hyaluronic acid by
ion-exchange chromatography (F ig. 3). The
profiles of radioactivity eluted from these
columns were similar for both the medium
and cell layer extracts even though the rel-
ative proportions of the various peaks dif-
fered somewhat (Fig. 3). In all cases four
major peaks were noted. Peaks L and, 2
contained mostly 8H and were considered
to be glycoprotein fractions because of
their elution from the resin at low salt
concentration. Peak 3 also contained only
3H and the relative amounts of the total
3H counts for the medium and cell layer
extracts differed markedly. This peak was
80-90% susceptible to StreptamEces hyal-
uronidase digestion and therefore con-
tained predominantly hyaluronic acid (re-
sults not shown). The remaining l0-20Vo
was presumed to be a glycoprotein which
coeluted with hyaluronic acid. However,
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FIc. 3. DEAE-Sephacel ion-exchange profiles of fHl-
and [sS]labeled macromolecules. (a) Medium; (b) cell
layer proteoglycans were eluted with a linear NaCl
gradient from 0.1 to 0.8 tr.t, containing 0.57o Triton X-
100. The major sS peak for each extract was pooled

as indicated by the horizontal bar.

since it did not contain any [sS]sulfate, and
therefore was not likely a sulfated glycos-
aminoglycan/proteoglycan, it was not fur-
ther analyzed. The major 85S-containing

peak, peak 4, was sometimes distorted by
a leading edge which was alwâys greater
for the cell layer than for medium-derived
preparations. Heparan sulfate was the
major component of this leading portion
of peak 4 for both medium and cell layer
proteoglycans. Dermatan sulfate and
chondroitin sulfate were the other com-
ponents identified in peak 4 for both the
mcdium and thc ccll laycr. In none of these
preparations ïvas clear-cut separation of
heparan sulfate, dermatan sulfate, and
chondroitin sulfate achieved.

Deræity Grodient Utracentrifug atian

Proteoglycans labeled with [35S]sulfate
were further fractionated by density gra-
dient ultracentrifugation (Fig. 4). In the
medium proteoglycan preparation, SOVo of
the 35S-labeled proteoglycans was found
in the denser three-fifths, with AOV, in
the most dense fraction (D1). The cell layer
extract proteoglycans were distributed

somewhat differently throughout the gra-
dient, with the Dl fraction containing ap-
proximately 30Vo of. the 35S activity and the
remaining 70Vo of the radioactivity more
evenly distributed through the D2-D5
fractions. The more even distribution of the
cell layer proteoglycans throughout the
density gradient is highlighted by the ob-
servation that the cell layer D5 fraction
comprised slightly more than lÙVo of the
total 35S label whereas fraction D5 of the
medium represented only 4Vo of the total
radioactivity. Each of the fractions was
concentrated and then chromatographed
on a Sepharose CL-48 column in 4 rvr gua-
nidine-HCl (Fig. 5). The D1 fraction of the
medium proteoglycans contained all three
components (MI, MII, and MIII) observed
in the Sepharose CL-48 chromatogram of
Fig. la. The D2-D4 fractions contained
proteoglycans which eluted in a position
similar to MIII with a K,u o10.4 and minor
components corresponding to MI and MII.
Fraction D5 accountedfor AVo of the total
radioactivity and contained two molecular
species, with K,u values of 0.2 and 0.4 which
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Frc. 4. Cesium chloride density gradient centrifu-
gation. Aliquots of (a) medium and (b) cell layer pro-
teoglycans were adjusted to a starting density of 1.35

g/ml with cesium chloride in 4 u guanidine-HOl, pH
5.8, and centrifuged at 35,000 rpm in a S\{ 50.1 rotor
for 65 h. The fractions obtained were termed D1 to
D5 in order of ascending density.
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CL-48 chromatography (MI-MIII and CI-
CIV) was established by papain digestion.
Material in all of the peaks, except peak
CIV, was susceptible to papain (Fig. 6), in-
dicating that peaks MI-MIII and CI-CIII
contained 85s-labeled proteoglycans. The
resultant glycosaminoglycan chains eluted
from Sepharose CL-68 with a K^u of.0.45.
Based on previously reported data for cal-
ibrated Sepharose CL-68 columns (19),
these glycosaminoglycans had an àverage
molecular weight of 25,000.

Carbohydrate analysis of the various size
classes of proteoglycans indicated them to
have different glycosaminoglycan compo-
sitions (Table I). The larger proteoglycans
of the medium (MI and MII) were com-
prised predominantly of chondroitin sul-
fate chains, while the smallest medium
proteoglycan (MIII) contained mainly der-
matan sulfate chains. The cell layer pro-
teoglycans appeared to have a more het-
erogeneous glycosaminoglycan composi-
tion. The largest proteoglycans (CI and II)

20

r-I--rrT-r-rl fÌ-TTrTrTlo 05 0 0 05 to
Kou Kou

Frc. 5. Sepharose CL-48 chromatograms (Sepharose
CL-48/4 rrr guanidine HCI) of density gradient frac-
tions of gingival fibroblast proteoglycans. Elution
profiles for medium proteoglycans from D1 to D5 are
shown in (a-e), and for the cell layer preparations in
(f-j). The Vn and V¿ were identified as described in
Fig. 1.

appeared to correspond to the peaks MII
and MIII seen in Fig. 1. For the cell layer
extract, fraction D5 eluted as a single peak
in the void volume of the column, while
fractions D1-D4 eluted in three principal
regions corresponding to Kuu values of 0.1,
0.4, and 0.6. The proportions of 35S in the
peaks differed for each density gradient
fraction, with material in the peak of .K",
0.6 predominating in the Dl and D2 ftac-
tions. This component accounted for less
of the total sss label in the DB and D4frac-
tions, where materiaì eluting at K^u 0.1
predominated.

Cl¿emical Analyses of ProteoglEcan s

The proteoglycan nature of material
eluted in the peaks following Sepharose
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Frc. 6. Sepharose CL-68 chromatograms of papain-
digested medium and cell layer proteoglycans (papain:
Sepharose CL-6F,/0.2V, SDS). ss-labeled proteogly-
cans from medium (a-c) and cell layer (d-f) extracts
obtained by Sepharose CL-48 chromatography (see

Fig. 1) were eluted on Sepharose CL-68 both before
(a) and after (O) digestion with papain. The lze and

I were identified as described in Fig. 1.
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TA,BLE I

GLycosAMrNocLycAN CoMposITIoN oF PRotnocr,vc¡N Coupol¡oNrs

Peak V" F'racLjon
Heparan
sulfate

Dermatan
sulfate

Chondroitin
sulfate

Medium

Cell layer
CI
CII
CIII
CIV

Noúe. Glycosaminoglycan content was determined by sequential digestion with chondroitinase AC, chon-

droitinase ABC, and nitrous acid. Results are expressed as percentages of the total S5S-activity remaining in
each peak after digestion. Fractions refer to the peaks obtained from chromatography on Sepharose CL-48,
as shown in Fig. 1.
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MI
MII
MIII

contained mainly heparan sulfate; how-
ever, some chondroitin sulfate was also
identified in these populations. The small-
est proteoglycan (CIII) contained predom-
inantly dermatan sulfate with some hepa-
ran sulfate. From these data it is unclear
whether heparan sulfate is located on the
same protein core as chondroitin sulfate
and dermatan sulfate, or is present as a
separate heparan sulfate proteoglycan
species. Cell layer peak CIV, which con-
tained only glycosaminoglycan chains, was
comprised of both dermatan sulfate (30V.)
and heparan sulfate (70E ).

Since peak CI could lie dissociated into
two smaller proteoglycan components upon
treatment with SDS (Fig. 2c), the glycos-
aminoglycan composition of these two
proteoglycans was assessed to determine
whether they were similar to the proteo-
glycans originally isolated from peaks CII
and CIII. The first peak to elute under SDS
conditions contained $OVo heparan sulfate
and tÙVo chondroitin sulfate, and thus
closely resembled the composition of the
proteoglycans isolated from peak CII.
Flowever, the second peak to elute after
SDS treatment of proteoglycans in peak CI
contained 80Vo heparan sulfate and 20Vo

chondroitin sulfate. Thus the proteogly-
cans in this peak differed from the pre-

dominantly dermatan sulfate proteogly-
cans isolated from peak CIII.

Olig o s acchar ide Analy s e s

The oligosaccharide components of pro-
teoglycans labeled with [35S]sulfate and
[3H]glucosamine were identified by elution
from Biogel P-10 (Fie. 7). Four peaks were
seen for both the medium and cell layer
extract proteoglycans following Biogel P-
10 chromatography. Peak 1 (1l"" 0) corre-
sponded to glycosaminoglycan chains, and
peaks 2 and 3 (K,,0.45 and 0.65) were ini-
tially identifred as oligosaccharides based
on their elution position relative to pre-
vious reports of oligosaccharides associated
with proteoglycans (14, 18). Peak 4 eluted
at the V¡ and presumably contained free
35S and 3H released by the chemical treat-
ment. The proportions of the total 3H ac-
tivity accounted for 4 and2Vo ¡espectively,
for peaks 2 and 3 in the medium prepara-
tions and 3 and  %o,tespectively, for the
cell layer preparations. To further ascer-
tain whether the oìigosaccharides were
sulfated, fibroblasts were incubated in the
presence of [85S]sulfate alone and the pro-
teoglycans were isolated as described
above. Following alkaline borohydride re-
duction and elution from Biogel P-10, four

a
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eîzyme treatment. The 35S:3H ratios within
peaks 2 andB increased from 0.5 to 1.0 and
from 0.56 to 0.69, respectively, and are in-
dicative of loss of 3H label most likely as-
sociated with sialic acid residues. In ad-
dition, the 35S:3H ratio within peak 4 de-
creased from 0.6 to 0.34, demonstrating an
increase in 3H activity eluting in the total
volume and most likely came from sialic
acid residues released by neuraminidase.
The samples were also treated with kera-
tanase to determine whether these oligo-
saccharides were keratan sulfate; no shift
in K,, values on Biogel P-10 was noted
(results not shown). Additionally, the
cells were labeled in the presence of
[3H]mannose and [35S]sulfate, and the la-
beled proteoglycans were eluted from Bio-
gel P-10 (Figs. 8a, b). Three peaks dem-
onstrating 3H activity and four peaks of
s5S activity were identified. About 20Vo ol
the 3H activity eluted in the void volume,
while the bulk of the 3H activity eluted as
a single included peak of K^u0.45 for both
the medium and the cell layer preparations.
No 3H activity was detected in peak 3 which
contained only 35S activity. Thus only one
of the oligosaccharides contained mannose
residues. The 3H-labeled material which
eluted in the void volume of a Biogel P-10
column rrsas presumed to be chondroitin
sulfate or dermatan sulfate residues, since
chondroitinase ABC treatment of the la-
beled proteoglycans resulted in a shift of
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FIc. ?. Biogel P-10 chromatograms of alkaline bo-
rohydride-treated gingival fibroblast proteoglycans.
Proteoglycans from (a) medium and (b) cell layer were
treated with alkaline borohydride and chromato-
graphed on Biogel P-10. Proteoglycans from medium
(c) and cell layer (d) were also treated with neur-
aminidase prior to alkaline borohydride reduction and
elution from Biogel P-10. The peaks are numbered to
indicate their elution order. The Vn and. V¿ were de-
terminod as deecribed in Fig. 1.

peaks were identified correspondingto K^u
values of 0, 0.45, 0.65, and 1.0 as was seen
for the dual-label experiments (data not
shown). The sulfate content of the oligo-
saccharides accounted for 2-3Vo of the total
35S activity.

In order to further characterize these
oligosaccharide units, proteoglycans were
digested with neuraminidase followed by
sodium borohydride reduction. The reac-
tion products were then eluted from Biogel
P-10 (Fig. 7). Four peaks were seen follow-
ing such treatment. Peak 1 contained both
35S and 3H activity and presumably con-
tained glycosaminoglycans. Peaks 2 and 3
were retarded by the gel, and eluted with
higher K,u values than they did prior to

Medium Cell layer

0 05 .t0 0 05 10
Kuu K"u

Ftc. 8. Biogel P-10 chromatograms of [sHlmannose-
and flS]sulfatelabeled oligosaccharides. The medium
(a) and cell layer (b) extracts were treated with al-
kaline sodium borohydride and then chromatographed
on Biogel P-10. The Vn and V, were determined as
described in Fig. 1.
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20Vo of the 3H activity to the total volume
of a Sephadex G-50 column; nitrous acid
treatment had no effect (results not
shown).

The type of linkage between the carbo-
hydrate chains and core protein was de-
termined by sugar analysis for hexosamine
and hexosaminitol in material associated
with peaks L,2, and 3 seen in Figs.'Ia and
?b. Peak 1 from the medium preparation,
which had a predominance (86V")of galac-
tosamine as well as a large amount of 35S

activity, could be digested substantially
(80V.)by chondroitinase ABC (results not
shown). The material in cell layer peak 1

contained a large proportion of glucos-
amine and also had high levels of 35S ac-
tivity, but could only be partially digested
with chondroitinase ABC (results not
shown). These observations are consistent
with the presence of glycosaminoglycan
chains and correlate well with our obser-
vation of a predominance of dermatan sul-
fate in the medium and of heparan sulfate
in the cell layer (Table I). The material
eluting in peak 2 from Biogel P-10 was
classified as N-linked oligosaccharide be-
cause no galactosaminitol was detected
(Table II), indicating the absence of O-gly-
cosidic bonds, since NaOH/NaBH¿ will
cleave such linkages if present. In addition,
this material could be radiolabeled using

f3H]mannose as a metabolic precursor (Fig.
8), a feature common to many N-linked oli-
gosaccharides. Peak 3 was considered to
contain O-linked oligosaccharides. This
was based upon the presence of galacto-
saminitol residues (indicative of cleavage
of O-glycosidic linkages to the core protein
following NaOH/NaBHa treatment), as
well as the absence of radiolabeling of these
components using [3H]mannose as a met-
abolic precursor. The relative recoveries of
3H-labeled sugars in the oligosaccharide
peaks were low and indicate that some 3H

activity may be in components other than
the sugars analyzed. Since neuraminidase
digestion of the oligosaccharides confirmed
the presence of sialic acid residues, poor
recovery of 3H activity may be partially
accounted for by degradation of sialic acid
residues during the hydrolysis of the oli-
gosaccharides prior to sugar analysis.

Thus, the above detailed analyses of the
oligosaccharides associated with medium
and cell layer proteoglycans indicated the
presence of both N- and O-linked species
which appear to be sulfated to varying de-
grees. Nonetheless, since these analyses
had been performed on proteoglycans iso-
lated by DEAE-Sephacel ion-exchange
chromatography alone, we could not dis-
count the presence of contaminating
glycoproteins. Therefore, we isolated

TABLE II

HEXoSAMTNE ÁND HEXosÂMrNItoL ANelvsIs o¡'Brocor, P-10 tr'RAcrIoNS

Peak Galactosaminitol" Glucosamineo Galactosamine" Recoveryb

Medium
90

70

50

88

55

34

86
18

15

60

29
27

t4
82
25

40
7l
22

ND
ND
51

layerCell
1

2

3

ND"
ND
60

1

2

o

" Values are expressed as percentages of the 3H activity eluted from the column.
bRecoveries \ryere measured relative to the recoveries of standard preparations of [1aO]galactosamine,

[1aC]galactosaminitol, and [3H]glucosamine applied to the column as internal standards.
"ND, not detected.
Nofe. Proteoglycans were treated with alkaline borohydride and eluted from Biogel P-10. The fractions in

the resultant peaks were pooled, hydrolyzed, and analyzed for their hexosamine and hexosaminitol content.



[s5S]sulfate-labeled proteoglycans from
peaks MII, MIII, CI, CII, and CIII after se-
quential Sephadex G-50, DEAE-Sephacel,
and Sepharose CL-48 chromatography.
These individual proteoglycan populations
were then treated with NaOH/NaBHa and
eluted from Biogel P-10. In all cases, two
oligosaccharide peaks of K,u 0.45 and 0.65
were identified (Fig. 9), thus indicating that
these oligosaccharides are intimately as-
sociated with the proteoglycans. The ap-
parent increase in free sulfate release by
such treatment is unclear, but it may relate
to different degrees of sulfation of newly
synthesized proteoglycans, dependent upon
either the cellular source or cell transfer
number.

DISCUSSION

Proteoglycans constitute the major
proportion of [35S]sulfate-labeled macio-
molecules synthesized by human gingival
fibroblasts in aitro. Molecular sieve chro-
matography on both Sepharose CL-28 and
CL-48 was used to initially separate the
proteoglycans. Sepharose CL-48 gave the
best resolution. The relative distribution
of the various proteoglycans released into
the culture medium was different from that
reported for other fibroblasts grown under
identical conditions. In our system, the
bulk (76Vo) of the medium proteoglycans
\r¡as represented by the small molecular
size MIII peak which contained predomi-
nantly dermatan sulfate proteoglycan.
These results differ from those obtained for
skin fibroblasts, in which the quantita-
tively major component is a large chon-
droitin sulfate proteoglycan which excludes
from Sepharose CL-48 (10). In addition, the
profiles obtained from the gingival fibro-
blast proteoglycans differed from those of
embryonic lung frbroblasts in that the
chondroitin sulfate proteoglycan species
comprised only 25Vo of the total medium
proteoglycans, compared. to 38Vo for the
lung fibroblasts (12).

The cell layer extract proteoglycans con-
tained a large proportion of heparan sul-
fate proteoglycans. This confirms our ear-
lier observation that heparan sulfate is the
quantitatively major glycosaminoglycan

GINGIVAL F'IBROBLÄST PROTEOGLYCANS
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Frc. 9. Biogel P-10 chromatogram of sS-labeled oli-
gosaccharides. Medium (a) and cell layer (b) proteo-
glycans isolated following Sephadex G-50, DEAE-Se-
phacel, and Sepharose CL-48 chromatography were
subjected to alkaline sodium borohydride prior to
chromatography on Biogel P-10. The abbreviations
MII, MIII, CI, CII, CIII refer to the peaks identifred
in Figs. 1a and 1c. The Izs and 7¡ were determined as
described in Fie. 1.

associated with the cell layer extract of
gingival fibroblasts (20). Indeed, the asso-
ciation of heparan sulfate proteoglycans
with cell membranes seems to be a general
feature of most cultured cells (21). A sig-
nificant proportion (zÙVo)of the cell layer
extract proteoglycans was excluded from
both Sepharose CL-48 and Sepharose CL-
2B (peak CI), while only 5% of the medium
proteoglycans was excluded from Sepha-
rose CL-48 and none from CL-2B. Follow-
ing solubilization in SDS and subsequent
chromatography in the presence of this
detergent, peak CI could be separated into
two components, indicating a likely asso-
ciation with lipid components of the cell
membrane. The association seemed to be
very strong since treatments with the
milder detergents, CHAPS or Triton X-100
(results not shown), were unable to com-

b
l\,t il

a
Mt¡

)



410 BÀRTOLD AND PAGE

pletely dissociate this peak at concentra-
tions less than IVo. Thus, complete solubi-
lization of the cell membrane appears to
be necessary to adequately release the as-
sociated constituent proteoglycan mono-
mers. This observation is very similar to
that reported for cell layer-associated pro-
teoglycans of mouse mammary epithelial
cells (22). The fact that this material not
only contained heparan sulfate proteogly-
cans, as reported for other fibroblasts (10,

12), but also chondroitin sulfate proteogly-
cans is of particular interest since it lends

pt that both of these
e associated with cell
Y indeed be integral

plasma membrane components (23, 24)'
Whether these cell-associated proteogly-
cans are present as separate chondroitin
sulfate and heparan sulfate proteoglycans,
or hybrid species containing both glycos-
aminoglycan chains attached to the same
protein core, remains to be established.

Additional analyses of the glycosamino-
glycan comp ted
components the
largest prot 2c)
were similar to those isolated from peak

er Proteo-
nt of peak
in glycos-
Peak CIII

(Fig. lc) and may represent a different
proteoglycan population. Thus, the differ-
ences between these two peaks could ex-
plain, in part, the poor resolution of pro-
teoglycans eluting in the region between
K^u 0.2 and K^,0.4 when total cell layer
proteoglycans were chromatographed in
the presence of SDS (Fie. 2b).

The cell layer also contained a population
of [35S]sulfate-labeled molecules which
elutõd from Sepharose CL-48 with a K,u of
0.6. This material was resistant to papain

ered to
chains,
n. The
is peak

were heparan sulfate (70Vo)and dermatan
sulfate (\OVo). This distribution is very
similar to that of other fibroblast intra-
cellular glycosaminoglycan pools (12).

Density gradient ultracentrifugation al-

lowed further fractionation of the proteo-
glycans. Adequate separation of the gin-
gival frbroblast proteoglycans was achieved
at a much lower starting density of L.35 g/
ml than the 1.45 and 1.5 g/ml customarily
used for soft tissue proteoglycan density
gradient centrifugation (10, 12,26, 26).

The medium proteoglycâns distributed
throughout the gradient in a fashion sim-
ilar to that observed for proteoglycans ex-
tracted from gingival tissue (8). Sepharose
CL-48 chromatography of the gradient
fractions revealed selective distribution of
the proteoglycans of various molecular
sizes on the basis of buoyant density. In
particular, proteoglycans corresponding to
those in the Sepharose CL-48 peak MIII
predominated in the less dense fractions,
thus suggesting that they have fewer car-
bohydrate chains per core protein than for
the less buoyant, more dense MI and MII
fractions.

Sepharose CL-48 elution profiles dem-
onstrated that the bulk of the proteogly-
cans has a very small hydrodynamic size.
Indeed, based on both their buoyant den-
sity and gel filtration profile it seems likely
that most of the medium proteoglycans
have a relatively short protein core (con-
sistent with small hydrodynamic size),
with only a few attached glycosaminogly-
can chains (consistent with low buoyant
density) compared to other proteoglycans
which have a long protein core with many
glycosaminoglycan chains. The cell layer
extract proteoglycans (D1-D4) appeared to
be tlis[r'ibuted in a more even fashion
throughout the density gradients than
were the medium proteoglycans. The pres-
ence of most of the CI proteoglycan (13Vo

of the total) in the least dense D5 fraction
is interesting and further implies that peak
CI contains lipid-associated proteoglycans.

Attempts to separate the proteoglycans
on the basis of their charge by ion-ex-
change DEAE-Sephacel chromatography
were unsuccessful. No separation of hepa-
ran sulfate proteoglycan from dermatan
sulfate proteoglycan, as has been described
in other systems (18,27), was possible un-
der the conditions used. In some cases with
the cell layer extracts, a leading shoulder
was seen before the major 35S peak' Gly-
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cosaminoglycan analysis of the shoulder
region revealed heparan sulfate to be a
major component, with smaller amounts
of chondroitin sulfate and dermatan sul-
fate also identified. Heparan sulfate pro-
duced by gingival fibroblasts may therefore
be more highly charged than the heparan
sulfate made by some other cell types, and
thus it may coelute with the more nega-
tively charged chondroitin sulfate and
dermatan sulfate species.

Analysis of the oligosaccharides released
from proteoglycans revealed the presence
of smaìl sugars which were both N- and O-
linked to the protein core. This is similar
to other reports concerning proteoglycan
oligosaccharides (14, 18, 28,29). However,
the oligosaccharides associated with gin-
gival proteoglycans appeared to differ in
one major respect from those isolated from
most other proteoglycans in that they were
sulfated to varying degrees. This is not a
unique finding since sulfated oligosaccha-
rides appear to be associated with a chon-
droitin sulfate isolated from brain (30).
More recently, Gowda et aL have presented
further evidence that oligosaccharides as-
sociated with proteoglycans may contain
ester sulfate (31). Mannose and sialic acid
residues were also associated with these
oligosaccharides. The possibility that these
oligosaccharides were keratan sulfate
chains was ruled out by their resistance to
keratanase. The extremely intimate asso-
ciation (presumably covalent) of these oli-
gosaccharides with the proteoglycans has
been highlighted by the observation that
SDS dissociation of the proteoglycans in
peak CI failed to release any small labeled
molecular weight components which would
have been indicative of contaminating gly-
coprotein (Fig. 2c). Furthermore, NaOH/
NaBHa treatment of individually isolated
proteoglycan populations revealed the
presence of oligosaccharides in each of the
preparations which eluted in identical po-
sitions on Biogel P-10. The significance of
these components is not clear at this stage
and must await further detailed analysis.

In conclusion, the proteoglycans synthe-
sized by gingival fibroblasts in culture are
very similar with respect to glycosamino-
glycan composition, density gradient sed-

imentation, and molecular size to those
present in extracts of whole gingiva (8).
This study has demonstrated the capacity
of human gingival fibroblasts in uitro to
synthesize proteoglycans which appear to
be characteristic for this cell type and its
tissue of origin. Furthermore, it seems
likely that fibroblasts derived from struc-
turally similar but functionally different
tissues (i.e., skin andgingiva) mayhave dif-
ferent proteoglycan synthetic capabilities,
at least with respect to the relative types
and proportions made.
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Summary Polymorphonuclear leucocytes (PMN) \ryere assesse d in vitro for their ability to synthesize
and secrete proteoglycans. The PMN were isolated from human peripheral blood and were found to
contain < 5olo -õnonuclear cells. Following 24 h incubation in the presence of (35S)-sulfate,

signifrcant quantities of 3sS-labelled macromolecules were detected both within the culture medium
and cells. Although the PMN preparations contained some platelets (approximately ñve platelets : one
PMN), culture of platelets alone did not result in the detection of any 35SJabelled macromolecules in
either the medium or platelets. 35s/3H-labelled macromolecules from the PMN cultures were
identifred as proteoglycans on the basis oftheir degradation by papain, alkaline sodium borohydride,
chondroitinase ACII, chondroitinase ABC and nitrous acid. The labelled proteoglycans isolated from
the medium and cells eluted from Sepharose CL-48 with a K"" of 0'63; this indicated a small size
compared with many other proteoglycans. The glycosaminoglycans associated with the proteoglycans
were identifred as heparan sulfate, chondroitin sulfate and dermatan sulfate, with chondroitin sulfate
being the principal component. The average molecular weight of the glycosaminoglycans was
determined to be 16 000. Therefore, the data from this study demonstrate the ability of human PMN to
synthesize and secrete proteoglycans in vitro which appear to differ from those synthesized by
mesenchymat cells with respect to molecular size and glycosaminoglycan composition.

INTRODUCTION

Proteoglycans are large polyanionic molecules
composed of a central protein core to which one
or more glycosaminoglycan chains are co-
valently bound (l). They are widely distributed
throughout mammalian tissues and are con-
side¡ed to be ubiquitous components of most, if
not all, cells. For these reasons, proteoglycans
are considered to play important roles in many
cellular activities and interactions as well as
being involved in the maintenance of normal
tissue physiology.

Although mesenchymal cells are generally
considered to produce most of the proteoglycans
in tissues, it is becoming increasingly apparent
that, especially in inflammation, other cells also
synthesize and secrete proteoglycans. The pres-
ence of glycosaminoglycans in polymorpho-
nuclear leucocytes (PMN) has been known since
1955 (2). Subsequent studies demonstrated

Present address: P. M. Bartold, Department of
Pathology, University of Adelaide, GPO Box 498,
Adelaide, SA 5001, Australia.

Abbreviations used in this paper: PBS, phosphate-
buffered saline; PMN, polymorphonuclear leuco-
cytes.

some of the glycosaminoglycans to be sulfated
and located within the cytoplasmic granules (3).
Additional biochemical analyses have identified
the PMN glycosaminoglycans as hyaluronic
acid, heparan sulfate, dermatan sulfate and
chondroitin sulfate (4-7). The synthesis of
glycosaminoglycans by PMN has also been
studied and the types of glycosaminoglycans
produced have been suggested to vary depend-
ing upon the state of activation, maturation and
adhesion of the PMN (8-10).

Despite such studies, few have addressed
whether the glycosaminoglycans exist bound to a
protein core in the form ofproteoglycans or exist
solely as glycosaminoglycan chains (9-11). This
is an important conside¡ation since, to date,
hyaluronic acid is the only glycosaminoglycan
believed to exist in tissues in a free form.
Furthermore, most of the physiological proper-
ties of proteoglycans are derived from features
of both the protein core and glycosaminoglycans
and thus conside¡ation of the glycosaminogly-
cans alone may oversimplify the possible reac-
tivity of these molecules. Therefore, the aim of
the present study was to isolate, identify and
characterize the proteoglycans synthesized by
human PMN cultured in vitro.
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MATERIALS AND METHODS

Materials
Guanid inc HCI, l-glutamine, phenylmethylsulfonyt

fluoride, 6-aminohexanoic acid, benzamidine HCl, 2-
mercaptoethanol, N-ethylmaleimide were all pur-
chased from the Sigma Chemical Company, St. Louis,
MO; Naz (i55)O¿ (1042 mCi/mmot) and r--(3,4,(n)-
3H) valine (1.26 TBq/mmol) were from Amersham
Australia, Sydney, NSW; Ready Solv scintillation
fìuid was from Beckman Australia, Adelaide, SA;
Chondroitinase ACII (Arthrobacter aurescens) and
Chondroitinase ABC (Proteus vulgaris) were lrom
Seikagaku Kogyo Co Ltd, Tokyo, Japan; all tissue cul-
ture plastic ware was from Nunc, Roskilde, Denmark;
Dulbecco's modifrcation of Eagle's Medium
(DMEM), penicillin, streptomycin, non-essential
amino acids and fetal calf serum were from Flow Lab-
oratories, Irvine, Ayrshire, Scotland; Ficoll-paque,
Scpharose CL-48, Sepharose CL-6B, Sephadex G-50
and DEAE-Sephacel were from Pharmacia Fine
Chemicals, North Ryde, NSW.

Isolation of polymorphonuclear leucocytes
PMN were isolated from peripheral blood of healthy

human donors by the method of Ferrante and Thong
( l2) as modifred by Bignold and Ferranre ( l3). Briefly,
blood samples were drawn into heparin (25 iu/ml) and
5 ml layered onto 3 ml Hypaque-Ficoll (80/o w/v Ficoil
4OO, 5.60/o (w/v) sodium diatrizoate and l l .3o/o (w/v)
meglumine diatrizoate at pH 7.0; specific gravity of
l-l l4) This preparation was centrifuged at 500 g for
30 min in swing-out buckets at room temperature after
which the PMN fraction between the mononuclear cell
fractions and the erythrocytes was obtained. pMN
were washed twice in Hank's balanced salt solution
before culture. Cells were >95o/o viable as indicated by
trypan blue exclusion and included <50/o mono-
nuclear cells. Viability remained constant throughout
the incubation period. The ratio of platelets : pMN
was determined to be less than 5 : l.

Isolation of blood platelets

To heparinized blood buffered with Hepes ( l0
mmol/l), meglumine diatrizoate (22 mg/ml) was added
to raise its specifrc gravity to approximately 1.03. This
blood was then centrifuged for 15 min at 220 g after
which the upper-half of the resultant platelet-rich
plasma supernatant was removed and diluted I : I
with 3.80/o disodium hydrogen citrate solution. This
dilute plasma was then centrifuged for 30 min at 800 g
and the sediment then resuspended in culture medium
(see below) to give a final concentration of 3 X l0s
platelets/pl. Lymphocyte numbers in such prepara-
tions were less than l/¡rl.

Cell culture and labelling
The PMN were adjusted to a concentration of

2 X 107 cells/ml in DMEM supplemented with 100/0
heat inactivated fetal calf serum, l0O U/ml penicillin,
100 pglml streptomycin, 2 mmol/l glutamine, l0
mmol/l sodium pyruvate and non-essential amino

acids (10/o v/v). The cells were maintained in 25 cm2
flasks in a total volume of 3 ml (6 X I Or cells) and cul-
tured for up to 24 h. Incorporation of 1rs5¡-sulfate into
proteoglycans was achieved by culturing the cells in
the presence of 20 ¡rCi/ml Naz(35S)O¿. In some exper-
iments, the cells were cultured in the presence of 100
¡rCi/ml Naz(35S)O¿ and l0 ¡rCiiml (:H)-valine.

Analysis o-f ts 5¡s ¡7-¡obelled macromolecule.s
After incubating the cells in the presence of radio-

labelled metabolic precursors for 24 h, the medium
was removed from the flasks. The flasks were then
rinsed out with 2 ml phosphate-buffered saline (pBS)
and this was pooled with the medium. The medium
and wash were centrifuged at l0 000 r/min for 5 min
and the supernatant separated from the cell peilet. The
supernatant fraction was adjusted to approximately
3 mol/l in guanidine HCI by adding solid guanidine
HCI (0.38 g/ml), and rhen eluted from a Sephadex
G-50 column (2.5 cm X 30 cm) in 4 mol/l guanidine
HCI/O.05 mol/l sodium acetate containing the
following as protease inhibitors: 0. I mol/l 6-amino-
hexanoic acid, 5 mmol/l benzamidine HCl, 50 mmol/l
EDTA, 0.1 mmol/l phenylmerhylsulfonyl fluoride and
l0 mol/l N-ethylmaleimide, pH 5.8 (14). Fractions of
1.5 ml were collected and 100 ¡rl aliquots were taken
for determination of radioactivity in a Beckman LS-
2800 liquid scintillation counter. The materialeluting
in the void volume was welI separated from unincor-
porated radioisotope and was pooled, dialysed against
deionized water and lyophilized in preparation for
further analyses. The cell pellets were extracted with 4
mol/l guanidine HCI/0.05 mol/l sodium acetate con-
taining protease inhibitors for 24h at 4"C and centri-
fuged at 15 000 r/min for 20 min to remove any
insoluble residue. Less than 50/o of the total radioactiv-
ity remained with the residue and this was not char-
acterized any further in the present study. The radio-
labelled macromolecules associated with the cell
extract were obtained in a similar manner to the
medium fraction. Recoveries of radioactivity from
these columns ranged between 75 and 850/0.

Analytical column chromatography
The molecular size distribution of 35S-labelled

proteoglycans rvas analyscd by gcl filtration fronr
Sepharose CL-48 columns (0.7 cm X 100 cm) with 4
mol/l guanidine HCI/0.05 molil sodium acetate con-
taining protease inhibitors, pH 5.8. Lyophilized
material obtained from the void volume of Sephadex
G-50 chromatography was made to 0.5 ml and 200 ¡il
aliquots were appliecl to the Sepharose columns. Frac-
tions of 0.5 ml were collected at a fìow rate of 3 ml/h
and the radioactivity of all of the fractions was
measured. Recovery of radiolabelled material from
these columns ranged between 80 and 850/0.

The size of the glycosaminoglycan chains was
assessed following digestion of the material which was
excluded from Sephadex G-50 with papain (50 ¡rglml)
in 0.2 mol/l sodium acetate, 0.004 mol/l EDTA, and
0.02 mol/l cysteine HCl, pH 5.7, lor 24 h at 60'C.
Following digestion, the samples were boiled and



PROTEOGLYCAN SYNTHESIS il

30 40 50 60 70

applied onto a column of Sepharose CL-68
(0.7 cm X 50 cm) and eluted with 4 mol/l guanidine
HCV0.05 mol/l sodium acetate, pH 5'8. The whole
fractions were analysed for radioactivity. Glycos-
aminoglycan chain size was also assessed following
treatment of the labelled macromolecules with 0'05
mol/l NaOH, I mol/l NaBHa at 45'C for 24 h. The re-
leased glycosaminoglycans were assessed in a similar
manner to the papain digest.

I o n- exchange chro matograp hY

A portion of the material which was excluded from
Sephadex G-50 was dialysed exhaustively against
water, lyophilized and resolubilized in 7 mol/l urea
containing 0'l mol/l NaCl and 0'05 mol/l Tris HCl,
pH 7.0. This sample was then applied onto a column
(0.8 cm X 7.0 cm) of DEAE-Sephacel which had been
equilibrated in the same buffer. Following elution of
all unbound radiolabelled material a 0'l-0'8mol/l
NaCl gradient was applied to the column. Fractions of
0.3 ml were collected and radioactivity was deter-
mined by liquid scintillation counting. Recoveries of
radioactivity from these columns were between 75 and
8 5ol0.

G lycosami nog lycan analys i s

The types of glycosaminoglycans and their relative
proportions in proteoglycans which eluted in the void
volume from Sephadex G-50 for both the medium and
cell pellet were determined after pre-treatment with
either chondroitinase ACII, chondroitinase ABC, or
nitrous acid (15,16). The enzyme digests were then
chromatographed on Sephadex G-50 (l'5 X30cm)
eluted with 0.2olo sodium dodecyl sulfate in 0'15 mol/l
sodium acetate, I mol/l magnesium chloride, I mol/l
calcium chloride, pH 5'8. Fractions of 0'5 ml were col-
Iected at a flow rate of 3 ml/h and all of the fractions
were assayed for radioactivity. The relative proportion
of each glycosaminoglycan species was determined by
calculation of the amount of radiolabelled material
resistant to (void volume) or degraded by (included
volume) each treatment.

RESULTS

Extraction and isolation of proteoglycans

Human neutrophils were obtained from human
peripheral blood and incubated in Dulbecco's
modification of Eagle's medium containing 100/o

fetal calf serum and (35S)-sulfat e for 24 h. Initial
isolation of 35Slabelled macromolecules indi-
cated 670/o (s.d.:6) were recovered from the
medium and the remaining 330/o (s.d.:6) were
associated with the cells and recovered by
extraction with guanidine HCl. When puriñed
platelets were cultured in a similar fashion, no
35S-labelled macromolecules were detectable in
either the medium or cell layer fractions.

Analylical column ch romatography
The molecular size distribution of 3sS-labelled

medium- and cell-associated proteoglycans was
initially assessed by Sepharose CL-4B gel fil-
tration. The 3sS-labelled proteoglycans isolated
from the medium and cells eluted within the
included volume of the column as single poly-
disperse peaks with K"u values of 0'63
(s.d.:0.08) and 0'65 (s.d.:0'03) respectively
(Fig. l). In addition, samples which had been
labelled with both 3H and 35S were also eluted
from Sepharose CL-6B (Fig. 2). Molecules
which had been labelled with (3H)-valine eluted
from Sepharose CL-6B in three peaks for the
medium and four peaks for cell layer-associated
material. In both the medium and cell layer
material the 35S-labelled material co-eluted with
material eluting in a 3H-labelled peak at a K"u of
0.25.
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Proteoglycans were separated from other glyco_
protgins by ion-exchange chromatograptry 1Þig.3). The profrles of radioactivity ðtute¿ from
these columns were similar for both the medium
and- cell layer extracts. In both cases, two major
peaks were noted. The first peak eluted was con_
sidered to be a glycoprotein fraction because of
its elution from the resin at a low salt concen_
tration and being principally comprised of 3H-
labelled material. Althougtr some 3sS-labelled
molecules eluted in this peak, they were a minor
component and accounted for 60lo and 5o/o
respectively of the medium and cell layer_
associated labelled molecules. The second p-eak
eluted from the columns at 0.6 mol/l NaClãnd,
although it contained both 3sS- and 3H-labelled

Chemical analyses of proteoglycans
The proteoglycan nature of the 3H/35s-labelled
macromolecules isolated in the void volume of
Sephadex G-50 was established by papain diges-
tion as well as alkaline sodium 

-bórohydide

reduction followed by chromatography on
Sepharose CL-68. Material from- bòth the
medium and cells was susceptible to papain as
evidenced byan increase in K"u valuesioliowing
papain d-igestion (Fig. a). The 3sS-labelled glycol
saminoglycan chains released by papain elúteO
from Sepharose CL-68 with Kan iaiues of 0.4.
Most of the 3H-labet eluted close to the Vt indi_
cating digestion- of proteins by the pàpain.
However, some 3HJabelled matêrial co-eiuted
with the 3sS-labelled molecules and indicated
the.possibility of small peptides remaining as-
sociated with the glycosaminoglycans releãsed
by papain digestion. Thereforé the proteogly-
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Fig. 5. Molecular sieve chromatography on Sepha-
rose CL-6B of 3ss/3H-labelled macromolecules after
treatment with alkaline sodium borohydride: 3sS

(+), 3H ({1-). Labelled macromolecules from
the medium and cell layer were isolated by chroma-
tography from Sephadex G-50. The material which
eluted in the void volume of Sephadex G-50 was
treated with I mol/l NaBHa in 0.05 mol/l NaOH prior
to elution from Sepharose CL-6B. The V6 and V¡ were
determined as described in Fig. l.

cell proteogfycans. In addition the quantitative
analyses are shown in Table l. Chondroitin sul-
fate was the principal component in both the
medium and cell proteoglycans accounting for
760/o and 860/o respectively.

Table l. Glycosaminoglycan quantitation.
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Fig. 4. Molecular sieve chromatography on Sepha-
rose CL-68 of 35s/3H-labelled macromolecules after
digestion with papain: 3sS (r-), 3H ({1-).
Labelled macromolecules were isolated from the
medium and cell layer by Sephadex G-50 chroma-
tography. The material which eluted in the void
volume of Sephadex G-50 was digested with papain
prior to elution from Sepharose CL-68. The Ve and V¡
were determined as described in Fig. I,

cans were also treated with alkaline sodium
borohydride to allow complete removal of pep-
tides from the glycosaminoglycans (Fig. 5). This
treatment resulted in the elution of 3sS-labelled
molecules from Sepharose CL-68 at K"u of 0.5.
Based on previously reported data for calibrated
Sepharose CL-68 columns (17) these glycos-
aminoglycans may be assumed to have an aver-
age molecular weight of approximately l6 000.

Analysis of the glycosaminoglycan compo-
sition ofproteoglycans can be achieved by selec-
tive digestion with chondroitinase ACII, chon-
droitinase ABC and nitrous acid and permits the
identifrcation of chondroitin sulfate, dermatan
sulfate and heparan sulfate respectively. As can
be seen in Fig. 6, such treatments allowed the
identifrcation of these glycosaminoglycans as
the constituent components of the medium and

Medium and cell proteoglycans were subjected to
nitrous acid, chondroitinase ACII and chondroitinase
ABC degradation to determine the relative con-
tribution of heparan sulfate, chondroitin sulfate and
dermatan sulfate. The data (percentages of the total)
are represented as the mean and s.d. of the mean from
triplicate experiments.
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DISCUSSION

In previous histochemical, electronmicroscopic
and biochemical studies, glycosaminoglycans
have been demonstrated both within the cyto-
plasmic granules and within the cell membrane
of PMN (4-1).ln addition, recent in vitro bio-
chemical studies have demonstrated that PMN,
from a variety of sources, can secrete glyco-
saminoglycans into culture media (5,9, l0).
From these observations it has been proposed
that glycosaminoglycans may play a role in
PMN function. With the possible exception of
hyaluronic acid, however, glycosaminoglycans
rarely appear in vivo in a free state but rather
exist complexed to a protein core in the form of
proteoglycans. Therefore, we have extended the
previous studies to consider the proteoglycan
nature of the sulfated macromolecules syn-
thesized by human PMN.

After incubating PMN in vitro for 24 h, sul-
fated macromolecules were isolated from the
medium and cells. These were most likely pro-
teoglycans on the basis of (i) their susceptibility
to protease digestion resulting in the release of
macromolecular sulfated polysaccharides in-
dicative of glycosaminoglycans; (ii) release of
sulfated polysaccharides from the intact macro-
molecules by alkaline sodium borohydride
which were smaller than those released by
papain digestion; (iii) co-elution of 35S-labelled

molecules with 3H-labelled molecules from
molecular sieve columns; and (iv) co-elution of
35S- and 3HJabelled molecules at high salt con-
centration from an anion-exchange column.

Since platelets were the only contaminating
component in our preparations, and these were
demonstrated not to synthesize proteoglycans in
culture, the present data indicate the source of
3sS-labelled proteoglycans to be the PMN. The
complete digestion of these polysaccharides by
chondroitinase ACII, chondroitinase ABC and
nitrous acid conflrmed that the 35S-labelled

macromolecules were indeed proteoglycans. In
addition, such treatments indicate the pro-
teoglycans synthesized by human PMN are com-
posed of heparan sulfate, dermatan sulfate and
chondroitin sulfate. Whether these glycos-
aminoglycans are all present on the same core
protein, attached to different core proteins or
exist in various hybrid forms remains to be
established.

To date, proteoglycans isolated from a variety
of cells and tissues have shown great heterogen-
eity in terms of molecular size ranging from
2.5 x 106 for the large chondroitin sulfate pro-

teoglycans in cartilage to 70 000- 100 000 for the
small dermatan sulfate proteoglycans found in
skin. In the present study, the elution position
from Sepharose CL-48 of the proteoglycans iso-
Iated from human PMN indicates them to be
smaller than the dermatan sulfate proteoglycans
of skin. Such a small size may be accounted for,
in part, by the relatively small size of the glycos-
aminoglycan chains. In our study we determined
them to have an average molecular weight of
l6 000. This compares with other reports of
25 000 and I I 000 for guinea-pig and human
PMN respectively (9,1l). Therefore, assuming
the PMN proteoglycans are smaller than the
dermatan sulfate proteoglycans of skin (approxi-
mately 70 000) then possible confrgurations for
the PMN proteoglycans could include one of a

core protein of approximately 40 000 to which
one l6 000 glycosaminoglycan chain could be
attached or a shorter protein core of 30 000 with
two l6 000 glycosaminoglycan chains attached.
It is important to note that these are estimations
based on data obtained from the average elution
positions of heterogeneous preparations of pro-
teoglycans and glycosaminoglycans isolated
from human PMN. For this reason, it is neces-
sary to recognize the likelihood of the presence
of several populations of proteoglycans being
present which may differ in both size and glycos-
aminoglycan composition. Thus, further de-
tailed analyses of these molecules will be
required before the precise structure of PMN
proteoglycans will become evident.

Our finding that the proteoglycans isolated
from the medium of PMN cultures were of simi-
lar size to those from the cells is in contrast to
that of a recent study by Levitt et al. (l l). They
found that the cell-associated proteoglycans
were larger than those isolated from the
medium. Although non-specifrc proteolytic
degradation of the proteoglycans isolated from
the cells should not be discounted, care was
taken in the present study to minimize this
possibility by the use of protease inhibitors dur-
ing all preparative stages. A more likely expla-
nation may be the different elution buffers used
for chromatography. To eliminate non-specifrc
aggregation occurring we used strong disso-
ciating buffers whereas Levitt et al. (11) used
Iow-salt buffers which may permit aggregation
or incomplete solubilization of cell membrane
associated material.

Many of the early studies concerning PMN
glycosaminoglycans detected only chondroitin
sulfate (2,3). With improved techniques for
glycosaminoglycan identifrcation, some reports
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suggested that heparan sulfate and dermatan sul-
fate may also be synthesized by PMN (4-6).
Nonetheless, additional reports have not been in
agreement with such observations (4-6). There-
fore, we have reassessed the characterization of
glycosaminoglycans associated with proteogly-
cans associated with mediurn and cellproteogly-
cans. By using specifrc enzyme and chemical
degradation in conjunction with chromato-
graphic monitoring of the digestion products we
clearly identified heparan sulfate, chondroitin
sulfate and dermatan sulfate as the constituent
glycosaminoglycans of PMN proteoglycans. In
this respect our findings most closely-agree with
those of Parmley et al. (7), and Ohhayashi et al.
(e).

Although the functional signifrcance of pro-
teoglycan synthesis by PMN remains to be
established, it seems likely that, in the cell mem-

brane, they are involved ìn cell adhesion.
Indeed, it has been reported that upon stimu-
lation of PMN with caseinate solution or ad-
herence to plastic the relative distribution of
specific glycosaminoglycans varies between the
cell associated and medium content of glyco-
saminoglycans (6,8). The fact that proteoglycans
have been reported to have a role in the ad-
hesion, mobility and shape of mesenchymal cells
( l9) lends support to the concept that such mol-
ecules could be of importance in these funda-
mental events associated with PMN function.
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The ability of mouse thymocytes and peripheral blood lymphocytes from rats to

synthesizé and secrete [roteoþlycans in the presence of a variety of mitogens and

lymphokines was studied in vitro, and it was confirmed that such lymphocytes

rynih"rire and secrete significant quantities of proteoglycans. Mitogenic stimu-

látion of the cells with phylohaemagglutanin (PHA) induced a fourfold increase in

proteoglycan synthes n-.1 stimulated proteoglycan

iyntheiis up ro fivefo ld also be stimulated by cul-

túring the cells in the etermine if this response was

r"lutãd to cell prolife in the presence of PHA and

either cyclosporine or prostaglandin E2,

liferation. Under these conditions, pro

indicating that this effect may be i

analysis of the proteoglycans indic
sulfate and heparan sulfate. Their m

tilage pr all dermatan sulfate proteoglycans syn-

theõized molecular size, three proteoglycan pop-

ulations e proportions were altered by mitogenic

stimulat these findings imply that proteoglycan

synthesis is intimately associated with lymphocyte activation and may be related

to cellular function in immune responses.
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on proteoglycan synthesis
id cells. Mouse thymocytes
cultured in the presence or
ynthesis was assessed bY

35S-sulfate incorporation into mac¡omolecules, and proliferative ac-
tivity was assessãd by uptake of 3H-thymidin" by -tÞ cells. Data are
exprässed as the meàn ãnd standard deviation of the mean from a

representative experiment.

adherent cells. The supernatant was removed, centri-
fuged, and the cell pellet washed twice in HBSS.

Mononuclear cell supernatant
Heparinized blood was taken from healthy \.t -?-t

donois and the mononuclear cells isolated by Ficoll-
Paque sedimentation as described above. A suspension
of these cells (2 x 106 cell/mt) in 10 mI complete me-
dium was placed into a 25
37'C. One hour later, the
moved and the adherent ce
plete medium supplemented with 20 ¡lglml lipopolysac-
èharide (8. Coli 0111:84). After incubation for 24

frozen until required.
Cell cultures and radiolabelling

The cells were adjusted to a concentration of1 x 107

cells/ml and maintained in complete medium. To deter-

in 25 cm2 flasks.
Cell proliferative activitY

Following incubation in the presence of [3H]-thymi-
dine, the c"lls wet" harvested onto glass frlters in the
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mercaptoethanol, N-ethyl maleimide, lipoPolysaccha-
ride (E. coli 0lII:84), and prostaglandin E2 were all

chondroitinase ACII (Arthrobacter o.urescens) and
chondroitinase ABC (Proteus uulgaris) were from Sei-
kagaku Kogyo Co. Ltd., Tokyo, Japan; all tissue cul-
turè ware was from Nunc, Roskilde, Denmark; medium
RPMI-1640, penicillin, streptomycin, and fetal calf se-
rum (FCS) were from Flow Laboratories, Irvine, Ayr-
shire, Scotland; Ficoll-Paque, Sepharose CL-4B, Sepha-
dex G-50, and Sephadex G-25 (PD-10) were from
Pharmacia Fine Chemicals, North Ryde NSW.

Isolation of lymphocytes
Mouse thymocytes wer thY-

mus glands of 9-11 week gh a
frne wire mesh and colle bal-
anced salt solution (HBSS). Adherent cells were re-
moved by incubating the cells in a plastic Petri dish at
37"C for 60 minutes in medium RPMI-1640 supple-
mented wib}' I\Vo heat-inactivated FCS, 100 units/ml
penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine
ánd 5 x 10-5 M 2-mercaptoethanol (complete me-
dium).

ination, and then placed into a plastic Petri dish in
complete medium for 60 minutes at 37"C to remove
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Fig. 2. s5S-sulfate in with time.
Mo_use thymocytes were e of B pglml
PHA and proteoglycans l layer flac-
tions were monitored by suliate into
macromolecules over a 48-hour period. Data are expressed as the
mean and standard deviation of the mean from a repiesentative ex-
periment.

presence of 57o trichloroacetic acid (TCA) using an
automated cell harvester (Titre Tek). The lCn
precipitated material then was counted for radio-
activity in a Beckman LS-2800 liquid scintillation
counter.

Analysis of [35S]-labelled macromolecules

removed and applied onto Sephadex G-25 (PD-10)
columns and eluted \¡/ith 4 M guanidine HCl. Ra-
dioactivity was determiued in 0.4 ml effluent fractions
by liquid scintillation counting. The amount of
radioactivity recovered in the void volume provided a
measure of the incorporation of [35S]-sulfate into
g_ewly synthes (Yanagashita and
Hascall, 1979) ctivity from these
colums ranged The [35S]-labelled
macromolecules associated with the cell pellets were
assessed in a similar fashion after the addition of 0.5
ml4 M guanidine HCl.

Proteoglycan analysis

- Following incubation for 48 hours in 25 cm2 flasks,
the medium and cells were separated by centrifuga-

ing protease inhibitors. Fractions of 1.5 ml were col-
lected, and 100 pl aliquots were taken for determina-

cell extracts were obtained in a similar manner. Recov-
eries of 

-radioactivity from these columns ranged be-
tween 85 and90Vo.

The molecular size distribution of [35S]-labelled pro-
teoglycans was analyzed by gel filtration fiom
Sepharose CL-48 columns (0.7 x 100 cm) with 4 M
guanidine HCI/0.05 M sodium acetate containing pro-
tease inhibitors, pH 5.8. Fractions of 0.5 ml werãìol-
lected at of thefractions ery ofradiolabe edbe-
tween 80

The types of glycosaminoglycans associated with the
proteoglycans isolated from the medium and cell
pellets were determined following selective enzyme
digestion (chondroitinase ACII ãnd chondroitinase

d for
glv-

ation
nt to

(void volume) or degraded by (included volume) each
treatment.
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Fig. 4. a: Effect ofrecombinant IL-1p on proteoglycan synthesis; b:
Effect on proliferative activity of mouse thymocytes. Cells were cul-
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Statistical analyses

_ All data_we_re subjected to statistical analysis using
the method of analysis of variance.

RESULTS

- To confir_m previous reports that lymphoid cells syn-
thesize qnd secrete proteoglycans, the ability of bóth
mouse thymocytes and rat peripheral blóod lym-
phocytes to synthesize 35S-labellôd macromolecúles
in vitro was analyzed first. As shown in Figure 1,
nonstimulated lymphocytes synthesized detectable
amounts of sulfated macromolecules. Upon stimulation
to proliferate with PHA, this synthesis increased three-
fold to fourfold.

Figure 2 shows the results of time-course experi-
ments following the incorporation of 35S-sulfate -into
proteoglycans, which were either released into the cul-
ture medium or retain The
stimulatory effect was 0.05)
and was most noticeabl

, caused a
closely fol-
(Fig.3). To
to IL-1 ac-

alone to the cultures caused a marginal increase in
proteoglycan synthesis over nonstimulated cells. How-
ever, when IL
ence of PHA,
proteoglycans
sis was still
failed to stimulate thymocyte proliferation.
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were quantitated after selective degradation with chon-
chondroitinase ABC (ABC), or nit¡ous acid (HNO2). Data

20 30

Fraction Number

20

glycan synthesis (Fig. 7). Taken together, these results
indicate that the increase of proteoglycan synthesis
may be partially independent of cell proliferation and
may be a more general feature of lymphocyte activa-
tion.

To confirm that the newly synthesized 35S-labelled

macromolecules were proteoglycans, and not sulfated
glycoproteins, the isolated macromolecules were di-
gested with papain and chromatographed on Sephadex
G-50. As shown in Figure 8, the S5S-labelled material
remained in the excluded volume of the column, indi-
cating that the sugar units of these macromolecules are
greater than 10,000. Complete digestion of this mate-
rial with specifrc glycosaminoglycan lyases and nitrous
acid identifred chondroitin sulfate and heparan sulfate
as the constituent glycosaminoglycans (Fig. 8). Al-
though no remarkable quantitative differences be-
tween the glycosaminoglycans in the medium fractions
were evident, an increase in the amount of heparan
sulfate was noted in the cell pellet from cultures ex-
posed to PHA (Table 1).

Chondroitinase ABC digestion of glycosaminogly-
cans labelled with 35S-sulfate and 3H-glucosamine in-
dicated that the 35S/3H ratios in the sulfated disaccha-
rides from PHA treated cells (0.23) were twice those for
the disaccharides from control cultures (0.13).

An assessment of proteoglycan molecular size distri-
bution (Figs. 9, 10) revealed that the medium proteo-
glycans eluted from Sepharose CL-48 in two peaks of
K", 0 and 0.45. The proteoglycans from the cell pellets
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Fig. 8. Confirmation of proteoglycan nature of ssslabelled macromolecules. a: Papain digestion; b:
Chondroitinase ACII digestion, c: Chondroitinase ABC digestion, d: Chondroitinase ABC followed by
nitrous acid degradation. All samples were chromatographed on Sephadex G-50 following the specified
treatment.

TABLE 1. Glycosaminoglycan Quantitationl

AC ABC HNOz

Media
Control
PHA

Cells
Control
PHA

62.5 (t 5.0)
58.5 (+ 12.0)

48.0 (+ 8.4)
39.5 (+ 12.5)

59.5 (+ 4.9)
55.3 (+ 4.0)

49.3 (+ 5.5)
33.6 (i 9.8)

40 0 (t 14.0)
40 5 (+ 9.1)

55 5 (+ 4.9)
64 0 (+ 1.4)

lGlycosaminoglycans

droitinase ACII (AC),
are expressed as percentages
triplicate experiments) of the
gradative procedure.

(mean 1 standard deviation of the mean from
total radiolabelled material digested by each de-

Because all three lymphokines tested influenced pro-
teoglycan synthesis at concentrations that did not no-
ticeably alter thymocyte proliferation, the elevation of
proteoglycan synthesis did not appear to be related
solely to cell proliferation. Therefore, the effect of cy-
closporine and PGE2, two agents that inhibit mitogen-
stimulated proliferation of lymphocytes, on proteogly-
can synthesis in the presence of PHA was tested. As
expected, cyclosporine caused a dose-dependent de-
crease in proliferation (Fig. 6). However, although pro-
teoglycan synthesis was not as great as in the presence
of PHA alone, it remained elevated over the levels of
synthesis by cells cultured in the absence of any mito-
gens. Tleatment of the cells with PGE2, which also in-
hibited thymocyte proliferation in a dose-dependent
manner, did not affect the influence of PHA on proteo-

b
AC'ase

ABc'asê C
ABC'ase¡HONO d
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eluted in three peaks designated CI, CII, and CIII with
K., values of 0, 0.45, and 0.65, respectively. Exposure
of the cultures to PHA resulted in a change in the
relative tlisür'ibuLiun uf Lhe uell pellet proteoglycan
peaks designated CII and CIII. The majority of the pro-
teoglycans isolated from unstimulated cells eluted at
position CIII, whereas stimulated cells synthesized pro-
teoglycans that eluted principally at position CII.

DISCUSSION
The synthesis of proteoglycans is classically consid-

ered to be the domain of extracellular matrix producing
cells (Hascall and Hascall, 1981). However, there have
been several reports concerning the ability of lymphoid
cells to synthesize proteoglycans. In particular, periph-
eral blood lymphocytes (Levitt and Ho, 1983), thymo-
cytes (Hart, 1982), natural killer cells (Bland et al.,
1984; MacDermott, 1985), and specific cell lines (Sivak
et al., 1987) have been studied. The present study has
confrrmed that lymphoid cells possess the ability to
synthesize and secrete proteoglycans and attempted to
relate this to lymphocyte activation.

The proteoglycans synthesized by lymphoid cells

T Cell Media PHA

=f)-o
Ø tooo

Ú)('

were found to be composed of heparan sulfate and chon-
droitin sulfate. Whether these glycosaminoglycans are
present on the same core protein or attached to differ-
ent protein cores remains to be established. The isola-
tion of proteoglycans from both the culture medium
and cell pellet indicates that the cells not only secrete
newly synthesized proteoglycans but also retain a cer-
tain percentage (10-207o) closely associated with the
cell. The precise location of the cell-associated proteo-
glycan awaits further investigation. However, it is pre-
sumed that it will be located both within the cells as
well as associated with the cell membranes in a fashion
similar to that described for natural killer cells
(Parmley et al., 1985).

In addition to analysis of proteoglycans synthesized
by quiescent lymphocytes, ìMe also addressed the ques-
tion ofcell activation and its relationship to proteogly-
can synthesis by thymocytes. Although an increase in
proteoglycan synthesis upon mitogenic stimulation of
thymocytes has been reported previously (Hart, 1982;
Levitt and Ho, 1983), the present findings relating to
the effects of various lymphokines are new. The initial
flrnding that supernatants from stimulated monocytes
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Fig. 9. Gel chromatography on Sepharose Cl-48 of proteoglycans isolated from the medium of mouse
thymocytes cultured in the presence or absence of 3 ¡rglml PHA. The void volume (V.) and total volume
(Vt) were determined with rH-DNA and rbS-sulfate respectively.
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Fig. 10. Gel chromatogr:aphy on Sepharose Cl-4B of proteoglycans isolated from the cell pellets of
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stimulated thymocyte proteoglycan synthesis impli-
cated a possible role for interleukin-l, as these super-
natants have been demonstrated previously to stimu-
late thymocyte proliferation via an ll,-l-like factor
(Haynes et al., 1988). Therefore, the effect of rll,-lp in
our system was studied and duly found to stimulate
proteoglycan synthesis. The effect of IL-2 also was as-
sessed, because it is synthesis of this hormone that is
principally responsible for the increase in lymphocyte
proliferation following stimulation with IL-1. This
agent also stimulated proteoglycan synthesis by thy-
mocytes.

Although the three agents tested would normally be
considered to act principally on thymocytes by stimu-
lating proliferation, effects on proteoglycan synthesis
were still evident at concentrations too low to evoke
any detectable proliferative response. This could be due
to proteoglycan synthesis being more sensitive to lym-
phokine stimulation than is proliferation. Alterna-
tively, proteoglycan synthesis may be totally unrelated
to proliferative response, and thus the lymphokines act
via several unrelated subcellular pathways. To test the
second alternative, we studied the effect of mitogen
stimulation on proteoglycan synthesis by thymocytes
cultured in the presence of cyclosporine or PGE2, two
agents known to inhibit mitogen-induced thymocyte
proliferation (Lillehoj et al., 1984; Elliot, 1984; Nie-
bergs et al., 1985). However, in the presence of mitogen
(PHA) and either cyclosporine or PGE2, the thymocytes
exhibited elevated levels of proteoglycan synthesis.
These data indicate that proteoglycan synthesis by thy-
mocytes may not be related solely to proliferative ac-
tivity.

When analyzing data obtained from in vitro experi-
ments, caution is required in interpreting an observed
increase in sulfate levels in proteoglycans as equating
with an increase in proteoglycan synthesis. Thus, as-
sessment of the 35S/3H ratio was made on dual-labelled
glycosaminoglycans. Mitogenic stimulation of the cells
caused a twofold increase in this ratio and indicatcs
that either the specifrc activity ofthe sugar nucleotide
precursor pool was altered by such treatment, or the
degree of sulfation of glycosaminoglycans increases
upon stimulation of the cells. The latter alternative is
currently under further investigation. Regardless of
the outcome of these experiments, the present data
strongly imply that mitogen or lymphokine exposure
alters proteoglycan synthesis by thymocytes, because
the alteration in 35S/3H ratio is insufficient to account
for the observed fivefold increase in sulfate levels in
proteoglycans synthesized by cells exposed to mitogens
or lymphokines.

Although lymphocytes have been known for some
time to synthesize proteoglycans, few systematic stud-
ies ofthe intact proteoglycans have been carried out. In
the present studies, the proteoglycans isolated from
thymocytes appear to differ from those synthesized by
natural killer cells (Schmidt et al., 1985) in that they
are digested by proteases. They are therefore like "con-
ventional" proteoglycans. When chromatographed on
Sepharose CL-48, the proteoglycans synthesized by
thymocytes were heterogeneous with respect to molec-
ular size. However, in general terms, these proteogly-
cans \Mere of quite small molecular size and differed
markedly from the predominantly large proteoglycans

found in cartilage. However, their size distribution is
similar to that of the small proteoglycans (dermatan
and chondroitin sulfate proteoglycans) found in the soft
connective tissues (e.g., skin, gingiva, ligament, etc.)
(Cöster et aL, 1984; Bartold and Page, 1987; Vogel and
Evanko, 1987). The signifrcance ofthe observation that
the proportions of various proteoglycans associated
with the cell pellets varied depending upon the state of
activation is not yet clear; however, it does imply a
functional relationship between cell-associated proteo-
glycans and lymphocyte activation.

In conclusion, this study supports the hypothesis
that synthesis of proteoglycans may be a ubiquitous
property of all mammalian cells. In addition, the data
present interesting ramiflrcations in terms of the func-
tions of lymphocyte proteoglycans and indicate a pos-
sible role for proteoglycans in the immune system.
Such a role has been highlighted by recent reports that
a factor that coisolates with T-cell proteoglycan as well
as the T-cell proteoglycan itself is capable of stimulat-
ing B-cells (Levitt, 1987; Levitt and Olmstead, 1986).
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The purpose of these studies was to focus on the proteoglycan content of the
two hard tissues of the periodontium, namely cementum and alveolar bone. At
the time of carrying out these studies little attention had been given to the matrix
composition of these two tissues. The studies concerning cementum were of
particular interest since this is a unique tissue associated only with the
dentition. The studies concerning the alveolar bone were based on previous
studies on skeletal tissues found elsewhere in the body, but were still
considered to be important in terms of defining the molecular composition of the
human periodontium.

Papers 6 and 7 followed a classical approach to the problem of characterizing
the proteoglycans of cementum. First, an analysis of the glycosaminoglycan
content was carried out, followed by a detailed biochemical and
imm unohistochemical characterization of the proteoglycans in cementum.
These studies provided the first evidence of multiple glycosaminoglycan
species within the matrix of cementum, as well as providing clear data
concerning their molecular identification, composition and structure. Using
monoclonal antibodies and immunohistochemical techniques, the proteoglycan
studies on cementum were the first to show that intact proteoglycans were the
principle nonfibrous macromolecules located in the matrix of cementum.

Paper 8 was the first to document the isolation and characterization of intact
proteoglycans from alveolar bone. lt extended earlier work from Graham
Embery's laboratory in the U.K. which had, up until this time, considered only
the glycosaminoglycan content of alveolar bone. This study was the first to
demonstrate the tissue localization of proteoglycans within the extracellular
matrix of human alveolar bone using monoclonal antibodies and
immunohistochemistry.

An interesting feature of these studies was that the principle type of
glycosaminoglycan and proteoglycan isolated from both cementum and
alveolar bone was chondroitin sulfate-rich, and differed from the dermatan
sulfate-rich material isolated from the soft connective tissues of the
periodontium. These studies highlighted the important nature of site specificity
of matrix composition with the periodontium. The presence of chondroitin
sulfate in periodontal hard tissues was subsequently exploited by Embery's
group to develop diagnostic markers of bone remodeling based on the
identifiable presence of chondroitin sulfate in gingival crevicular fluid.
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served. Quantitation of the glycosaminoglycans in
chondroitin sulfate to represent the major species id was

observed predominantly in the guanidine/EDTA e sulfate

was a quantitative minor component of both extracts.

lntroduction

Cementum is one of two hard tissues

which comprise the periodontium. Al-
though its precise function is unclear, its
anatonical features indicate a primary
role in the attachment of the perio-
dontal ligament fìbers to the tooth root
surface. Histologically, cementum is
very similar to bone and dentin. How-
ever, chemical and physical analysis of
cementum have indicated it to be softer
than dentin (l). Analysis of the organic
components of cementum has been

achieved following decalcification.
Glimcher, Friberg & Levine (2) demon-
strated that approximately 90% of the
organic matrix of cementum had a

chemical composition characteristic of
collagen. This observation was later
confirmed by Rodriguez & Wilderman
(3,4). Additional analyses have revealed

type I collagen to be the principal colla-
gen type present in cementum although
some type III may also be present (5,

6).
Vy'ith respect to the non-collagenous

components of the organic matrix of
cementum, little is known. Smith, Lea-
ver & Smith (7) demonstrated that while
the non-collagenous matrix of human
cementum accounts for a larger pro-
portion of the total organic matrix than
in bone or dentin, the amino acid com-
position of cementum organic matrix is

similar to that of bone and dentin. On
the basis of histochemical evidence, Vi-

dal, Mello & \'aldrighi (8) postulated
that both carboxylated and sulfated mu-
copolysaccharides (glycosaminogly-
cans) may be components of human ce-

mentum.
To date, the predictabilitY of new

connective tissue attachment to root
surfaces ofteeth treated for periodontal
disease has been elusive. Therefore, fur-
ther assessment of the components of
cementum which are likelY to be in-
volved in such regenerative processes is

warranted. Since proteoglycans are

known to interact specifically with col-
lagens in a variety of tissues (9, 10) and

are integral components of cell sub-

stratum attachment matrices (11) the

aim of the present study was to isolate,
identify and quantitate the glycosami-
noglycan components of the proteogly-
cans in human cementum.

Material and Methods
Materials

Alcian blue 8GX, cysteine HCl, N-
ethylmaleimide, pepstatin, phenylme-
thyl sulfonyl fluoride, PaPain EC
3.4.22.2 (Type III 2X crystalized from
papaya latex; activity 10-15 U/mg) were

all purchased from Sigma Chemical
Co., St. Louis, MO. Bacterial collagen-
ase EC 3.4.24.3 (Form 3) was from Ad-
vance Biofactures Co. Lynbrook, NY.
Streptomyces hyaluronidase EC 4 -3 -3.1.

(S tr ep t omy c e s hyalurolyticus), chondro-
itinase ACII EC 4.2.2.5 (Arthrobacter

aurescens) and chondroitinase ABC EC
4.2.2.4 (Proteus l'ulgaris) were pur-
chased lrom Seikagaku Kogyo Ltd., To-
kyo, Japan. Sepraphore III cellulose

acetate electrophoresis membranes were

from Gelman Sciences, Ann Arbor, MI.
Ultrafiltration membranes (YM-10)
were purchased from Amicon corpor-
ation (Danvers, MA). The GAG stan-

dards were obtained from Seikagaku

Kogyo Ltd., Tokyo, JaPan.

Extraction of cementum

Cementum was obtained lrom freshly
extracted teeth which showed no signs

of inflammation. The procedure used

was essentially that described by Somer-

man et al. (12) and Miki, NaraYanan &
Page (13). Briefly, adhering periodontal
ligament and other soft connective tis-

sues were removed under a dissecting

microscope. The cementum was then
scraped from the root surface using cu-

rettes under the microscope. The shav-

ings were immediately placed into 50

mM Tris-HCl buffer (pH 7.5) contain-
ing the proteinase inhibitors 1 mM
phenylmethylsulfonyl fluoride 5 mM,
N-ethylmaleimide and 25 mM EDTA.
Extraction of the cementum was per-

formed in 500 mM acetic acid contain-
ing I pglml each of PePstatin A and

leupeptin at 4"C fo¡ 7 d. The extract
was clarihed by centrifugation and the

pellet was extracted with 50 mM Tris-
HCI (pH 7.5) containing 4 M guanidine
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HCI and 500 mM EDTA at 4"C lor 4
d. The residue left after this extraction
was then incubated in Tris-HCl buffer

ûrH 7.5) containing 250 Units/ml bac-

terial collagenase, I mM N-ethylymale-
imide and 5 mM calcium chloride for 2

d at 37"C. The solubilized material was

again separated from the residue by cen-

trifugation. The acetic acid extract con-
tained no glycosaminoglYcan com-
ponents, based on uronic acid analysis,

and therefore was not used for the pres-

ent studies. The other two extracts,
guanidine/EDTA extract and collagen-
ase digest, were concentrated by ultrahl-
tration through Amicon YM-10 mem-

branes, dialysed against water and ly-
ophilized.

Extraction and isolation of
glycosaminoglycans

Samples of the guanidine/EDTA extract
or collagenase digest were preincubated

in 1 ml 0.1 M sodium dihydrogen phos-
phate, pH 6.5 for 60 min at 60'C after
which 125 4l of activated papain (3 mg
of papain/ml of 0.1 M sodium dihydro-
gen phosphate. 0.1 M EDTA, 0.3 M
cysteine HCl, pH 6.5) was added. Diges-
tion was-allowed to proceed fot 24 h
after which the samples were centri-
fuged and the residue digested in I ml
of activated papain at 60 "C for a further
24 h. Trichloroacetic acid was then

added to the digests to give a f,tnal con-
centration of 10% and allowed to stand
for 3 h af 4"C. The samPles were then
centrifuged and the supernatants dia-
lysed exhaustively against deionized wa-

ter. The retentates were then lyophili-
zed, reconstituted to 100 4l and l0 vol-
umes of 1% sodium acetate in ethanol
was added and the samPles were al-

lowed to stand overnight at 4'C. The
precipitated glycosaminoglycans were

recovered by centrifugation, dried and

then solubulized in 50 pl walet in prep-

aration for electrophoretic analysis'

(Model PN5l2l1). Samples (2 pl) wete

applied to the strips, allowed to pen-

etrate the membrane and then electro-
phoresed for 4 h at 1.2 mAMP/striP.
After completion of the electrophoresis,

the strips were stained for 30 min with
Alcian blue in 0.05 M magnesium chlor-
ide and 0.025 M sodium acetate buffer,
pH 5.8 in 50% (v/v) ethanol/water. The

strips were then destained in 0.05 M
magnesium chloride, 0.025 M sodium
acetate and 50o/o ethanol.

Since the above sYstem does not ad-

equately seParate all known mam-

malian glycosaminogl¡'cans, a second

electrophoresis system was used to ver-

ify the findings obtained with calcium

acetate. This system relies on a discon-

tinuous buffer approach as described

previously by Capelletti, Del Rosso &
Chiarugi (14) and modifìed bY HoP-
wood & Harrison (15).

ldentification of glycosaminoglycan

species

Samples of standard glycosaminogly-

cans as well as those isolated from the

cementum extracts were digested with
S tep t omy ces hyaluronidase, chondroit-
inase ACII, chondroitinase ABC or ni-
trous acid as described previously

(1G-19). These
steps permit the

uronic acid, hepa
in sulfate and dermatan sulfate.

Quantitatlve analYses

For quantitating glycosaminoglycans,
they were separated by cellulose acetate

membrane electrophoresis, stained with
Alcian Blue, solubilized in dimethyl sul-

foxide buffer containing 0.025 M mag-
nesium chloride, 0.025 M sodium ace-

tate and 0.1 M acetic acid and read in
a spectrophotometer (19, 20, 21). Since

the various mammalian glycosamino-
glycans vary in their coefficient ofbind-
ing for Alcian blue (19), they were quan-

titated from standard curves determined
for each glycosaminoglYcan (21).

Results

Following extensive papain digestion of
the guanidine/EDTA and collagenase

extracts of human cementum the glyco-

saminoglycan content was determined
to be 0.2o/o and 0.1% of the dry weights

of these samples resPectivelY.

Electrophoretic separation of the gly-

cosaminoglycans isolated in the

guanidine/EDTA and collagenase ex-

tracts, together with that of a mixture
of standard glycosaminoglycans. is

shown in Fig. L Three discrete regions

which stained with Alcian blue were

identified. On the basis of their relative

mobilities they were deduced to corre-

spond to hyaluronic acid/heparan sulfa-

te, dermatan sulfate and chondroitin
sulfate.

Cellulose acelate membrane
electrophoresis

Electrophoresis of standard glycosami-
noglycans and glycosaminoglycans ex-

tracted from cementum was carried out
on cellulose acetate membranes. The
strips were soaked for 30 min in 0.2 M
calcium acetale, pH 7.2, lightly blotted
between filter paper and assembled in a
Gelman electrophoresis chamber

o
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Since electrophoresis in calcium ace-

tate does not adequately separate hyal-

uronic acid from heparan sulfate or ker-
atan sulfate from dermatan sulfate, the

samples were also electrophoresed in a

discontinuous buffer system (14, 15).

The results obtained using this method
conhrmed the presence of hyaluronic
acid, dermatan sulfate and chondroitin
sulfate in both samples (results not
shown), and no heparan sulfate or ker-
atan sulfate was noted.

Because comparisons of the electro-
phoretic mobility of standards with tis-
sue extracts to identify glycosaminogly-
cans is not dependable due to possible

variations in charge distribution, selec-

tivc elimination of glycosaminoglycans
by enzymatic and chemical treatments

(E

*i

followed by electrophoresis was used to
conhrm the identity of specihc glycosa-

minoglycans initially identif,red by elec-

trophoresis alone (Figs. 2 and 3). Treat-

ment of the samples wíth Streptomyces

hyaluronidase, which will digest hyal-

uronic acid alone (16), resulted in two
bands in the chondroitin sulfate and

dermatan sulfate region. This indicated
that hyaluronic acid was present in the

original extracts and that it was elimin-

ated by the enzYme.

Chondroitinase ACII will digest not
only chondroitin sulfate but also hyal-

uronic acid (22). Aftet treatment of the

samples with this enzyme only one band

remained in the dermatan sulfate re-

gion. This inclicated that both hyaluron-
ic acid and chondroitin sulfate were

CementumglYcosaminoglYcans 15

present in the extracts and were digested

by the enzyme. Digestion of glycosami-

noglycans with chondroitinase ABC
will eliminate both chondroitin sulfate

and dermatan sulfate as well as hyal-

uronic acid (22). Since no bands were

seen following treatment of the samples

with this enzyme we deduce that derma-

tan sulfate, chondroitin sulfate and hy-

aluronic acid were originally Present.
Treatment with nitrous acid will de-

grade those glycosaminoglycans which
are N-sulfated (i.e. heparan sulfate).

This treatment of the samples resulted

in no change in the distribution ofthree
bands, which migrated in positions cor-

responding to hyaluronic acid dermatan

sulfate and chondroitin sulfate (com-

pare Fig. 2d and 3d with Fig. l). Taken

togethe¡ these hndings confirm that hy-

aluronic acid, dermatan sulfate and

chondroitin sulfate are the constituent
glycosaminoglycans in human cemen-

tum and that keratan sulfate is not
present.

The relative distribution of the vari-
ous glycosaminoglycan compone[ts ln
the guanidine/EDTA and collagenase

extracts is compared in Table 1. It is

evident that chondroitin sulfate is the

predominant glycosaminoglycan in
both samples and dennatan sulfate is

also a signifìcaut contributor to both.

Although hyaluronic acid could be lo-
calized visually in electrophoresed and

stained paper strips in both samples, it
was noticeably diminished in the col-

lagenase digest and could not be ex-

tracted and quantified reliably in this

sample. This may be because it is not
as extractable as the other GAGs after

electrophoresis.
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Discussion

In this study the organic matrix of hu-

man cementum was isolated by sequen-

tial guanidine/EDTA and collagenase

treatments. Collagenase extraction was

carried out to determine and study ad-

ditional GAG comPonents which maY

remain bound to collagens and not ex-

tracted by the guanidine. Following pa-

pain digestion of these samples, the gly-

cosaminoglycans present were isolated,
identihed and quantihed. Electrophore-
tic separation together with specihc

elimination of the glycosaminoglycans
with enzyme and chemical treatments
were used to identify hyaluronic acid,

dermatan sulfate and chondroitin sulfa-

te as the constituent glycosaminogly-

I
e\

absd
ate membrane e lycans isolated from the

cementum after myces hyaluronidase; b)

c) chondroitina rrows and abbreviations

are the same as described in Fig. 2.



16 Bartold et al.

Tuble 1. ClycosaminoglYcon composition of cementum extracts
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3. Rodriguez MS, Wilderman MN. 1970.
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tissues. ,/ Periodontol 4l: 591.

4. Rodriguez MS, Wilderman MN. 1972.
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tum natrix f¡om human molar teeth. "I
Periodontol 43: 438.

5. Birkedal-Hansen H, Butler WT, Taylor
RE. 1974. Isolation and preliminary
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collagen. Calcif Tiss Res 15: 325.
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Characterization of the insoluble colla-
gens of bovine dental cementum. Calcif
Tiss Res 23: 39.

7. Smith AJ, Leave¡ AG, Smith G- 1983.

The amino acid composition of the non-

collagenous organic matrix of human ce-

mentum. Arch Oral Biol 28: 1047,

8. Vidal BC, Mello MLS, Valdrighi L.
1974. Histochemical and anisotropical
aspects of the rat cementum' Acla Anal
89: 546.

9. Scott JE. 1980. Collagen-proteoglycan
interactions. Localisation of proteogly-

cans in tendon by electronmicroscopy.
Biochem "I 187: 887.
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1985. Specihc inhibition of Type I and
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Proc 4:394.
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MR. 1985. In vitro attachment of bac-
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Path 14:'193.
13. Miki Y, Narayanan AS, Page RC. 1987.

Mitogenic activity of cementum com-
ponents to gingival fibroblasts. 'I Denl
Res (in press).

14. Cappelletti R, Del Rosso M, Chiarugi
VP. 1979. A new electropho¡etic method

for the complete separation of all known

animal glycosaminoglycans in a monod-

imensional rtn. Anal Biochem 99:311.

15. Hopwood JJ, Harrison JR' 1982' High
resolution electrophoresis of urinary gly-

cosaminoglycans. An improved screen-

ing test for the mucopolysaccharidoses.
Anal Biochem ll9: 120.

16. Ohya ! Kaneko Y 1970. Novel hyalu-
¡onidase frorn Streptomyces Biochim

Biophys Actal9S:607.
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Enzymatic methods for the determi-

nation of small quantities of isomeric

chondroitin sulfates. J Biol Chem A3'.
I 536.
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nation of 2-deoxy-2-sullaminohexose

Guanidine HCVEDTA
Hyaluronic Acid
Dermatan Sulfate
Chondroitin Sulfate

Collagenase Digest
Hyaluronic Acid
Dermatan Sulfate
Chondroitin Sulfate

5

l0
l7

l6
31

53

0.054
0.113
0.1 78

ND$
0.136
0.190

ND$
11

25

ND$
31

69

* Glycosaminoglycan. The amounts given were derived from

EDTA and collagenase extracts, respectively.

t Represents the contribution ol each glycosaminoglycan to

each extract.

$ ND: not determined.

0.179 g and 0.08 g of guanidine/

the total material identified in

cans of human cementum. No keratan
sulfate or heparan sulfate were detected.

Due to the limited amount of material
available for analysis, chondroitin sulfa-
te was not analyzed further to determine
whether it was Present in the 4 or 6

isomeric fonn.
The quantitative distribution of gly-

cosaminoglycans in cementum apPears

to be quite diflerent from that reported
for gingival connective tissue and perio-
dontal ligament in which dermatan sul-
late predominates (19, 23). This may
reflect differences in function and com-
position between hard and soft tissue.

For example, it has been proposed that
proteoglycans inhibit calciflrcation of
collagen by occupying strategic 10-

cations normally destined to be filled
with hydroxyapatite (24). Thus the pro-
teoglycan content of mineralized tissues

is notoriously low and therefore it is not
surprising that we found the uronic acid

content of the cementum extracts to be
quite low.

Whether the glycosaminoglycan mol-
ecules in cementum are arranged within
the extracellular matrix in a similar
fashion to those in bone and dentin re-

mains to be established. Nonetheless, it
is interesting to note the different pro-
portions of glycosaminoglycan species

identified in the guanidine/EDTA ex-
tract and collagenase digest of cemen-
tum. The collagenase digest contained
approximately one-half as much glyco-
saminoglycan as did the guanidine/
EDTA extract (0.1% vs. 0.2%); this
could indicate a variable degree of as-

sociation of these components with the
collagenous matrix of cementum. In ad-
dition, while chondroitin sulfate was the
predominant glycosaminoglycan in
both extracts. there were marked differ-
ences in the amount of hyaluronic acid
present. Hyaluronic acid was easily

identihable in the guanidine/EDTA ex-

tract but only barely visible in the col-

lagenase digest and could not be reliably
quantitated in this extract.

These observations are consistent
with the general arrangement of prote-
oglycans in bone in which dermatan sul-

fate proteoglycans are oriented parallel
to the collagen fiber axis with chondro-
itin sulfate proteoglycan and hyaluronic
acid occupying the interhbrillar region
in a space-filling capacity (24).

In conclusion, it must be noted that
glycosaminoglycans (apart from hyal-
uronic acid) do not exist in vivo as separ-

ate entities, but rather are covalently
complexed to protein in the form of
proteoglycans. Thus it is the whole pro-
teoglycan unit which is the functional
component of these macromolecules'
V/hile this study has identified their gly-

cosaminoglycan composition, more de-

finitive studies regarding the structure
of the proteoglycans will provide im-
portant information relative to the com-
plex nature of the organic matrix of ce-

mentum.
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Abstract

The proteoglycans associated with the mineralized matrix of bovine cementum have been

studied biochemically and their distribution within this tissue localized immunohistochemically.
Both hyaluronate and proteoglycans were fractionated by DEAE-Sephacel ion-exchange
chromatography. The proteoglycans eluted in three separate peaks of which two contained alkali
labile protein associated with glycosaminoglycans, and one appeared as free glycosaminoglycan
chains. Analysis of the glycosaminoglycans identified chondroitin sulfate as the predominant
species, although minor quantities of dermatan sulfate and heparan sulfate were also identified.
Agarose-acrylamide gel electrophoresis and Sepharose CL-68 molecular sieve chromatography
of the proteoglycans indicated them to be smaller in size with respect to periodontal ligament and
gingival proteogylcans, but similar to bone and dentine proteoglycans. Amino acid analyses

indicated subtle differences between cementum and bone proteoglycans. Using a monoclonal
antibody (9-A-2) which recognizes the unsaturated disaccharide of chondroitinase ACII-
digested glycosaminoglycans, chondroitin sulfate was identified in the pericellular environment
within the lacunae housing the cementoblasts as well as in the extracellular matrix of cementum.

Key words: bovine cementum, monoclonal antibodies, proteoglycans.

lntroduction

Cementum is one of five calcified tissues found in mam-
mals and it forms the interface between the periodontal
ligament and dentin allowing anchorage of teeth within the
alveolar bone. Despite its strategic anatomical position
with respect to tooth retention, this has been a poorly
studied tissue.

Histologically, cementum is similar to bone and dentin
containing an organic matrix composed primarily of dense

collagen fibers embedded within a granular matrix (Selvig,

L964; 1.965). However, physically it is the softest of all
mineralized tissues (Selvig and Selvig, 1,962) and therefore
has been regarded as a modified form of bone. More
recently, four types of cementum have been described on
the basis of their histological appearance with respect to the

presence or absence of cells and the source of the con-
stituent collagen fibers (Schro eder, 1.986).

Biochemical analyses have indicated approximately 90"/"
of the organic matrix of cementum has the chemical charac
teristics of type I collagen, although some type III collagen
may also be present (Birkedal-Hansen, t974; Birkedal-
Flansen, 1.977; Christner et aI., 1977). The non-colla-
genous component of human cementum accounts for a

greater proportion of the total organic matrix than it does

in bone or dentine and is due mainly to the presence of more
collagenase-resistant material (Smith et al., 1983; Chove-
lon et al., 1975). Although these biochemical studies did
not definitively identify or characterize any specific non-
collagenous glycoproteins, early histochemical studies of
this matrix indicated the likely presence of carboxylated
and sulfated mucopolysaccharides (Vidal et aI., L97 4). Thís



observation has been confirmecl recently by the extraction
and biochemical identification of hyaluronate, chondroitin
sulfate and dermatan sulfate as the constituent gly-
cosaminoglycans in extracts of human cementum (Bartold
et aL.,1987).

The interactions of proteoglycans with a variety of hard
and soft connective tissue components (e. g. collagen, fibro-
nectin, laminin etc.) and cell surfaces implicates them in
many biological functions (Ciba Foundation Symposium,
1986). Since regeneration of the periodontium following
inflammatory disruption involves cellular repopulation of
the root surface as well as new matrix formation for all
components of the periodontium, the role of proteoglycans
in these processes should not be overlooked. It was, there-
fore, the purpose of this study to extract, isolate and charac-
terize the proteoglycans in the organic matrix of bovine
cementum.

Materialsand Methods

Materiøls

Agarose was purchased from SeaKem, FMC Corpora-
tion, Rockland, ME; Acrylamide (ultrapure grade) was
from Pierce, Rockford, IL; Alcian blue 8GX, Toluidine
blue, guanidinium HCI, N-ethylmaleimide, phenylmethyl-
sulfonyl fluoride, pepstatin, leupeptin and urea were pur-
chased from Sigma chemical Co, St. Louis, MO; Cellulose
acetate membranes (Cellogel) were from Gelman Sciences,
Ann Arbor, MI; Chondroitinase ACII (Artbrobacter aures-
cens) and chondroitinase ABC (Proteus uulgaris) were from
Seikagaku Kogyo Pty. Ltd., Tokyo; Monoclonal antibody
9-A-2 against chondroitin sulfate was purchased from ICN
Biochemicals Lisle, IL; Biotinylated species specific anti-
mouse Ig and biotinylated horseradish peroxidase-Strep-
tavidin complex were purchased from Amersham,
Australia, North Ryde, NS\Ø; Sepharose CL-6B and DEAE
Sephacel were obtained from Pharmacia (Australia), North
Ryde, NS\í, and hydroxylapatite (Bio-Gel HTp) from
BioRad Laboratories (Australia), Hornsby, NS\7.

Bovine cementum was obtained from the molar teeth of
young, freshly slaughtered cows using the method
described by Miki et al. (1988). The teeth were cleaned
thoroughly and all adherent periodontal ligament was
scraped off the root surface with curettes and placed
immediately into 50 mM Tris-HCI, pH 7.5 containing the
following as protease inhibitors: 1mM phenylmethylsul-
fonyl fluoride, 5 mM N-ethylmaleimide, and 25 mM
EDTA. The samples were rhen exrracted first in 0.5 M
acetic acid containing 1¡t"glmleach of pepstatin and leupep-
tin at 4"C for 7 days. This extract, which has been shown
previously to contain very little uronic acid containing mac-
romolecules (Bartold et al., 1988), was separated by cen-
trifugation and the residue extracted with 50 mM Tris-
HCI, pH7.5 containing 4M guanidine HCI at 4"C for
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4 days. The second extract, which contains the bulk of
extractable uronic acide containing macromolecules
associated with bovine cementum (Bartold et al., 1988),
was dialyzed against water, lyophilized and used for the
experiments described in this study.

Since cementum has been reported to have a biochemical
composition similar to bone, many of the experimental
procedures used in this study were based upon previously
reported studies on bone proteoglycans (Franzén and
Heinegård, 1984a, b; Goldberg et al., 1988).

S ep h ar o s e CL- 6B Ch r om øto gr øp hy

For the initial preparation of cementum proteoglycans,
120 mg of the lyophilized extract was dissolved in 7 M urea
in 50 mM Tris-HCI, pH 8.0 containing prorease inhibitors
and chromatographed with the same buffer at room tem-
perature on a column (1.5 cm x 90 cm) of Sepharose CL-
6B. A flow rate of 20 ml/h was used and 6 ml fracrions were
collected. Aliquots were taken from each fraction and
analyzed for, (1) proteoglycan content by immobilization
on cellulose acetate, staining with Alcian blue and measure-
ment of dye concentration at A57s(Bartold and Page, 1985),
and, (2) protein content by IIV absorbance (Azso). Fracrions
enriched in proteoglycans were pooled and subjected to
anion-exchange chromatography.

D E AE- S ep h a cel I on-Ex ch øn ge C h r om ato gr ap hy

Ion-exchange chromatography of the proteoglycan-
enriched fraction eluted from Sepharose CL-6B was per-
formed on DEAE-Sephacel (1.5 cm x 10 cm) at room tem-
perature with 7 M urea in 50 mM Tris-HCI buffer contain-
ing proteinase inhibitors, pH8.0 using a linear 0-1.5M
sodium chloride gradient at a flow rate of 0.5 ml/nrin. The
fractions were monitored for proteoglycans (457s) ard pro-
tein (A2ss) and those which were enriched in proteoglycans
were pooled as individual peaks or collectively. Those
pooled collectively were subjected to further chromatogra-
phy on hydroxyapatite, while those pooled according to
peaks were characterized further according to molecular
size, glycosaminoglycan composition and amino acid
composrtron,

Hy dr oxy lap atite C h r omato gr ap hy

The samples pooled for hydroxylapatite chromatogra-
phy were dialyzed against7 M urea containing 10 mM Tris-
HCI and 10mM disodium hydrogen phosphate, p}{7.4.
The sample was then loaded onto a hydroxylapatite col-
umn (1 cm X 7 cm) and washed until the A2se reading
returned to zero. The bound proteoglycans were eluted
with a linear gradient of disodium hydrogen phosphate
(10mM-50mM) in the above buffer at a flow rare of
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0.25 mlimin. The proteoglycans which eluted were pooled

ancl kept for subsequent analyses.

An alytical S ep h ør o s e CL- 6 B Clt r om ato gr ap h y

The molecular size distribution of proteoglycans

extracted from cementum was assessed by molecular sieve

chrornatography on Sepharose CL-68. The Alcian blue

positive peaks from DEAE-Sephacel ion-exchange

chromatography were pooled separately, dialysed against

water, lyophilized and then reconstituted to 200 ¡rl in 4 M
guanidine HCl. The samples were then eluted from Sephar-

ose CL-6B (0.8 x 100 cm) at a flow rate of 3 ml/h.

A gar o s e I A cry lamid e G el Ele ctr op h or e s is

Aliquots from the proteoglycans separâted on DEAE-

Sephacel rvere subjected to agarose/acrylamrcle gel electro-

phoresis using a combination of conditions described by

Heinegård et al. (1985) ancl Stanescu and Chaminade
(L987). This consisted of pouring horizontal slab gels of
0.6"/o agarose and 1'.2"/, acrylamide and running the gel

submerged in 0.04 M Tris-acetate, pH 6.8' The samples to

be analysed (10 ¡rl) were placed into preformecl wells and

after 15 min of premigration at 40 mAmp the current was

increased to 65 mAmp. The whole procedure was carried

out at 4 oC using a water coolecl electrophoresis unit. The

gels were fixed with methanol:acetic acid:watet (50:7:43)
for t h and then stained with Toluicline blue (0 '2 gll in 3%

acetic acid) and destained with 3"/o acetic acid' The gels

could be viewed either wet or dried upon cellophane.

C e llulo s e Acetate Mem br an e Ele ctr op h or e sis

The glycosaminoglycans associated with the proteo-

glycans isolated from DEAE-sephacel were obtained fol-
lowing papain digestion, removal of peptides and nucleic

acids with trichloroacetic acid and precipitaion in 10vol-
umes of 1% sodium acetate i¡ 10"/" ethanol (Bartold et al.,

1979). The precipitated glycosaminoglycans were reco-

vered by centrifugation, resolubilized in deionized water

and adjusted to a concentration of 1 ¡lg uronic acid/ml.

Aliquots (1¡"ll) of these samples were then applied onto

presoaked, Titan III Zip Zone cellulose acetate membranes

and electrophoresed using the discontinuous buffer system

described by Capelletti et al. (L979). Quantitation of the

glycosaminoglycans in the visualized bands was carried out

by cutting the bands out and solubilizing in dimenthylsul-

foxide and reading the absorbance at 678 nm (Newton et

aI., 1974). Since Alcian blue has a variable coefficient of
binding for individual glycosaminoglycans, readings were

normalized against reference absorbance curves using indi-

vidual standârd glycosaminoglycans (Bartold et al., 1981).

G ly c o s ørnin o gly can I dentification

An aliquot of glycosaminoglycan from each peak eluted

from DEAE-Sephacel (approximately 50 ¡rg uronic acid)

was subjected to the following treatments: (a) digestion

with 0.2U chondroitinase ACII overnight at 37"C tn

70mM sodium acetate, pH6.0; (b) digestion with 0.2U
chondroitinase ABC overnight at 37"C in 50mM Tris-

HCI, 60 mM sodium acetate and 50 mM sodium chloride,
pH 8.0; (c) digestion with 20 TRU hyaluronidase overnight
at 60"C in 20 mM sodium acetate, pH 6.0; (d) nitrous acid

treatment for 2h at room temperature using the low pH
method of Shively and Conrad (1976). Amino Acid
Analysis.

Samples (1mg) of the proteoglycans isolated from
DEAE-Sephacel ion-exchange chromatography to be

analyzed for amino acids were dissolved in 6 N HCl, frozen

and thawed under vacuum to remove dissolved oxygen'
sealed uncier vacuum and hyciroiyzed for 72h at 110'C.
These samples were analyzed using a Waters high perform-

ance liquid chromatography system with o-phthaldial-
dehyde post column derivatization according to the man-

ufacturers instructions. Assay of hydroxyproline and pro-

line was carried out concurrently using hypochlorite oxida-
tion (\X/aters Manual).

Immunohistochemistry

Bovine teeth were removed from the jaws of young cows

and fixed in 10% buffered formalin, decalcified in Perenyi's

solution (10% nitric acid:absolute alcohol:0.5% chromic

acid; 4:3:3) and embedded in paraffin. Sections (5¡"rm)

were cut and stained with haematoxylin and eosin for
routine light microscopic examination. For immunostain-

ing, the sections were pretreated with chondroitinase ACII
(0.5 units/ml) for 3 h, washed with PBS and incubated with
the monoclonal antibody 9-A-2 diluted 1:400 (Couchman

et al., L984). The sections were then exposed to a second

biotinylated antibody (1:100; species specific sheep anti
mouse), and then reacted with biotinylated peroxidase-

conjugated streptavidin prior to color development with
diaminobenzidine.

Results

Initial separation of the bovine cementum proteoglycans

from proteins in the cementum extract was achieved by

molecular sieve chromatography on Sepharose CL-68
(Fig. 1) . Two well separated protein peaks (42s6) were iden-

tified which eluted with Ku, values of 0.13 and 0'78. The
proteoglycans (Aøzs) eluted from this gel in a broad and

polydisperse peak between the two protein peaks (K'u :
0.26).

Further purification of the proteoglycans was achieved

by DEAE-Sephacel ion-exchange chromatography (Fig. 2).
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Bound material was eluted from the column with a

0-1.5 M NaCl gradient and was identified in tlvo protein
peaks. The first three

o elute from DEAE-

:iïiffi:ï.îlilï:l;
did not contain a significant amount of protein.

Adsorption of proteoglycans to hydroxyapatite and elu-

tion with a salt gradient has been successfully used in the

purification of bone-derived proteoglycans Goldberg et al'

(1988). Therefore, this method was investigated as a means

of isolating cementum proteoglycans free from contaminat-

ing proteins (Fig.3). Although a significant amount of pro-

t.i"" ¿i¿ not binã to the hydroxyapatite (not shown), neglig-

ible proteoglycans (457s) were detected in the fractions

four
el by
that

their glycosaminoglycan composition is clifferent (f ig' a)'

In p.Jkt hyaluronate and minor amounts of heparan sul-

fate and chondroitin sulfate were identified' Peak2 con-

tained significant quantities of dermatan sulfate and chon-

droitin ,irlf",., and lesser amounts of heparan sulfate and

hyaluronate. Peaks 3 and 4 contained predominantly chon-

droitin sulfate with smaller quantities of dermatan sulfate

and dermatan sulfate and nitrous acid eliminates heparan

1,

1.
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Fig.4. Cellulose acerate r¡embrane
electrophoresis of glycosaninoglycans as-
sociated with r¡aterial eluted from DEAE-
Sephacel. Glycosrrrlinoglycans were ob-
tained by papain digestion of rnaterial in
DEAE peaks 1-4, elecrophoresed on cel-
Iulose acelare rnd visualizìd following Al-
cian blue staining. (a) Staldard gly-
cosaminoglycans; (b) DEAE-peak 1; (c)
DEAE-peak 2; (d) DEAE-peak 3; (e)
DEAE-peak4. (Abbreviations: HA (hy-
aluronate), DS (clelnatan sutfate); iS
(chondroitiu sulfate); HS (heparan sul-
fa te).

I
(E

!Ð

sulfate. Qua,ntitation of the individual glycosarninoglycans
present in these peaks was also carried out ând is listecj in
Table I.

To assess the proteoglycan nature of the material,
peaks 2, 3 ancl 4 obtaincd from DEAE-Sephacel were
chromatographed on Sepharose CL-68 (Fig.6). As
expected from the data shown in Figure 2, lnaterial from
DEAE peaks 2 ancl 3 co-eluted from Sepharose CL_68 with
rraterial identifiable as protein and had I(nu values of 0.36
and 0.39 (Fig. 6 a ancl b). Flowever, no protein was detected
inpeak4 (Fig.6c).

The proteoglvcân nâture of the material in these peaks
was further assessed by alkaline borohydricle reduction
followed by Sepharose CL-6B chromarography (Fig. 7).
Molectrles from peaks 2 and 3 demonstrared a shift in K.,,
values following such treatment and indicated a reduction
in molecular size following removal of tl.re proteins associ_
ated with tl.re glycosaminoglycans. However, peak 4 did not
dernonstrate any evidence of reduction in size bv the
alkaline borohyclride rreatlnen t.

Table L Relative Proportion of Glycos:rminoglycans in proteo
glycan Peaks.

Agarose/acrylarnicle gel electrophoresis inclicated that
tl.re three
different
ratecl into
equâl clen

intermediate rnobility. peak4 also hacl two components,
the bulk of which co-n.rigrated with the stal.rdarcl chon_
droitin sulfate glycosaminoglycan san.rple.

greatest proportions, no nethionine or hydroxyproline and
only trace amounts of hydroxylysine were detected.

Reaction of sections of bovine teeth with the monoclonal
antibody 9-A.-2 after digestion with chondroitinase ACII
revealed dense staining in the periodontal tissr.res (Fig.9).
The periodontal ligament srained intensely along the Ã[a_
gen fibers as well as sorne âppârent nonspecific cellular
staining. A different pattern of staining was evident within
the cementum. Both the cell surface and pericellular envi_
ronment within the lacunae housing the cementoblasts
stained positively a ncl throughout the extracellulâr matrix a
fine granular meshwork of staining was evident. No anti_
body localization in the cementum was seen in control
sections reacted with the monoclonal antibodv in the
absence of enzyme digestion.

Hyaluronate Heparan
Sulfate

l)ermaran
Sulfate

Chon-
droitin
Sulfate

Peak2
Peak 3
Peak 4

45
69
91

10
0
0

I9
0
0

26
31

9

Proteogll'çn¡s isolated from DEAE-Sephacel (peaks 2, 3 and 4;
Fig.2) were subiected to papain digestion and the recovered gly_
cosarninoglycans were electrophoresed on cellulose acetâte mem_
branes, Quantitation was achieved by eluting bound Alcian blue
and reading the absorbance against calibrateJ curves for standard
glycosaminoglycans. Data are expressed as percentages of the total
glycosaminoglycans in each peak.
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pal proteoglycan is a species of molecular mass up to
1SOOOOO daltons, which is composed of a core protein

(M. - 400 000) and over 100 chondroitin sulfate and kera-

tan sulfate glycosaminoglycan chains (M, - 35000)' In

contrast, the principal proteoglycan found in soft connec-

tive tissues (eg. skin, gingiva and tendon) is much smaller

(average size approximately 100000daltons) and it con-

tains only a few dermatan sulfate chains (M, - 25 000) on a

protein core of - 45 000. Two small proteoglycans have

teen isolated from the mineralized matrix of bone; one is

composed of a single chondroitin sulfate chain bound to a

small protein core, while the other contains two chon-

droitin sulfate chains bound to a protein core of slightly

different amino acid composition but similar size (Fisher et

a1.,1983).

ttt

In the present study, we have identified three populations

of proteoglycans within the matrix of bovine cementum

which share some common features with bone proteo-

glycans. For examPle, alth sul-

lnt.d prot.oglycans were for

Alcian blue, only two of th s on
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Fig.6. Sepharose CL-68 chromatography of bovine cemenrum
proteoglycans isolated from DEAE-Sephacel. peaks2-4 from
DEAE-Sephacel chromatography conrained sulfated gly_
cosaminoglycans and therefore most likely represented proieå-
glycans. These samples were eluted from Sephàrose CL-68 with
4M guanidine HCI in 50 mM sodium acetate contâining protease
inhibitors, pH 5.8. The fractions were monitored forprotein (A2s6;
o-a) and proteoglycans (,{67s; .-.). a: peak2; b, peak:;-i,
peak 4.
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ment), since dermatan sulfate âppears to be very closely

associated with collagen fibres in both hard and soft con-
nective tissues (Scott, 1988). The presence of large amounts
of free glycosaminoglycan chains in cementum is an inter-
esting finding since, apart from hyaluronate, the sulfated
glycosaminoglycans are usually found in tissues bound to
protein in the fomr of a proteoglycan (Hascall and Hascall,
1981). However, recent evidence indicates that free gly-
cosaminoglycans may also be components of mineralized
tissues and that these arise from protease removal of the

proteoglycan core proteins leaving the chondroitin sulfate
chains behind (Fisher, 1985).

Despite the above similarities, the amino acid composi-
tion of cementum and bone proteoglycans do not closely
resemble each other. The two proteoglycans identified in
bone differ in their amino acid composition; one being rich
in glutamic acid and glycine residues while the other being
rich in leucine residues (Fisher et al., 1983). However, both
of the proteoglycans identified in the cementum extracts
were rich in glutamic acid and glycine residues and rela-
tively poor in leucine residues. This apparent difference
between cementum and bone proteoglycans is not immedi-
ately explicable but may represent slight tissue to tissue
variation. This is supported by the observation that the
amino acid composition of proteoglycans isolated from
dentine differs from both bone and cementum. Interest-
ingly, the amino acid profile of cementum proteoglycans do

Table II.

Gin- PDLI'
giva'

C#2 C#3 Bone Bone
#1" #2"

Fig.8. Agarose acrylamide gel elecrophoresis of proteoglycans
extracted from cementum. Samples of proteoglycans obtained by
DEAE-Sephacel chromatography (DEAE-peaks 2, 3 and 4) were
electrophoresed on submerged slab gels of 0.6"/" agarose and
l.2o/" acrylamide. The proteoglycans were visualized by staining
with Toluidine blue. Lane 1, standard chondroitin sulfate gly-
cosaminoglycan; lane2, DEAE-peak2; lane3, DEAE-peak3;
lane4, DEAE-peak4; lane5, gingival dermatan sulfate proteo-
glycan.

proteoglycans of gingiva and periodontal ligament (Bartold
et al., 1.979 ;Pearson and Gibson, 1982). Nonetheless, their
size is comparable with the proteoglycans identified in bone
and dentine (Goldberg et al., 1988; Rahemtulla et al.,
1984) and therefore this may be a general feature of
mineralized tissue proteoglycans (apart from those in cartil-
age). Although dermatan sulfate is not considered a major
component of bone, small amounts of iduronate-contain-
ing polymers have been isolated from both bone and dentin
(Prince et al., 1983; Hjerpe et al., 1983). In this regard,
cementum is similar, in that a small presence of dermatan
sulfate was identified in the proteoglycan extracts. This
finding is also consistent with our previous report on the
glycosaminoglycan content of human cementum (Bartold
et al., 1988). It is likely that this glycosaminoglycan may
reflect the presence of remnants of Sharpey's fibres (colla-
gen bundles inserted into the cementum during develop-
ment ând serving as anchorage for the periodontal liga-

C#2 : Cementum DEAE Peak 2; C#3 : Cementum DEAE
Peak 3; ND : Not Determined.
o Values from results Fisher et al. (1983)
b Vrl.,.s from Pearson and Gibson (1982)

' Values from Bartold et al. (1983)

Cysteic Acid 1.9

Aspartic Acid 101
Threonine 41.

Serine 71,

Glutamic Acid 1.61.

Proline 85
GÌycine 144
Alanine 80
Cysteine 7
Valine 50
Methionine 0
Isoleucine 27
Leucine 65
Tyrosine 16

Phenylalanine 24
Histidine 26
Hydroxylysine Trace
Lysine 37
Arginine 43
Hydroxyproline 0

15
100
45

100
183

71,

r69
76

3
37

0
23
47
l6
I6
38

Trace
28
30

0

ND ND ND ND
1.26 138 113 r25
45 52 52 39
70 77 66 74
94 r27 1,29 108
73 67 86 67
84 95 120 8t)
51 49 77 49

ND ND ND ND
62 54 48 58
I 6 Trace 9

54 46 43 57
L32 102 93 123
30 34 20 29
34 28 27 33
32 25 r1 75

ND ND ND ND
57 56 63 27
50 44 52 31

ND ND ND ND
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not âppear to differ significantly from the proteoglycans
isolated from gingiva and periodontal ligament. \Vhether
this reflects a common lineage of the cells responsible for
proteoglycan synthesis in these tissues, and thus similar
matrix expression in terms of their core proteins, remains to
be established.

The role of proteoglycans in mineralized tissues is not
clear. However, a close association between proteoglycans
and mineralization has been observed recently (Fisher et al.,
1983). The bone proteoglycans appear to diffuse rapidly to
the mineralized zone immediately following biosynthetic
release from the cells, to interact with the osteoid and to
become embedded into the mineralized compârtments. Our
findings indicate that the cementum proteoglycans, which
appear to be a major, identifiable component of the noncol-
Iagenous matrix in this tissue, may be involved in processes
similar to those described above. Further biochemical

characterization of these macromolecules will be essential
to understand their role in mineralization and how they
participate in periodontal disease and new cementum for-
mation during periodontal regeneration.
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A Biochemical and Immunohistochemical Study
of the Proteoglycans of Alveolar Bone

P.M. BARTOLD

Depañment ol Pathologg,t, (Jniversity of Adelaidc, C. P.O. Box 498, Adelaide, South Australia, Australia

Tlrc purpose of this invcstigation wus lu stu¿y the proteoglycuns in
alveolor bone of tltrce anitnol species. Alveolar bone was obtained

from humans, pigs, and rabbits. PorliotLS were fixed, sectioned, and
stained with monoclonal antibodíes against keralan suuale and chon'
droitin sulfate. In other samples, biochemical analyses were per-

formed. Alter removal of the organic malrix by 4 mollL guanidinium
HCI exlraction in the presence of proleinase inhibitors, proteoglycans
in lhe mineralized matrix were cxlracted with 4 mollL guanidinium
HCll0.5 mollL EDTAlprcteinase inhibitors, and characterized on lhe
basis of their glycosaminoglycLtn content (cellttlose ace late membrane
electrophorcsis), charge (DEAE-Sephacel and hydroxylapatite chro'
matography), size (Sepharose CL-68 chromatography and agarosel
polyacrylamide gel eleclrophoresis), and amino acid content. The re-
sults indicated thal keratan su[ate could be detected immunohisto-
chemically and biochemically in rabbit bone only. The predominant
glycosaminoglycan in pig and human alveolar bone was chondroitin
sulfute, althouglt sonte hyaluronale, dematan su[ate, and heparan
sulfate were also detected- The proteoglycans were lound to be slightly
smaller than gingival proteoglycans, but similar to thosc in cementum,
dentin, and olher bones. In addition lo intact proleoglycans, some

lree glyco.santinoglycan chains werc also exlracted from tlte miner-
alized matrix. Amino acid analyses showed some subtle dif[erences
between alveolar bone proteoglycan and those of the soft tissues of
the peiodontium.

J Dent Res 69(l)27-19, January, 1990

Introduction.

ul., 1983). These may be fractionated into scvcral populations
of which the molecular dimensions of the protein core and

g mino acid composi-
ii 984a,b). In addition,
ã ¡ M¡:1,000,000) has

b and is located in the
soft connective tissue between growing trabeculae, and not
within the mineralized matrix (Fisher et a|.,1983, 1987). The

glycans of bone diffuse to the mineral front and, with time,
ihe protein cores of the proteoglycans are degraded. These
events lead to the resultant glycosaminoglycan chains becom-
ing embedded within the mineralized bone matrix (Fisher, 1985).

-Alveolar 
bone is anatomically unique in that it houses the

dentition and, because of the constant application of changing
s spongy bon
Although, as

ed as signific
g, 1968), the

these macromolecules to the composition of alveolar bone has

been largely neglected. Thus, apart from one histochemical
study in which chondroitin sulfate, de¡matan sulfate, and hy-
aluronate were localized within the extracellular matrix of rat
alveolar bone (Johnson, 1988), two biochemical analyses of

of eolar bone

ï', ;d,i'i;å:;
ica r bone pro-

teoglycans have had to rely upon information obtained largely
from studies concerned with bones from extra-oral sources.

In the present study, the location of various proteoglycans
in the alveolar bone of three different species (pig, rabbit, and
human) was studied by immunohistochemistry. On the basis
of similar proteoglycan species being identified in pig and man,
more detailed biochemical analyses were carried out on pro-
teoglycans in extracts of pig alveolar bone.

Proteoglycans appear to be ubiquitous components ofboth hard

and soft connective tissues (Poole, 1986; Bartold, 1987).

The glycosaminoglycan composition of bone has been stud-
ied in a variety of different species, including dog, ox, sheep,

and man, and chondroitin sulfate was found to be the predom-

et ul., 7975; Diámond et al., I9B2; Fisher ø/ a/., 1987). Fur-

Materials and methods.
Materials.-Agarose was purchased from SeaKem, FMC

Corporation, Rockland, ME; acrylamide (ultrapure grade) was
from Pierce, Rockford, IL; Alcian blue 8GX, toluidine blue,
guanidinium HCl, N-ethylmaleimide, phenylmethylsulfonyl
fluo¡ide, and urea were purchased from Sigma Chemical Co.,
St. Louis, MO; cellulose acetate membranes (Cellogel) were
from Gelman Sciences, Ann Arbor, MI; chondroitinase ACII
(Anhrob ac t er aure s c e ns)
Toþo; monoclonal anti
fate and 5-D-4 against
ICN Biochemicals, Lisle
mouse immunoglobulin and biotinylated horseradish peroxi'
dase-Streptavidin complex were purchased from Amersham,

7
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North Ryde, NSW, Australia; Sepharose CL-68 and DEAE-
Sephacel were obtained from Pharmacia (Australia), North Ryde,
NSW; hydroxylapatite was from BioRad Laboratories (Aus-
tralia), Hornsby, NSW; and Titan lll Zip Zone cellulose ace-
tate membranes were purchased from Helena Laboratories,
Beaumont, TX.

Porcine alveolar bone was obtained from freshly slaughtered
pigs, rabbit alveolar bone was obtained from freshly killed
New Zealand White rabbits, and human alveolar bone was
obtained from patients undergoing orthognathic surgery. Block
segments of bone were transported on ice to the laboratory,
where the teeth and adherent soft tissues were immediately
removed.

Immunohistochemistry. -Portions of alveolar bone from the
three species under stqdy were fixed in 70o/o buffered formalin,
decalcified in Perenyi's solution (l}Vo nitric acid: absolute al-
cohol:0.5Vo chromic acid; 4:3:3), and embedded in paraffin.
Sections (5 rrm) were cut and stained with hematoxylin and
eosin for routine light microscopic examination. For the de-
tection of chondroitin sulfate, the sections were pre-treated
with chondroitinase ACII (0.5 units/ml) for three h, washed
with phosphate-buffered saline, and incubated with the mono-

sections were incubated in the absence of the primary antibody.
Control sections for the localization of chondroitin sulfate weie
incubated in the absence of chondroitinase ACII.

Glycosaminoglycan extraction. -Portions of alveolar bone
from all three species (10 g) were pulverized in Iiquid nitrogen
and digested in 100 mL of activared papain (1 mglml papãin
in 100 mmol/L NaHrPOo, 100 mmol/L EDTA, 30 njmol/L
cysteine HCl, pH 6.5) at 65'C for 24 h. The residue was
removed and digested in fresh papain for another 24 h. Tri-
chloroacetic acid was then addcd to the pooled digests (to make
a final concentration of 70o/o) and allowed to stand at 4'C for
12 h. ed bv centri-
fugati agaiíst watcr
prtor ubilizcd in a
small
tated :ååì.f 

*''o'-

phoresed with use of the discontinuous buffer system described
by Capelletti et al. (1979). Where keratan sulfate was sus-

Since rabbit boneappears to be unusual because of the pres-
ence of kcratan sulfate, and because the pig bone contâincd

J Dent Res Januan 1990

similar glycosaminoglycans that were distributed throughout
the matrix in a fashion similar to that of human bone, as well
as because of the very limited amounts of human bone avail-
able for biochemical analyses, the remainder of the experi-
ments described were performed with use of pig alveolar bone
only.

Alveolar bone (100 mg) was pulvcrized in liquid nitrogen,
and the non-mineralized connective tissue components ex-
tracted at 4'C with four daily one-liter changes of 4 mol/L
guanidinium HCl, 50 mmol/L Tris-HCI, pH 7.4, buffer con-
taining the following as proteinase inhibitors: l mmol/L
phenylmethylsulfonyl fluoride, 100 mmol/L 6-amino-hexanoic
acid, and 5 mmol/L N-ethylmaleimide. Material in the re-
maining mineralized matrix was then extracted at 4"C with
three daily one-liter changes of 50 mmol/L Tris-HCl/O.5 mol/

salt), pH 7.4, containing proteinase in-
was then concentrated to 30 mL by ul-
PM-10 Amicon filter, dialyzed against
lyophilizcd. The demineralized residue

was re-extracted with 4 mollL guanidinium HCI in 50 mmol/
L Tris-HCl, pH 7.4, concentrated, dialyzed, and lyophilized.
In the following experiments, only the EDTA extract of the
alveolar bone was studied, since this has been shown to contain
the bulk of the mineralized tissue-associated proteoglycans
(Goldberg et a|.,1988). The initial extract and the last-  mol/
L guanidinium HCI extracts we re kept alrd are currently under
furthcr investigation.

from a column (1.5 cm x 90 cm) of Sepharose CL-68. A
flow rate of 20 mL/h was usecl, and 6-mL fractions rvere col-

buffer containing proteinase inhibitors, pH 8.0, until the ab-
sorbance at 280 nm returned to a baselinc level. A linear gra-
dient of 0-1.5 mol/L sodium chloride in the above buffer las

phosphate buffer until the absorbancc at 280 nm returned to
baseline. Thc bound proteoglycans wcre then eluted from the
column with a.linear_gradient of disodium hydrogen phosphate
(from 10 mmol/L to 500 mmol/L) in thc a¡ove ¡iffei at a florv
rate of 0.25 mLlmin. The fractions wcre monitored for pro-
teoglycans (Aorr) and protein (4,0,,), and thosc that containe<j

BARTOLD
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duction (Lohmander et al., 1980). Lyophilized proteoglycans
were treated with 0.05 mol/L sodium hydroxide in 1.0 mol/L
sodium borohydride for 24h at 45oC, dialyzed against water,
and lyophilized prior to elution from the analytical Sepharose

CL-68 columns.

and Chaminade (1987). This was done by horizontal slab gels

lophane.

dation (Waters Manual).

Results.

Immunolocaliaation of chondroitin sulfate and keratan sul-
fate in sections ofalveolarbone from pigs, humans, and rabbits
was achieved with use of the monoclonal antibodies 9-A-2 and

Moreover, the mineralized matrix of alveolar bone demon-
strated a fine granul ning for chon-
droitin sulfate. Al stainrng was
sometimes noted in o antibodY lo-
calization was seen rol sections in
which the antibody was reacted with sections incubated in the

absence of chondroitinase ACII.

Positive stain lx
was noted only 4

and 5). The patt m

that sêen foi ch of
the osteocyte lacunae showed positive staining, and the matrix
of the mineralized tissue appeared to have a "lamellar" dep-

osition of keratan sulfate. Control sections for all species dem-

onstrated negative staining of the bone matrix. 
_ -

For confirmation of the absence of keratan sulfate in human

cies was achieved by means of specific enzymatic and chem-
ical eliminations (results not shown).

Biochemical analyses of the proteoglycans in the mineral-
ized matrix of alveolar bone first required initial separation
from other
chromatogr
glycans (A
between lw

of the proteoglycans was achieved
EAE-Sephacel (Fig. 8). Bound ma-
umn and separated into two protein

by cellulose acetate membrane electrophoresis (Fig. 8, inset).
Iñ all three peaks, heparan sulfate, dermatan sulfate, and chon-
droitin sulfate were identified, but their relative proportions
varied. Peak 1 contained principally chondroitin sulfate (957o);
peak 2 contained the most glycosaminoglycan species, with
dermatan sulfate (10%), heparan sulfale (5%), hyaluronate
(L5%), and chondroitin sulfate (15%) berng detected; peq\ 3

contained only dermatan sulfate (10%) and chondroitin sulfate

an eor
he and

pe ak1
co

On the basis of the better quantitative recovery of material
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Fig. 1-lmmunohistochcmical localization of chondroitin sulfatc in seclions of human alvcola¡ bonc. (a) Scction staincd q'ith hcmatoxylin and cosin;
(b) control scction incubatcd with antibody 9-A-2 in thc abscncc of pre-trcatmcnt wirh chondroitinasc Aill; (c) secrion incubatcd with ántibody 9-A-2
aftcr digcstion with chondroitinasc ACII; (d) scction incubatcd with antibody 9-A-2 aftcr digcsrion rvith chondroitinásc ACII. Bar = 100 pnr. Abbrcvìations:
B,óonc; pdl, pcriodontal ligamcnt.
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B

Fig. 2-lmmunohistochemical localization of chondroitin sulfate in porcinc alveolar bone. (a) Scction staìned. with hematoxylin and cosin; (b).control

sectiõn incubated with antibody 9-A-2in the absence of pre-treatment with chondroitinase ACII; (c) section incubated with antibody 9'A-2 after digestion

with chondroitinase ACll; (d)iection incubatcd with aniibody 9-A-2 aftet digcstion with chond¡oitinase ACII. Bar = 100 pm. Abbreviation: B, bone.
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b

I

Fig' 3-lmmunohistochcmical localization oI chond¡oitin sulfatc in rabbit alvcolar bonc. (a) Sccrion staincd with hcmatoxylin and cosin; (b) control
scction incubatcd with antibody 9-A-2in the absencc of prc-trcatmcnt with chondroilinasc ACII; (c) scction incubatcd rvith antíbody g-A-2 aflcì áigcstion
with chondroitinasc ACII; (d) scction incubatcd wilh antibody 9-A-2 afrcr digcstion with chondroiiinasc ACII. Bar : 100 pm. Aúbrcviation: B, 6onc.
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Fig. 4-lmmunohisrochemical localization of kcratan sulfate in human and pig alveolar bone. (a) Section_of human alveolar bone incubated in the

antibãdy of 5-D-4; (b) section of human alveola¡ bone incubated with antibody-5-b-¿; (") section. of human alveolar bone incubated with antibody 5'D-

4; (d) sáction or pig aivcolar bonc incubated in rhc absencc of antibody 5-D-4;'(r) scctiù'of pig alveolar bone.incubated with antibody 5'D-4; (f) section

oi pig alveolar bônã incubated with antibody 5-D-4. Bar = 100 pm. Abbrcviations: B, bone; pdl, periodontal ligament.
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Fìg. 7-Sepharosc CL-68 chromatography of crude alvcolar-bone ex-
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68 with the samc buffcr. The void volumc (V") and the total volume (V,)
were detcrmined with 3H DNA and Na,3sSOo, respectively. Thc fractions
were assaycd for protein (A*"; !-!) and proteoglycans (Aor"; r-o).

Fig. 5-lmmunohistochemical localization of keratan sulfate in rabbit
alveolar bonc. (a) Section of rabbit alvcolar bone incubated in the absence
of antibody 5-D-a; (b) section of rabbit alveola¡ bone incubated with
antibody 5-D-4; (c) section of¡abbit alveolar bone incubatcd with antibody
5-D-4. Bar : 100 p.m. Abb¡eviation: B, bonc.

from ion-exchange chromatography. the remainder of the anal-
yses were performed on proteoglycans isolated from pig al-
veolar bone after DEAE-Sephacel ion-exchánge
chromatography.

For assessment of the molecular size of the intact proteo-
glycans, as well as their constituent glycosaminoglycans, ma-
terial eluted from DEAE-Sephacel in peaks 1,2, and 3 was
chromatographed on Sepharose CL-68 before and after alka-
line sodium boro 10). Peak 1 and peak
2 eluted from th of 0.4, while peãk 3
had a Ku, value radation with alkaline
borohydride, onl I and 2 demonstrated
a shift i while material from peak 3
did not n (K," : 0.5).

Addit teoglycans were achieved by
agarose trophoresis (Fig. 11). These
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Fig. 9-(a) Hydroxylapatite^chromatography of alveolar-bone extracts pa B chromatography. Alcian-blue-positive

material that was elutcd from Sepharose CL-68 was pooled, dialyzcd inro 7 Tris HCI unã lb íiroi¡f ñrrfteõ., unO
applied onto hydroxylapatite. The bound material was eluted with a linear 10 rea buffer. The f¡actions were monitoredfor protein (Arrn; n-!) and proteoglycals (Aor.; o-o). Inset: Cellulose-acetate-membrane electrophoresis oi glycosaminoglycans associatàd withmaterial clutcd from hydroxylapatite in__peak 1.(lane 1), peak2 (lane 2), and peak 3 (lane 3). leuure'iiaiions: siaiitanauro gl'yóosaminoglycans; nS,dermatan sulfate; HS, hcparan sulfate; HA, hyaluronatc; CS, chondroitiÁ sutfatê.;

Due to the limited amount of human bone available for

of proteinase inhibitors and non-denaturing extraction condi-
tions, the presence of free glycosaminoglfcan chains in this
tissue js interesting. It is generally recolnized that, with the
possible exception of hyaluronate, the sulfated glycosamino-
glycans_are usually covalently bound to protein iñ ihe form of
proteoglycans .(Hascall and Hascall, 19¡j1). Nonetheless, re_
cent evidence has indicated.that free glycoéaminoglycans may
form part of the extracellular matrix-õf bone anã cementu,íl
(Franzén and Heinegård, 7984a,b; Fisher, I9g5;Bailold,et al.,
1989). Their occurrence is believed to arise because of thó
large amount of proteinase.activity in bone, which is capable
of causing in situ degradation of þroteins within the miieral_
ized matrix. Thus, prior cleavage of the core proteins of
embedded proteoglycans could leãd to the appearaice of free
glycosaminoglycans in extracts of these tissrieì. Multiple pro_
teoglycan poprrlations within the mineralized matrix õf 6onc
[?ve been lepgitgq pleviously (Franzén and Heinegård , I9g4a,b;
Fisher et a|.,1983; Goldbeiget al.,l98g). The jire óf ¿veoiaí
bone proteoglycans appears to be comparâble with that of other
bone proteoglycans in that they are very small and most likely
contain either one or two glycosaminoglycan chains. Glycos-_
aminoglycan chain size of alveolar bõne proteoglycans' was
established at an appro-xim{g M, of 25,000, ind co."mpares with
an approximate M. of 40,000_for the glycosaminoglycans of
proteoglycans in other bones (Fisher et a[.,1993\. Sînce much
of the previously published data have beeí obtained from fetal
orleveloping bones (Fisher et al., l9g3: Goldberg et al.,
l?l!) gl tissue culture^(Hunrer et al.,l9g3;Beresfoíd et al.',
l9_87; Fisher et a|.,1.987), it is possible that such differencei
refl€ct changes in glycosaminogìycan chain size during mat_
uration and turnover of bone (Frañzén and Heinegård , l'9g4a).
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Fig. 10-Sepharose-Cl-68 chromatography of proteoglycans isolated
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change eluted f¡om Sepharose CL-68 before (n-
!) and nt with alkalinc sodium borohydride' Thc
fraction proteoglycans (Aor.). The Vo and V' were
determined as dcsc¡ibed in Fig. 1.

periodontal ligament). In these tissues the proteoglycans are
ielatively poor in serine and glutamic acid residues (Pearson
and Gibson, 1982; Bartold et al., L983\. Whether these rep-
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TABLE
AMINO ACID COMPOSITION OF PROTEOGLYCANS*

Bone #1f Bone #2lt Bone #3f Gingivas PDL'

lnc

14

107
1t

103
t69

61

96
61

2

42
0

32
7l
14

24
91

0
40
32

0
+Values expressetj as rcsiduesper 1000 residucs.
fRefers lo pcaks 1, 2, and 3 obtained from DEAE-scphaccl ion-cx-

change chromatography.
$Values taken from results publishcd by Bartold et al. (1983).
'Values takcn f¡om results publishcd by Pcarson and Gibson (1982).
ND : Not Detcrmined.

1989), that this is a property peculiar to rabbit bone. Thus,
keratan sulfate will not be a useful marker of alveolar bone

the formation, remodeling, and destruction of alveolar bone
during both normal function and pathological processes cannot
be discounted and should not be overlooked.-

J Dent Res January 1990
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The papers presented in this section focus on the changes which occur to the
proteoglycan and hyaluronan content of inflamed human gingiva. These were
a logical extens¡on of earlier work which had focused predominantly on the
features of the normal, healthy gingival tissues. Several approaches were
taken for these studies which included an analysis of extracts of inflamed
tissues, the use of cells derived from inflamed tissues, as well as an
assessment of tissues derived from an individual with a genetic defect affecting
proteoglycan synthesis.

Paper 9 describes the nature of proteoglycans and hyaluronan extracted from
inflamed human gingivae. These studies showed that the total amount of
proteoglycan extracted from inflamed tissues did not differ substantiall¡¡ from
that extracted from normal tissues. For some time this was a most perplexing
problem, and it was not until the studies on proteoglycan synthesis by
lymphocytes and polymorphonuclear leukocytes (see section Vl), and studies
on the effects of inflammatory mediators and cytokines on proteoglycan
synthesis (see section Vll) were carried out, that these findings could be fully
appreciated. Although no quantitative changes were identified, some
qualitative changes in the proteoglycan and hyaluronan content of inflamed
tissues were noted. Hyaluronan was found to be depolymerized in inflamed
tissue and significant alterations to proteoglycan structure was noted. However,
no evidence of sulfated glycosaminoglycan degradation could be found.

Paper 10 describes an in vitro study on hyaluronan concerning its
depolymerization by oxygen derived free radicals. This was the first paper in
the periodontal literature to consider the role that free radicals might play in the
process of matrix destruction. lt was found that oxygen derived free radicals
caused efficient and rapid depolymerization of hyaluronan. lt was proposed
that this might be one mechanism by which tissue destruction could occur in
periodontitis.

Papers 11 and 12 formed a two part study using gingival fibroblasts isolated
from normal and inflamed human gingiva. These studies demonstrated that
cells isolated from inflamed tissues exhibited different phenotypic expression of
matrix synthesis. Hyaluronan synthesis was elevated as was the synthesis of
dermatan sulfate proteoglycans. These were the first studies to consider
fibroblast heterogeneity in terms of proteoglycan and hyaluronan synthesis,
and demonstrated that chronically inflamed gingival tissues contained
fibroblasts which manifested a heritable phenotype differing from fibroblasts
isolated from normal gingival connective tissues.

Paper 13 provided further evidence of regional variation of proteoglycan
distribution in both normal and inflamed gingival tissues. Using
immunohistochemical techniques, chondroitin sulfate and proteoglycan sulfate
proteoglycans were located within the gingival tissues. Of particular note was
the localization of dermatan sulfate to the immediate subepithelial layers of the
gingival connective tissue and the very significant increase in staining for
chondroitin sulfate at the sites of inflammatory cell infiltration. This latter finding
further corroborated the earlier findings concerning proteoglycan synthesis by
lymphocytes. These findings also served to confirm that there is no loss of
material identifiable as proteoglycan in inflamed tissues.
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Paper 14 describes a study us¡ng tissues derived from a patient suffering f
mannosidosis. This is a rare lysosomal enzyme storage disease in which there
is an accumulation of mannose-containing oligosaccharides within various
cells. The presentation of a patient with gingival overgrowth associated with
this condition provided a unique chance to investigate the effect of a defect in
mannose metabolism on proteoglycan synthesis. Gingival biopsies were
studied immunohistochemically and cultures from the resident fibroblasts were
also established. A particular histological feature of the excised gingivae was
the presence of large and highly vacuolated lymphocytes which stained
intensely for chondroitin sulfate. This observation provided further support to
the imporlance of proteoglycan synthesis by lymphocytes since these cells, due
to the retention of large amounts of mannose containing carbohydrates, have a
compromised function which was surmised to be partly responsible for the
events associated with gingival overgrowth. The fibroblasts isolated from this
patient's gingival tissues showed no discernible differences with respect to
growth and matrix production compared to an age- and sex-matched control
cell strain.
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Proteoglycans have been isolated and analysed from extracts of normal and

chroniCally inflamed human gingiva in order to determine the effects of chronic
inflammation on these important soft connective tissue extracellular
macromolecules. The uronic acid content of glycosaminoglycans isolated by

papain digestion of normal and inflamed gingiva did not differ significantly.

Likewise, electrophoretic analysis revealed that the content of hyaluronic acid'
heparan sulfate, dermatan sulfate and chondroitin sulfate was similar. The
,uifated glycosaminoglycans from both sources eluted from a Sepharose Cl-68

column with a Kav of 0.45 (approximate M, 25,000)' Flowever, hyaluronic acid

from normal gingiva was predominantly of a large size eluting in the void
volume of a Sepharose. CL-68 column, while that isolated from inflamed tissue

total tissue uronic acid was extractable. Even though DEAE-Sephacel ion-

exchange chromatography revealed no differences in charge between normal
an<l inflamed gingival proteoglycans, Sepharose CL-48 chromatography

revealed more molecular size polydispersity in samples from inflamed tissue

than from normal tissue. Taken together, these results indicate that while
hyaluronic acid is depolymerized in inflamed tissue, no evidence of sulfated

glycosaminoglycan degradation was found. Therefore, the most likely cause tbr
disruption to the molecular integrity of the proteoglycans is via proteolytic
alteration to the proteoglycan core protein.

Chronic inflammation of soft connec-
tive tissues is characterized by infiltra-
tion of inflammatory cells, tissue de-
struction and scarring. Associated with
the tissue destruction is a concomitant
loss of structural integiity and impair-
ment of normal physiological function
of the extracellular matrix. Therefore,
it has been of interest to study the spe-
cific effects of inflammation on various
components of the extracellular matrix
to determine what particular molecular
alterations occur and how these might
anse.

Gingiva, a tissue which possesses the
morphological features of most soft
connective tissues, has served as a use-

ful model for studying inflammation
because it manifests a naturally occur-
ring progressive chronic inflammatory
lesion (1). Tieatment of this condition
often requires surgical removal of the
affected tissue, and, therefore, tissue

specimens are readily available for
study.

Recently, proteoglycans, which are

the major extracellular non-fibrous
macromolecules present in gingiva (and

indeed all connective tissue), have re-

ceived attention as being important
components of this tissue (2-7). In-
deed, these complex macromolecules
are no longer considered to be an inert
cementing substance, but rather are

thought to be responsible for main-

taining a wide variety ol tissue and cel-

lular functions (8). Therefore, an as-

sessment of their types and structures
in both health and disease is now re-
cognized as being essential for under-
standing the mechanisms associated

with inflammation-mediated tissue de-

struction (9).
Since there is an abundance of meta-

bolic and catabolic activity associated

with inflammation, one would exPect

breakdown of proteoglycans to occur
as is seen for the collagens (10). In-
deed, many enzymes caPable of Pro-
teoglycan depolymerization under opti-
mal conditions are released by inflam-

2.1 Or¡l P¡Lhology l5:7
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matory cells and fibroblasts at sites of
inflammation (11-15). In addition,
oxygen-derived free radicals produced
by polyrnorphonuclear leukocytes in
l'esponse to inflammatory stimuli are
also capable of initiating matrix de-
struction (16_19).

This expected loss and destruction of
proteoglycans at the inflammatory sites
has been reported consistently in stud-
ies of rheumatoid arthritis (20-22).
Studies on the proteoglycans of normal
and diseased cartilage are abundant
and have provided most of the current
data concerning the effects of inflam-
mation on proteoglycans. However,
cartilage is structurally very different
from soft connective tissues, and it is
likely that the sequence of events asso-
ciated with inflammation and their se-
quelae between soft and hard connec-
tive tissues will be different. Despite
this, there are few reports dealing with
the effects of soft connective tissue in-
flammation on proteoglycans (23).
Therefore, using gingiva as a model,
we have studied the effect of chronic
inflammation on proteoglycans in soft
connective tissues. The results demon-
strated infl ammation-associated disrup-
tion to both proteoglycans and hyalu-
ronic acid; these may be partially re-
sponsible for the loss of tissue integrity
seen in most inflammatory lesions.

Material and methods

Alcian blue 8GX, 6-amino hexanoic
acid, benzamidine HCl, cysteine
HCl,ethylenediaminetetraacetic acid
(EDTA) disodium salt, D-glucuronic
acid, guanidine HCl, N-ethylmalei-
mide, phenylmethylsulfonylflouride,
papain (EC 3.4.22.2), sodium acetate
and magnesium chloride were all pur-
chased from Sigma Chemical Co., St.
Louis, MO. Dimethylsulfoxide was
from Mallinkrodt Inc., Paris KY. Gly-
cosaminoglycan standards (hyaluronic
acid, heparan sulfate dermatan sulfate
and chondroitin-4-sulfate), chondroiti-
nase AC (Athrobacter aurescens),
chondroitin sulfate ABC (Proteus vul-
garis) and hyaluronidase (Streptomyces
hyalurolyticus) were from Seikagaku
Kogyo, Tokyo through Miles Labora-
tories Inc., Elkhart, IN. Sepharose CL-
48, Sepharose CL-6B and DEAE-Se-
phacel were purchased from Phar-
macia, Inc., Piscataway, NJ. Cellogel
cellulose acetate electrophoresis mem-
branes were obtained from Gelman
Sciences, Ann Arbor, ML

Gingival tissue

Tissue samples were obtained from pa-
tients with chronic periodontitis of va-
rying severity. Surgical specimens from
each donor were assessed as being de-
rived from normal or inflamed sites by
their clinical appearalÌce. Representa-
tive portions of each specimen were
dissected, fixed in formalin (4%), em-
bedded in paraffin, sectioned (5 prm)
and stained with haematoxylin and eo-
sin. From their histological appear-
ance, the clinical assessment of the gin-
gival specimens as "norma[" or "in-
flamed" was confirmed.

Glycosaminoglycan ext.action

The gingival specimens were pooled in
acetone and stored at 4"C until suffi-
cient quantities were available for
analysis. In general, as little as 0.3 gm
(dry weight) of gingiva could be used
for glycosaminoglycan analysis. The
glycosaminoglycans were isolated as
previously described (4, 5). Briefly, the
tissue was digested with papain (1
mg/ml buffer) in 0.2 M sodium acetate,
0.004 M EDTA, 0.02 M cysteine HCl,
pH 5.7, for 48 h at 60'C. Following di-
gestion, proteins and nucleic acids were
precipitated with trichloroacetic acid
(10% final concentration) for t h at
4"C, then separated by centrifugation.
The supernatant was then dialysed
(molecular weight cut-off of 3,500)
against deionized water and concen-
trated to one-tenth voloume in the
same dialysis membrane against Aqua-
cide. Four volumes of l% sodium ace-
tate in 95"/" ethanol were added to the
concentrated retentate and allowed to
stand for 24 h at 4"C. The resultant pre-
cipitated glycosaminoglycans were re-
covered by centrifugation and resol-
ubilized in dcionizcd watcr. Thc uronic
acid content of each sample was deter-
mined by the method of Blumenkrantz
and Asboe-Handen (24) using D-gluru-
ronic acid as the reference standard.

Cellulose acetate electrophoresis

Glycosaminoglycans isolated from gin-
giva were initially identified by cellu-
lose acetate electrophoresis in 0.3 M
cadmium acetate buffer, pH 4.1, for 4 h
at 1.2 mAmp per strip (25). The strips
were then immersed in 95"/" ethanol for
5 min and subsequently stained with
0.2ok Alcian blue in 0.05 M magnesium
chloride, 0.025 M sodium acetate, pH
5.8 in 50% v/v ethanol-water, each of

30 rnin duration. Clealing of the strips
was achieved by dehydrating in meth-
anol and then washing for 5 min in
methanol-acetic acid (86:14 v/v) fol-
lowed by dry heating at 60"C for 5 min
on glass plates.

The glycosaminoglycan bands
stainecl with Alcian bluc wele quanti-
tated by scanning with a Helena densi-
tometer. Quantitation was achieved by
reference to standard curves generated
by plotting known standard glycosami-
noglycan concentrations against areas
under the densitometric curves (4,27).

Confirmat¡on of glycosaminoglycan identity

To confirm the identity of all the separ-
ated glycosarninoglycan bands, l5 ¡rl al-
iquots of the samples were subjected to
the following treatments: (a) hyalu-
ronic acid was eliminated by digestion
with 6 TRU of Streptomyces hyaluroni-
dase in 0.05 M sodium acetate, pH 6.0
for t h at 60'C (+); (U) chondroitin 4-
and 6-sulfates vi/ere eliminated by di-
gestion with 0.06 units of chondroiti-
nase AC in enriched 0.25 M Tiis HCI
buffer, pH 8.0, for 3 h at 37'C (28); (c)
dermatan sulfate, together with the
chondroitin sulfates, was eliminated by
digestion with 0.02 units of chondroiti-
nase ABC in the same buffel as (b) for
3 h at 37'C (28). Heparan sulfate was
identified by its susceptibility to nitrous
acid treatment, as described by Shive-
ley and Conrad (29).

Proteoglycan extraction and isolation

Proteoglycans were extracted from gin-
giva by treatment of the tissue with 5

volumes of 4 M guanidine HCI in 0.05
M sodium acetate, pH 5 .8, at 4"C Tor 24
h. The following were added to the
buffer as protease inhibitors: 50 mM
EDTA, 0.1 lvf 6-arninohexanoic acid.
5mM benzamidine HCl, 0. 1 mM phe-
nylmethylsulfonylflouride, and 10 mM
N-ethylmaleimide. The tissue was then
separated from the extract by centrifu-
gation. The supernatant was removed
and another 5 volumes of 4 M guani-
dine HCI in the same buffer containing
protease inhibitors as described above
was added to the residue. The tissue in
this buffer was then homogenized and
the extraction was alloweci to proceed
for another 24h at 4"C. Residual tissue
particles were removed from the sec-
ond extract by centrifugation and
washed several times in 0.05 M sodium
acetate, pH 5.8, and then digested with
papain to recover any unextracted gly-



cosaminoglycans. The two guanidine

HCI extracts were pooled and exhaus-

tively dialysed (molecular weight cut-

off 3,500) against 7 M urea in 0.05 M
Tiis HCI containing 0.1 M sodium
chloride, pH 7.0, in PreParation for
ion-exchange chromatograPhY.

DEAE-sephacel ion-exchange resin
was equilibrated in the same 7 M urea

buffer used for the dialysis of the guani-

dine HCI extracts. The retentate from
the dialysis step was applied to an equi-
librated ion-exchange column (1.0 cm

x 10 cm) and thoroughly washed with 7
M urea in 0.05 M Tiis HCI containing
0.1 M sodium chloride, PH 7.0. The

column was monitored for protein by

assessing the absorbance at 280 nm

(4,*o) of the eluent. Once the absor-

bance reading had returned to base-

line, a linear 0.1 M to 0.8 M sodium
chloride gradient in 7 M urea/0.05 M
Tiis HCl, pH 7.0, was aPPlied to the
column using a total volume of 150 ml
at a flow rate of 10 ml/h. After com-
pletion of the salt gradient, any resi-
dual bound material was eluted from
the column by washing with 10 ml of 4
M guanidine HCV0.05 M sodium ace-

tate. Fractions of 2.0 mì were collected,
and each fraction was assayed for gly-

cosaminoglycans using a new method
of detection (30). Briefly, 20 ¡rl of each

fraction were spotted onto cellulose
acetate electrophoresis membranes,
stained with Alcian blue, and then des-

tained using the same buffers described
above in the electrophoretic tech-
niques. The strips were then cut at each

application point, solubilized in 2.0 ml
dimethytstrlfoxicle, and after 30 min-
absorbance was determined at 678 nm
(Aor*), This method was used as it re-
quires much less material than the cur-

rently used method of Blumenkrantz
and Asboe-Hansen (24). The fractions
which constituted the Alcian blue posi-

tive peak were pooled, dialysed against

deionized water and then lyophilized.

tural integrity and molecular size on

columns of Sepharose CL-48 (50 cm x
0.7 cm) eluted with the same guanidine

HCI buffer as described above, but also

containing the protease inhibitors used

during the extraction procedures. Frac-

tions of 0.5 ml were collected and the
proteoglycans eluted from the column

were monitored by their ability to com-
plex with Alcian blue upon localization
on cellulose acetate membranes.

Results

Samples of normal and inflamed gin-

gival tissue were digested with papain

and the recovered glycosaminoglycans
were analyzed for their uronic acid con-

tent on a dry weight of tissue basis. The
amount of uronic acid recovered from
the normal tissue specim ens was 0.27 "/"
(+0.05) of the dry weight (n : 7). A
similar value of 0'25"/" (+0'1) was ob-
tained for the uronic acid content of the

inflamed gingival tissue (n : 5).

Following isolation of the glycosami-
noglycans, identification of the individ-
ual species was achieved by cellulose
acetate electrophoresis (Fig' 1). The
presence of each species identified
(hyaluronic acid, heparan sulfate, der-

matan sulfate and chondroitin sulfate)
was confirmed by selective elimination
with Streptomyces hyaluronidase, chon-

droitinase AC, chondroitinase ABC
and nitrous acid treatment (results not
shown). Quantitation of each glycosa-

minoglycan and its relative contribu-
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tion to the total glycosaminoglycan
pool in either normal or inflamed gin-

giu^ wu. achieved by densitometric
icanning of the electrophoretic strips

and is listed in Table 1. There appeared

to be few differences (none of which
was significant) in the relative propor-
tion of each glycosaminoglycan species

between the two types of tissue

studied. In both normal and inflamed
gingiva, dermatan sulfate was the pre-

dominant glycosaminoglycan, rePre-

senting approximatelY 5l% and 55%

respectively, of the total. Heparan sul-

fate was the quantitative minor com-
ponent accounting fot 4"/" and 3o/o of
the total glycosaminoglycan of normal
and inflamed gingiva, respectively.
Hyaluronic acid and chondroitin sulfate

were found to account for the remain-

ing 45-50"/" of the t
glycans. The amount
reported is greater
noted (4). In the Pre
lium and connective tissue were not
separated and thus hyaluronic acid loss

prior to analysis was eliminated. The
present values agree with other reports

for whole gingival digests (2).

Sepharose CL-68 chromatography of
the glycosaminoglycans isolated from
gingiva was performed to determine

whether inflammation had any effect

on their molecular size (Fig. 2). 'Ihe
glycosaminoglycans from normal tissue

élnt"d into 2 peaks (NG1 and NG2)
from Sepharose CL-6B and accounted

for 2I"/" and 79"/", respectively, of the

'#itÐËÞ.lt

¡

I

I

I

o

HS

HA

Column chromatograPhY

Glycosaminoglycan molecular size was

assessed by molecular sieve chromatog-
raphy on a column of Sepharose CL-68
(50 cm x 0.7 cm) eluted with 4 M gua-

nidine HCI/0.05 M sodium acetate pH
5.8, at a flow rate of 3 ml/h' Fractions
of 0.5 ml were collected and the eluted
glycosaminoglycans identified using the
Alcian blue binding method described
above. Similarly, proteoglycans extrac-
ted and isolated from normal and in-
flamed gingiva were analyzed for struc-

1

e

a b c
Fip /. cellulose acetate elcctrophoretograms of glycosaminoglycans. Electrophorests was

;,Íi;.n."ä'ì;'õ.i v ãìJÃirr "..iut., 
pH"+.1. for ãh ar a constãnt current ol 1.2 mAmp.per

ïi;: öiii"i;; *ii't' ir.ì." îrrÀ-àii"iå¿ identification oI glycosamin-oglvcans (a) standard

iì;å;r;;;;;;;iy;,ì;;, ih;'""il;l [ingivat glycosaminogìycãnsr (c) inflamed singival glvcos-

iiírì,ronfu.ån!.'Abbr:cviatiols:'È,{. fiof 
"'ãÁic 

acid: H5. heparan sulfaf e; DS' dermatan sul-

futel ih'S chondroitin-4-sulfrte.
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normal and inflamed gingi di_
s in each sample extrâctei c<l
egration of densitometric ed
expressed as a percentage rs.
standard deviation of the

Specimen

50.0+5.3 20.0+5.6

Itrronic acid (Fig. 3 d,e). Täken to-
gether, these results indicate a sizeable
proportion of hyalrrronic acid to be
present in inflamed gingiva in a smaller.
molecular weiglìt form.

Since the glycosaminoglycans repre-
sent only the carbohydrate moiety of
the proteoglycans, intact proteoglycan
molecules were also studied. They
were extracted from normal and in-
flarned gingiva with 4M guaoidine HCI
in the presence of protease inhibitors to
minimize potential degradation by co-
extracted enzymes. After extraction of
the tissue was completed the resiclue
was digested with papain to release any
unextracted glycosantinoglycans. Uro-
nic acid analysis of the glycosaminogly-
cans recovered from the residue re-
vealed approximately 20,'/o of the total
uronic of normal tissue could not be ex-
tlactecl by guanidine HCI compared to
about 10% of the total from the in-
flamed tissue. Electrophoretic analysis
of the glycosaminoglycans in these resi-
dues revealed no particular glycosami-
noglycan had been extracted at the
preference of another, and that a small
portion of all 4 glycosaminoglycan spe-
cies resisted extraction (data not
shown).

Following guanidine HCI extraction,
the proteoglycans were purified fronr
the bulk of co-extracted matrix pro-
teins and assessed for their charge char-
acteristics by DEAE-Sephacel ion-ex-
change chromatography (Fig. 4). Mate-
rial from both normal and inflamed
gingiva which had an absorbance at280
nm eluted from the ion-exchange resin

Hyaluronic
Acid

Heparan
Su Ifate

Dermatan
Sulfate

Chondroitin
Sulfate

normol
1/
20
20
33
24
23
19

4
3
1

3
7
4
4

1

2
-t

4
5
6
7

50
49
58
51
40
52
50

22
t2
20
11
11
20
19

Mean SD 23+4.7 4.t+2.0

Inflamed
0
1

0
5
1

1

2
.1

4
5

z.t
l7
20
t6
24

47
54
.56

43
58

28
28
24
34
17

Mean SD 20.0+3.5 2.8+3.0 51.6+6.3 26.0+9.0

total glycosaminoglycans eluted (Fig.
2a). Analysis of the glycosaminogly-
cans by cellulose acetate electrophore-
sis (Fig. 3b), revealed the presence of
hyaluronic acid exclusively in peak
NG1, whereas peak NG2 contained
heparan sulfate, dermatan sulfate and

chondroitin sulfate, together with some
hyaluronic acid (Fig. 3c). The inflamed
tissue glycosaminoglycans also eluted
from Sepharose CL-68 into 2 peaks
(IGl and IG2); however, the relative
proportions of these peaks differed
from the normal glycosaminoglycans
(10% and 90% respecrively for IG1
and IG2). Peak IG1 contained exclu-
sively hyaluronic acid; however, peak
IG2 contained heparan sulfate, derma-
tan sulfate and chondroitin sulfate, as
well as an elevated amount of hyalu-
ronic acid (1-5%) compared to peak
NG2 which contained only 47" as hya-
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chondroitin sulfate for both the normal

and inflamed tissue extracts (Fig' 5)'

Of peripheral interest to this study

was the increased amount of material

eluting with an Arro

with the ProteoglYca
portiorr of tltis matcri
ciated from the Pro
dissociative molecular sieve chroma-

tography on Sepharose CL-4B (see Fig'

A)lan¿ since it did not contain glycosa-

Áinogly.uns it was not further conside-
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eluting with a Kav of 0'45' However'

inflam--ed tissue proteoglycan peak

IPG2 was often more heterodisperse

than the corresponding peak NPG2 of

normal tissue proteoglycans' In addi-

20

ta , O""Or. OnlY 2 Peaks Positive for
glycosaminoglycans. as detcrmined by

Áician blue complex formation' were

identified. A relatively symmetrical

peak which eluted at a salt concentra-

ìion of 0.45 M NaCl formed the bulk of

the Alcian blue-positive material' A
cian blue-Posi-
t a salt concen-
0.15 M NaCl.
in the Alcian

blue-positive peaks isolated by DEAE-

tracts. contained one Alcian blue-posi-

tive band which was determined to be

hyalulonic acid; this was confirmed by

its comptete digestion with Strepto-

myces hYaluronidase (results n9t

shown). Peak 2 was found to contarn

heparán sulfate, dermatan sulfate and
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fate present (25%-30%)., peak 2 p.oteogrycans from these types of tis-(Nfg? and IPG2) was found to conrain iu. have provided a useful ínsight intovariable arnounts of heparan srlfate the quantitative and qralitative pr-op-wìth- approximately equal proportions erties of the proteogry.;,r; i; rhe exrra-of chondroitin surfate and clèrmatan celrt,rar matrix of inflamed soft connec-sulfate (50%) as the principal compo_ tive tissue.nents There wel'e no statistically iig- The observations that uro'ic aciclnificant differences between the relã_ content ancl individual
the glycosamino_ can species present in
he peaks derived are not different from
inflamed gingival minoglycan species pre

tissue support those of Embery, Oliver
and Stanbury (2). However, our stud_

Discussion ies show that the uronic acid content of
rhe effect of inframmation on.sofr.con fÏ"å:i'i"i"tiîï" ":il:ì äï":n""liu: tissue proteogrycans has been lrarrre r;. such variation could reflectstudied using gingivar tissue crassified ìl," rtnt" of inflammation within the tis_as eit'er normar or inflamed according .u". Fo, exarnple, in any one sampre,to its clinical and histological appcarl active inflarnmatory deitr.uction mayance. Thc differeliccs uoted between have been occurring at the time of sur_

'10 20 go 40
Fraction Number

f!5. !. pet filtration of normal and inflamecl
glCiujl^ proreogtycans isotared fià,ub.AB-Sephacel. proteoglycans from tri
normal.and Q, q, ¿l inflamed gingiva wËré
eluted Jrom. Sepharose CL_48-in ìh. p..s_
ence of 4 M guanidine HCI/0.05 ¡ø soå¡um
ace.tatc, pI-I 5.8. Fractions of 0.5 ml were
colle.cted at a flow ratc of 3 mlh and oio_
teoglycans were assessed Uy ttreir Àtiian
blue.complcxcs (A0,"); proteins *.r" Àåni_tored,al A*u. The V. and V, were detcr_
mnted as described in Fig. 2.

tion, the proportion of peak lpGl con_
tributing to the total inflamed tissue
proteoglycans was unpredictable rang_
ing from 3%-15% of the total whereãs
the contribution of NpGl to the total
normal tissue proteoglycans was con-
sistently in the range of 5%_10%. Of
particular interest in the inflamed tis_
sue proteoglycan profiles was the clear
lack of evidence of small degradation
products which would have been ex_
pected to elute near the V, of the col_
umn.

l(NPGI and IpGl) was compris_
ed principally of chondroitin suifate
(70%-75%) with some dermatan sul_

Specirnen Hyalulonic
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here theY maY be further de-

excreted' The role of hYdro-

active or remissive phases of inflamma- slze or rne suuaLçu ur'""'"'iffi'".f-
tory destruction' components' These moieties I

The observation that molecular size mal and inflamed tissue proteoglycans f Australia'

of hyaluronic acid is Cl*tp1LJ m it- eluted from Sepharose CL-6B with

flamed tissue is t"*' Ë;;;;;; "'ch 
u' similar Kav valuès (0'45) indicative of

;;;i;;";i;;r" (31. 32) and oxygen-de- 1n 
approximate molecula' 

äiti: ij ererences
;Tdì;; t.dicals (1s' iójutt'thttv ro 2s'000' This molecu'" *t1l:1,':,'ìl 
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play important roles ,;,.;; ä"färy- goooîg'*"'"nt *itrt previoisly pub- 1' PageRc' SchroederHE Pathogenesrs

merization in inflamed tissue. None- lishedïalu", fo, ttre .rrttateJgíyËoru- of inJlammatory periodontal disease A

theless, one cannot rule out the pos- ain.ìrv""". of normar gingiva'l-tissue summary of current work' Lab Invest

sibility of altered hvul;;";;;;iã :v" (s) ialen tosether' these data sussest

thesis by the fibroblists ìesiding'in ìhut th" subtÉ alterations seen in the

inflamed tissue, and *ãi".-ã-pr.îrmg molecurar sieve elution profiles of in-

this possibility ur" 
".tt'ãnity 

unà"'*u! flamed tissue proteoglycans most likely

in our laboratorv. sin"åîiuittctnlt "tiá 
arise from disruption to the protern

has been implicated in u iiO" variety of core rather than ihe carbohydrate side

lrrr* it"lriäns (33-36), any damage to chains' r .L^ r:r.-r:1,^^r{ nr nrnrein 46i.
this molecule, such as has been seen in 4. Bartold PM, wiebkin ow' Thonard

the present study, could be expectedto

havå functional repercussions for the

whole tissue.
Inflammation did not aPpear to have

anv bearing on the nel charge o[ nor-

-ál and inftamed lissue proteoglycans

since both eluted from DEAE-Sepha-

cel at identical salt concentratlons as

38). Nonetheless,.despite extreme cau-

tion taken to retain all small molecular

weight material by using low molecular

*"iiftt cut-off diâlysis tubing (3'500)'

*" ï"." unable to detect anY small

subsequent fate; ' 
J 19'71: 167:629'
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tion and be exc¡eted
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INTRODUcTIoN

Protcoglycans orc ¡¡ complcx group of highly anionic
macromolecules that have ubiquitous distributions
throughout the extracellular matrices of soft connective
lissues (1), As a regult of their charged nature,
proteoglycans are highly hydrated and capable of
interacting with a wide variety of matrix and cell surface
components (7,11,16). Indeed, such interactions are
considered vital to the maintenance oi normal tissue
h¡nction. Consequently, aoy damage to, or alæred
lynthesis of, these matrix macromolecules could be
:xpected to significantly affect the physiologic well being
rf tissues.

During soft tissue pathological changes, such as is seen

n inflammation, there is a complex interplay between the
nflammatory cells and the resident fibroblasts accom-

PROTEOGLYCANS SYNTHESIZED BY CULTURED FIBROBLASTS DERIVED
FROM NORMAL AND INFLAMED HUMAN GINGIVA
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Surr¡nanv

The in vitro proliferations rates and ptoteoglycans synthesized by adult human gingival fibroblasts
derived from six age- and sex-matched donors of healthy and chronically inflamed gingiva were
analyzed. Fibroblasts lrom inllamed gingiva demonstrated a slower growth rate than cells from healthy
tissue. The rate of incorporation of [3sS]sulfate into cell layer-associated proteoglycans and the release
of these macromolecules into the culture medium did not differ appreciably between the two groups of
cells. Similarly, no detectable differences in the overall charge of the proteoglycans synthesized by
normal and inflamed gingival fibroblasæ, as assessed by their elution from DEAE-Sephacel, weré
noted. However, Sepharose CL-48 chromatography revealed that the medium-associated proteoglycans
made by the inflamed tissue fib¡oblasts were depleteil in one species of chondroitin sulfate
proteoglycans and cont¿ined more dermatan sulJate than did control cells. In addition, the intracellular
proteoglycan pool was found to be greatly diminished in the inflamed tissue fibroblast cell layers,
Glycosaminoglycan analysis of the proteoglycans confirmed these observations. Compared to normal
gingival fibroblasts, the inflamed tissue fibroblasts released less hepaian sulfate into the medium.
Additionally, increased levels of dermatan sulfaæ and depleted amounts of chondroitin sulfate in the
medium of inflamed gingival cells were noted. The observed changes were stable through several
transfers in culture and indicate that chronically inflamed tissue may contåin fibroblasts manifesting a

heritable phenotype dilfering from fibroblasts in normal connective tissue.

Key uords: proteoglycans; inflammation; fibroblasts; gingiva; periodontal disease,
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panied by degradation of the extracellular matrix. If the
causative factor is removed, then under normal circum-
stånces the tissue eventually healg and a healthy ståte is
restored. Gingiva has served as a model for studying the
events occurring in the extracellul¿ir matrix of soft
connective tissues associaæd with inflammation becáuse

it is both readily available and manifests a naturally
occurring, progressive condition termed periodontitis
(le).

The collagens of gingiva in both health and disease

have been studied extensively (19). Histological and
biochemical etudiee have shown that at a very early ståge

of inflammation, collagen destruction and loss occui (22).

Additional in vitro etudies have revealed that various
chemical agents found at sites of inflammation exert
profound effects on fibroblast growth and synthetic
activity (12,13,18,21). Furthermore, fibroblasts from
inflamed tissue may be phenotypically different from
those present in normal tiggue. Theee cells produce a

unique collagen with a structure of al[I]., a type not found
in cultures of normal fibroblaste and represent¡ a featu¡e
that persists throught their cultu¡ed life span.
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Much less is known about gingival proteoglycans. To
date, the proteoglycan composition of normal gingival
tissue has been analyzed (2,9,3ó), and some studies have

considered the in vitro synthesis of proteoglycans and

glycosaminoglycans by gingival fibroblasts (3) (Bartold'

P. M.; Page, R. C., submitted for publication)' In the

present study proteoglycans synthesized by cultured
fibroblasts isolated from normal and inflamed human
gingiva have been analyzed to determine the effect of
chronic inflammation on the types of proteoglycans
synthesized by these cells. The results obtåined indicated
that although proteoglycan synthetic rates seemed

urialæred, there were differences noted in the quantities
and types of proteoglycans made by fibroblasts for
normal and diseased tissues, and these differences

persisted through numerous transfers in culture.

MATERIAIS AND METHODS

Materíals. Guanidine HCI, 6-aminohexanoic acid,
benzamidine HCl, f{-ethylmaleimide, phenylmethylsul-
fonyl flouride, cysteine HCl, cetylpyridinium chloride,
and papain (8. C.3.4.22.2) were all purchased from Sigma

Chemical Co., St. Louis, MO; sodium dodecyl sulfate
(SDS) from BioRad Laboratories, Richmond, CA;
chondroitinase AC (Arthrobacter aurescensl and chon-

droitinase ABC lProteus oulgarisl from Seikagaku
Kogyo, Tokyo, Japan, through Miles Laboratories, Inc',
Elkhart, IN; Sephadex G-50, Sepharose CL'48, Sepharose

CL-68, and DEAE-Sephacel from Pharmacia, Inc.,
Piscataway, NJi Dulbecco-Vogt medium, fetal bovine
senrm (FBS), phosphate buffered saline (PBS)' and

penicillin-streptomycin from Grand Island Biological
Co., Grand Island, NY. Sulfate-depleted medium was

made from amino acids and vitamins purchased from
Grand Island Biological Co.; 75'cm' tissue culture flasks
were from Falcon Plastics, Oxnard, CA; 24-well plates

from Flow Laboratories; Na,["S]Oo (2 mCi/ml; 424.15

mCi/mmol) from New England Nuclear, Boston, MA;
Aquamix from WestChem, San Diego, CA; and Äquacide
from Calbiochem, La Jolla, CA.

Fíbroblast cuhure, Fibroblasts were obtained from
biopsies lrom human volunteers with healthy gingivae

and Írom age- and sex-matched patients undergoing
treatment for chronic periodontitis as previously tle-

scribed (21). The normal tissue fibroblasts (henceforth

termed "normal fibroblasts") were designated by the

terminology HGFro, HGF'., and HGF"; the inflamed
tissue fibroblasts (henceforth termed "inflamed Iibro-
blasts") were designated by the terminology HGF'., HGF,',
and HGF',. These are cells from the same parent
populations described previously for the study of
collagen synthesis by normal and inflamed fibroblasts
(21). No test for mycoplasmal contamination was carried
out in the present study. The cells were maintained in
Dulbecco-Vogt medium supplemented with l0% heat
inactivated FBS, 100 U/ml of penicillin, 100 ¡rglml of
streptomycin, and, 2 mM glutamine and studied between

the 8th anil l3th transfer in culture, The fibroblast.s were

maintained in ?S-cm'? tissue culture flasks in Dulbecco-
Vogt medium. For each experiment the cells were

released from the tiesue culture plates by treatment with
0.05% trypsin in PBS lor 5 min at 37o C '

Measurement of cell prolíferation. Cells were plaæd
into 24-wcll lissue cultu,re plates in triplicate at an initial
density of 50 000 cells/well. The number of cells in each

cultu¡e was determined at daily intervals over a 7-d
periocl, Briefly, at each time point the rriedium was

removed and the cells waghed twice with 0'5 ml PBS' The
cells were then released by trypsinization with 200 ll of '
0.05% trypsin at 37o C for l5 min. Cells were pipetted
from the wells and each well washed twice with 200 pl
PBS. The trypsinized cells and the washes were pooled
and cell numbers determined using a Coulter Counter.

["S]Suffate incorporatíon and pulse chase' For the
radiolabel incorporation studies, trypsinized cells were

seeded in 2 ml medium at a density of 50 000/well into
24-well plates, The cells we¡e allowed to grow to
confluence with medium replenishment daily. The
culture medium was then removed and replaced with 500
pl of sulfate-depleted medium (MgSOo replaced with
MgCL) and the cells incubatetl for I h at 37o C' The
sulfate-depleted medium was then removed and replaced
with sulfate-depleted medium containing [""S]sullate
(?5 pCilml) and incubated at 37o C for up to 4[8 h.
Incorporation of ["uSlsulfate into proteoglycans by
normal and inflamed fibroblast¡ was monitored over lE h
at 2, 4,8, 24, 30, and 48 h intervals. At each time interval,

Cell Prolile rat¡on

150

100

'l 234567
Day

Fro. l Fibroblast prolileration rates. Normal and inflamer
gingival tissue libroblasis we.e seeded into 24-well plates at th¡ :

same initial plating densities (50 000 cells/well). The cultu¡e
were incubated for 7 d and cell nurnbers were determined dail'
bv counting in a Coulter Counter as desc¡ibed in Materials anr

Methods, The experiments were repeated three times anr

representative data from one of these experiments are shown
The mean and SEM of triplicate cultures for each time point for thre
strains normal and three strains oI inflamed fibroblasts are shown. Th
inse¡ shows mean proliferation rates of the individual cell strains
normal {ibroblasts are designated 24, 25, and 27 and inflame'
fibroblasts designated 10, 11, and 13.
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flasks with medium replenishment every 2 d. Met¿bolic
labeling of tJre cells was carried out in 5 ml Dulbecco-Vogt
medium containing 75 ttCi/ml ['"S]suHaæ for 48 h at 3Zo
C. For these experiments, sulfate-depleæd medium was
not used.

["S]SuHaæ-labeled proteoglycans were ieolated from
the medium and cell layers of normal and inflamed
fibroblasts. Briefly, the medium was removed and the cell
layers washed twice with 5 ml PBS and pooled. The
pooled material was then made approximately 3 M in
quanidine HCI by adding solid guanidine HCI (0.88
g/mll. Unincorporated radiolabel was then separatcd
from labeled macromolecules by elution from Sephadex
G-50 in 4 M guanidine HCI 0.05 M sodium aceråte
contåining the following protease inhibitors: 0.1 M
ó-aminohexanoic acid, 5 mM benzamidine HCl, 50 m¡4
EDTA, 0.1 mM phenylmethylaulfonyl flouride, and l0
mJlzl trt-ethylmaleimide, pH 5.8. The cell layers were
extractcd overnight at 40 C n 4 M guanidine HCI 0.0S M
sodium acetåte plus protease inhibitors. The cell layers
were then scraped from the cultu¡e plates and rinsed once
with 4 &l guanidine HCI-0.05 M sodium acetate, plus
protease inhibitors. The ext¡act and wash were pooled
and centriluged to remove any insoluble cell debris, The
material remaining in this residue represented less than
3To o1 the total radioactivity associated with the cell layer
exüacts. The cell layer extracts \rere also elut€d from
Sephadex G-50 in 4 M gluanidine HCI-0,05 M sodium
acetåte plua protease inhibitors to separate the labeled
macromolecules that eluted in the void volume from the
free radiolabel.

Ion-erchange chromatography, The overall charge of
the proteoglycans synthesized by normal and inflamed
fibroblaste was assessed by ion-exchange chromato-
graphy. Aliquots (5 ml) of the medium and cell layer
proteoglycans, obtained from Sephadex G-50 chromatog-
raphy, were dialyzed against several changes o1 0.1 M
sodium chloride in 7 M urea, 0.05 M Tris-HCl, and
pr'otease inhibitors, pH 7.0, and then applied to a
DEAE-Sephacel column (0.7 X 3 cm) equilibrated with
the same bufer. After elution of the unbound material, a
contintroufl 0.ì to A,8 M sodium chloride gradient wae
applied using a total of 30 ml. Fractions of 1.0 ml were
collected and 0.5 ml aliquots of these fractions were
assessed for [3s S] sulfaæ activity.

Analytical colutnn chromatography. The molecular
size distribution of [3sS]-labeled proreoglycans was
analyzed by gel filtration on a column of Sepharose
CL-48. Aliquots of the ['sS]-labeled material excluded
from Sephailex G-50 (1.0 ml) were concentrated ø 200 ¡rl
in dialysis tubing against Aquacide. The concentrate was
applied to and eluted from columns of Sepharose CL-48
(0.7 X 100 cm) with 4 M guanidine HCI in 0.05 M sodium
acetåte contåining the above-mentioned protease inhibi-
torg, pH 5.8 (dissociative conditions), To determine
whether any of the proteoglycans were detergent
sensitive, aliquots of the excluded material from
Sephadex G-50 chromatography (1.0 ml) were dialyzed
against 0,I5 M sodium aceråte, 5 mM MgCL, and I mM
CaCL, pH 5.8. The retent¿te was then concentrated to 200

¡l ineide dialysis tubing againet Ä.quacide and then made
0.2% SDS by adding lOX stock SDS in sodium acetåæ
buffer. The concentrates were applied to Sepharose CL-48
columns (0.7 X 100 cm) and eluted with 0.27o SDS in the
same eodium acetåte buffer as described above (detergent
conditions). Fractions of 0.5 ml were collected at a flow
rate of 3.0 mllh and all of the fractions were assayed lor
["S]-activity.

Glycosamínoglycan identification ['.S]-Labeled pro-
teoglycans isolated in the excluded peak from Sephadex
G-50 chromatography, as well as thoee in all of the peaks
obtained from Sepharose CL-48 chromatography under
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dissociative conditions, were digestetl with papain ancl

the released glycosaminoglycans were identified' Briefly,

1.O-ml aliquots of the material that excluded lrom

Sephadex C'SO were dialyzed against 0.2 M sodium

r"åtrt", 4 m]}l[ EDTA, and 20 mM cysteine HCl, pH 5'7'

and then concentrated against Aquacide to 200 ¡il' The

concentrat€s were then digested with papain (l mglml

buffer) overnight and loadetl onto Sepharose CL-68

columns (0.? X 30 cm) and eluted with 0'2% SDS in 0'15 M
sodium acetåte' 5 mJ}l MgCI2, and I mM CaClr' Fractions

of 0.5 ml were collected at a llow rate of 3 ml/h and all of

the fractions were assayed for radioactivity. The types of

sullated glycosaminoglycans present were determined

after selective enzyme cligestion (chondroitinase AC and

ABC) antl chemical (nitrous acid) degradation (26, 28)'

Aliquots (f .0 ml) from the material excluded from

Sephadex G'50 chromatography were dialyzed against 50

-lt¿ l.i.-tlcl, ó0 m]}4 sodium chloride, and 40 mM
sodium acetåte, pH 8.0, concentrated to 200 ¡'rl against

Aquaciile and then subjected to one of the above'

mentionetl degradative treatments. The reaction products

were then chromatographed on Sephadex G'50 columns
(0.? X 30 cm) using the same SDS'acetate bulfer as

described above' The relative proportions of each

glycosaminoglycan species were determined by calculat-

ing the amount oI [3sS]-labeled material resistant to
(vãid volume) or degraded by (included volume) each

treatment.

RESULTS

CelI growth, The proliferative rates of the normal and

inflamed fibroblasts were assessed over a 7-d period to
determine tlre time span required for each of the cell

strains to reach confluence and thereby to determine the

time intervals, at which time metabolic labeling could be

commenced' Variability in growth rates among all the

strains studied was noted. In general, the libroblasts

obtained from inflamed tissue were slower growing,

taking longer to reach confluence than similar age-' sex-'

and iransfer number'matchecl cells derived from normal

tissue (Fig. l). Indeetl, by Day 3 the dilferences in the cell

numbers between normal and inflamed fibroblast
cultu¡es were calculated to be statistically different at the

P<0.05level by

[,'S]Suþre incorporation of

[..-s]sulfate in aterial associated

with the cell layer and medium compartments was

determined over I '18'h period. Despite obvious differ-

ences in growth rates of the normal and inflamed fibroblasts

steady state was reached by 48 h. In all cases, by 'E h ap-

proximately 70Vo o1 the totsl ["S]-activity was found in the

medium, with the remaining 30% being associated with the

cell layer.

INFLAMMATION AND FIBROBLAST PROTEOGLYCANS

Meilium
Normal HGF 24
Normal HGF 25

Normal HGF 27

Mean

Inflamecl HGF l0
Inflamed HGF ll
Inflaine¿l HGF 13

Mean

Cell Layer
Normal HGF 24
Normal HGF 25

Normal HGF 27

Mean

Inflamecl HGF l0
Inflameil HGF 1f
Inflamed HGF 13

Mean

Pulse chase ex,periments, Pulse chase experiments

were carried out to determine if there were any detect¿ble

differences in the rate of release of proæoglycans into the

medium by normal and inflamed fibroblasts' As observed

in the ubou" experiments, there seemed to be no

remarkable differences in [3sS]sulf ate incorporation

among the cell strains (Fig' 3)' Tl" release of

¡'S¡-täbelecl proteoglycan from the cell 
-layers 

into the

,.r"dirr^ was rapid ãuring the first 12 h of the chase' and

then seemed to ievel off at around 50Vo o1 the total activity

in the medium and cell layer by 24 h' This increase of

["S]-labeled proteoglycans in thç medium was accom-

pu.ri"il by a concomitsnt decrease of ["S]-labeled
proæoglycans associated with the cells'
' 

Quaätt"tto, of glycosarnínoglvcans' Th" s-lv9o1a1i,

,rolly"uo co-po.ltiott of the newly synthesized labeled

-acromolecules, as determined by selective enzymatic

and chemical degradation, is shown in Tabte l' Heparan

sulfate was not only the predominant sullated glycosam'

inoglycan associated with the cell layers of normal

fibåúhsts, where it comprised 56% of the total

['uS]-activity, but it was also predominant in the cell

iry"." of the inflamed fibroblasts $3% )' Overall' no

TABLE I

PROPORTIONS OF SULFATED GLYCOSAMINOGLYCANS
SYNTHESIZED BY NORMALAND INFLAMED

GINGIVAL TISSUE FIBROBLASTS'

Heparan
Sulfa te

Dermaun
Suìfa.te

ChondroiLin
Sullare

t2+ 2

\l+2
l3+2
12+ 2b

5l+3
53+5

50+2
44+ 4
46+ 4
47+4b

70+2
64+ 4
66+4
67+40

30+2
27+2
22+5
27+5,

25
2I+4
2l+4b

18+2
t4+2
2r+6
18+4

18+2
19+3
2I+ 4
19+3

20+2
30+1
33+6
27+70

22+ 5

29+4
30t5
26+6

6l+3
5ót1
48+7
56+7

25+ 5

29+9
28t4
30+6

5?+3
52+ 6

+
+

t9 2

2

f ibroblast strains were signif icant'
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significant differences were not¿d between the cell layer
associated glycosaminoglycans of normal and inflamed
fibroblaats. Dermat¿n sulfate was the predominant
sulJaæd glycosaminoglycan associated with the medium
of both normal and inflamed fibroblast.s, but the
proportion was elevated in the medium of inflamed
fibroblaste where it accounred for betweer, lS and 20To
more than was seen in the medium of the normal strains,
This increase was accompanied by a concomitant
decreased prog)rtion of chondroitin sulfate and heparan
sullate. All of the differences noted between the media
associated glycoeaminoglycans of normal and inflamed
fibroblasts were significant (P <0.0S) aB assessed by
analysis of variance.

Ion-exchange chromatograpåy. The isolated proteogly-
cans from the medium and cell layer of normal and inflamed
fibroblasts were initially characterized by ion-exchange
chromatography to assess their charge (Fig. a). No dilferencãs
in the elution position of the medium and cell layer
proteoglycans of normal and inflamed fibroblastg were
detected. In all cases, the major [.'S]-labeled peak was
relatively symmetrical and eluted from the column at a salt
concentration of approximately 0.4 M.

Molecular Sieue Chromato graphy

Dissociatíue conditions. More detailed information
regarding the properties of the proteoglycans was
obøined by asaessing thei¡ molecular size distribution
after elution from columna of Sepharose CL-48 (Fig. 5).
Under dissociative conditione (4 M guanidine HCli the
proteoglycans oI normal fibroblasts eluted aE three
discret€ populations. These corresponded to K"" values of
0, 0.3; and 0.4 and were termed ÑMl, NM2, and NM3,
respectively (Fig. 5 a). When the proteoglycans associared
with the medium of the inflamed fibroblasts were
s 'hject€d to similar preparative steps and analyzed by
elution from Sepharose CL-48 under dissociative condi-
tions, the peak corresponding to K." 0.3 was either absent
or severely depleted (Fig. 5 b). The peaks corresponding
to K"" of 0 and 0.4 were termed IMI and IM2.

Some of the differences in the
CL-48 elution profiles of the ce
were algo noted (Fig. 5). These
subtle than the differences seen for the medium
proteoglycana. In all cases (both normal and inflamed

(Table 21. The quantitative major peakg were those
corresponding to Iç" of 0.I and 0.55 and accounted for
approximaæly 60 to 70% of the total [,'S]-labeled
material associated with the cell layers of normal and
inflamed fibroblasts. Recoveries of ["sS]-labeled materi-
al from theee columns eluted with 4 }l guanidine HCI
rvere approximately 80 to 85% of the tot¿l radioactivity
applied.

Detergent condítíons. Inasmuch as proteoglycans in
both the medium and cell layer preparations of normal
and inflamed fibroblasts were excluded from Sepharose
CL-48 under diseociative conditions, and because

DEAE-Sephacel
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previous reports have suggested that the cell layer
excluded material is lipid associated (Bartold, P. M.;
Page, R. C., aubmitted for publication) we also analyzed
the proteoglycans on Sepharose CL-48 columns elut€d
under detergent conditions (0.270 SDS in acetåte bulfer)
(Fig. 6). When compared to the dissociative conditions
(Fig. 5 ¿ and b), the medium proteoglycans were not

,affected by treatment with detergent (Fig. 6 a and b). The
proteoglycans of the medium oI normal fibroblasts
separated into three populations corresponding to K""
values of 0, 0.3, and 0,4, whereas only two peaks
corresponding to K." values of 0. and 0.4 were observed
for samples from cultures of inflamed fibroblasts. The
peak of K",0.3 was absent.

When cell layer extracts were chromatographed under
detergent conditions, elution profiles different from
those obtåined under dissociative conditions were seen
(Fig. 6 c and d). Three peaks were identified correspond-
ing to K,, valuee of 0.1, 0.4, and 0.55. The excluded
volume peak eluted under dissociative conditions was
absent and suggests that cultures of both normal and
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inflamed fibroblasts have lipid associated proteoglycans
in their cell layers. The relative proportion of radioactivi-
ty in each of the peaks obtained under detergent
conditions varied between the normal and inflamed cell
layer proteoglycans, The [3"S]-label was more evenly
distributed throughout the profiles of each of the three
peaks of the normal fibroblasts, accounting lor 28, 25,
anð,46Tr, respectively, for the K"" values of 0.1, 0.4, and
0.55. However, the inflamed cell layer proteoglycans
showed a noticeable difference in distribution. The peak
of K"" 0.1 was the quantitative predominant peak (45% of
the total radioactivity), and the peak corresponding to
K", of 0.55 was the quantitative minor component
accounting for 25% of the total radioactivity. The
recoveries of [3tS]-activity from the columns run under
detergent conditions were greater l90Tol than those for
columns eluted with guanidine HCl.

Chemical analysìs ol díssociatíuely prepared proteogly-
cans. The proteoglycan natu-re of each of the peaks
isolated after preparative Sepharose CL-48 chromatog-
raphy under dissociative conditions (NMf -3; IMI and
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Ftc. 5. Gel liltration chromatography of media and cell layer extracts: dissociative conditions. [..S]-Labeled

culture medium and cell layers were extracted wi¡h 4 M guanidine HCI and eluted from Sephadex G-50 in the presence
of guanidine HCI as described in the Materials and Methods. The mac¡omolecular radióactivity eluting at the void
1ol_ume was applied to a Sepharose CL-48 column (0.? X 100 cm) and elutecl with the same bufier used for Sephadex
G-50 cbromatography. The void volume (Zo) and total volume (Z¿) were identilied with [.H]DNA and Na, [.;Sl O",
respectively. Representative dat¿ for the normal (HGFr.) and inflamed (HGF,, ) gingival fibroblasts a.e shown.
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DßCUSSION

Flbtoblasts from ¡¡or¡¡ral autl chronically inflamcd
human gingiva have been cultu¡ed anal their growth and

proteoglycan production aesedsed. Several differences

were noted between normal and inflamed tissue fibro-

blasts; these were persistent ¿lu-ring several transfers in

vitro and therefore presumed to be heritable. For

example, all three strains of inflamed fibroblasts grew at

a rate signilicantþ less (P <0.05) than gimilar age- Eex-

and tranefer'matched normal strains. Moreover, several

differences were observed in the conetituent suHated

glycosaminoglycans of the proteoglycans synthesized by

these cells.
The incorporation of ["'S]sulfaæ into proteoglycans

over a 48-h period, and pulse chase experiments over a

similar time course, failed to highlight any noticeable

differences in the capacity of normal and inflamed
fibroblasts to syntheaize and release ['"S]'labeled
proteoglycans. Furthermore, ion-exchange chromatog-

raphy on DEAE-sephacel of the newly synthesized

macromolecules also failed to demonstrate any signifi-
cant charge differences between the proteoglycans made

by normal and inflamecl fibroblasts. However, more

tletailed analysis revealed structural and qualitative
differences in the proteoglycans. Heparan sulfaÞ, the
major sulfated glycosaminoglycan associated with the cell

layers of both normal and inflamed fibroblasts, was

depleæd in the medium of inflamed tissue fibroblast
cultu¡es. Additionally, dermatan sulfate, the principal
eulfated glycosaminoglycan in the medium of both
normal and inflamed tissue fibroblast cultures, was

significantly elevated in the inflamed fibroblast medium'
This increase in dermatan sulfate was accompanied by a

decrease in the relative proportion of chondroitin sullat¿

in the medium of inflamed fibroblastå' These differences
were reproducible anil they were observed in all three

strains of inflamed fibroblaets gtutlied.

At first we euspected that the decrease in amounts of

chondroitin sulfate and heparan sulfat€ in the medium of
inflamed fibroblasts could reflect their different growth
rates, because actively dividing cells are reported to shed

heparan sulfate from their cell surface into the medium
(f4). In addition, an increase in the release of chondroitin
sullate into the medium of cultu¡es stimulated to divide

TABLE 2

GLYCOSAMINOGLYCAN COMPOSITION OF
PROTEOGLYCAN FRACTIONS"

Demrahn

BARTOLD AND PAGE

IM2; NCI-4 and ICI-4) was determined by treatment with
papain and subsequent Sepharose CL'68 chromatog'

raphy. ["S]-Labeled material in all of the peaks except

NC4 and IC4 cont¿ined proteoglycans as demonstrated by

susceptibility to papain digestion (Fig' 7l' The ["S]'
labeled molecules in peaks NC4 and IC4 were considered

to be free glycosaminoglycan chains because their elution

position was not altered by papain treatment' The

["S]-labeled glycosaminoglycan chains released from

the proteoglycans eluted from Sepharose CL-óB with K."
values of 0.45 and therefore most likely hacl an average

molecular weight in the range oI 25 000 (34).

The glycosaminoglycan composition of each f tSl-

labeled peak identified by dissociative Sepharose CL-48
chromatography (Fig. 5) was determined by treating

aliquots from each peak with chondroitinase AC'
chondroitinase ABC, or nitrous acid, followecl by

chromatography on Sephadex G'50 columns. Qualitative
and quantitative dilferences between the glycosaminogly-

can composition of the proteoglycan peaks from normal

and inflamed fibroblasts were obgerved (Table 2)' For the

medium proteoglycans, peak IMf contained more

heparan sulfate and less chondroitin sulfate than the

corresponding normal fibroblast proteoglycan peak NMI'
ln addition, a small amount (17%l ol dermatan sulfate

was identified in peak IMI but was absent in peak NMI '

The proportions of glycosaminoglycans constituting the

proteoglycans of peaks NM3 IM2 were found to be

similar, with dermatan sulfate predominating in both'

The cell layer proteoglycans also demonstrated some

qualitative glycosaminoglycan dilferences. Chondroitin

sulfate was present in greater proportions in peak IC4
than compared to peak NC4, whereas heparan sulfate,

which was the principal glycosaminoglycan identified in
peak NC4, contribuæd less to the total proæoglycans in
the corresponding normal fibroblast peak NC4' In
addition, peak NC3 of the normal fibroblasts contained

more dermatan sulfate but less chondroitin sulfate than

the corresponding inflamed peak of IC3.

t)eak
Percent
Fraction

Hcparan
Sullate

Chondroitin
SrrlfateSu late

Medium
NMl
NM2
NM3

5

20
75

6
94

1B+7
30+4
23+5

3l+50
24+ 6

60+B
64 t3
45+3
69+7u

66+ 4

17+l',
66+ 4

l0+lD

26+ 9u

42+ 3

82+5b
?0+4
12+3

52+ 6b

11 +2

42+ 3

46+7
25+ *
lB+5å

IMT
IM2

Cells
NCT
NC2
NC3
NC4

20
BO

l5
35

l5
35
20
30

30+B
30+5
t2+744+ 4o

31 +B

ICT
TCz
IC3
IC4

"Glycosaminoglycan content was iletermined on each peak obtained

from Sepharose CL-48 
"h.o*atography 

by sequential digestionrvith
chondroiitinase AC, chondroitinase ABC, and nitrous acid' Data

three
mean
ining .

by

I

variance to determine significant dilferences between the two groups of

fibroblasts.

5B+3
54+B
50+7
40+S',
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cell layer 55 (peak IC4) ofinflamed tion. This peak
cont¿ins of intraceliular
origin and most likely represents the degradative or

could be biologically advantageous.
Taken together, our data demonstrate the existence of

clear-cut reproducible differences between strains of
fibroblasts obtained from chronically inflamed and
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Papain :SEPHAROSE CL- 68,10'2% SDS-Acetate
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Hyaluronic Acid synthesized by Fibroblasts cultured from

Normal and Chronicaltry Inflamed Human Gingivae
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Introduction

The role of proteoglycans and hyaluronic acicl in the extracellular matrix of soft

connective tissues is no* r.lognireá as being important in maintaini'rg.normal tisstte

ion.rion (Hascall and HascalÏ' 1981; To 'È, 
tlal¡' During chronic inflammation'

changes in the structure of these molecules occur, and these may be partially respousi-

ble for the observed pathophysiology'

Abstract

heritable nature.

Key words: fibroblasts, gingiva, hyaluronic acic1, inflammation'
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Gingival tissue is a particularly useful rnodel for studying the effects of chronic
inflammation on extracellula-r components (Narayana' and page, 19g3). using this
model' we have shown that chronic inframrnarion ,er'-rlt, in -rrË.á clepáiyrnerization
of hyaluronic acid
addition, we have ]lt-?^^),'tl
cliffer phenotypicat ;ir::i-ïi:thesis (Bartold ancl of bacteria
associated with gingival inflammation can incluce ìncreasccl hyaluronic acicl synthesis

er al., 1983; Larjava,19g4). In order to
Iterations of the extracelÌular nonfibrous

rave cultured these cells from normal and
tLrclied their ne,"vly synthesizecl hyaluronic

Materials and Methods

Materials

Guanidine HCI was pLrrchased from s ¡na chemìcal co., st. Louis, Mo; strepto-
myces hyalLlronidase and chondroitinase iBC (proteus uulgaris)from seìkagaku'l(o_gyo Ltd.,._Tokyo Japan through Miles Laborarories lñ.., Êlkhort, IN; sodium
dodecylsulfate (SDS)' from BioRad Laboratories, Richmo
pharose CL-48 and DEAE-Sephacel from pharmacia Inc.
Vogt medium, fetal calf serum (FCS), phosphate_bufferecl
lin and strepromycin from Grand tsland tiiological Co.,
culture plastic ware wasJrom Falcon plasricr, ö*nard, óe,o-¡e-rH]-glucosamine ancl
[35s]-sulfate from New Engla'd Nuclear, Boston, MA; Aquacide from calbiochem,
LaJolla, CA and Aquarnix from WestChem, San Diego, CÁ.

Fibroblast Cultures

Fibr om human volunreers with healthy gingi_
vae ân undergoing treatment for chronic ferio_dontìti et at.,"J,e7ï). Ti;-;;;-;ì gingivat fibro_blasts ") were designated HGF; HGF25 and

rth termed .,inflamed fibroblasts") were

: .. parer.rt popula_

f:: ,ilä::ïîi:í
cult n in Drlbecco-

Vogt medium supplemented with 10% hear-inactivated, fetal ."lf seru-, 100 units/rnl
of penicillin, 100 pglml of streptomycin ancl 2 mM glutamin e at 37 "Cin a humidified
atmosphereof 5% co2 andg5ok air. ceilsbetweenih.stt, and,r2thp;;"g.ìnculrure
were used.

¡3 H1 -G tuco s amine Lab eling

cells were released from the 75 cm2 flasks by rrearmenr with 0.05% trypsìn in
phosphate-buffered saline (pBS) for 5 min at 37.c. The cells were then plated intriplicate at an inìrial density of 500,000 cells inro 35 mm petri dishes in 5 ml of



¡nedi
*o",i,'i'r3,Ì;;'Lls rlere a,lÌor 

lnf'la¡nmatior

st¡ains s¡,,-r: ', "'&edium. ll^ll 't âttach. s^"-^, 367
ro r d ; j,f ::. * î,ä'ii:ï; *,i" : ; i'ff ';.'"":f 

'-¡ an d H)¿a r u¡oni c A ci cl

*or,.Jjii.r^",,,*o,lï;lf i., r¿..ìî1 i",*..n .":1,;:;:l illi,;::: with dairy

åîff iî,ff i:',f;#,'åiîrilü{:,.,":kf f J::i*,;#,*l;;*i,;::l
i;#.ifi ;'g;,ffi ïü"'íJf ti!i:!^2ii;,?,1í::Tjii.î:"ïi,îï:1";;
,nr,r,.,.'ïrl"-ilÌJ;;;*,.i:'¡.' "ä"'"""j.''h '.""åiîl'l;:.",:1i"""J1;;:$ïi:;
jflæ:1,:1;:lï:'J;:'"."öf¡i:';';:'iiål::v**äflioP;*;,r3á''
*ui,,îi¿1,,1J,1.,*å'tï:i,"i;îiíi,i::iJffi ji,lü",i,::*:ll,f *lilil?aliguois *:-i"9n fo. futu," l_'iirugation. TJ'. L,li, tn. .,

".",.,,"¡dliå;i-;i;;,Jjå1.,1;:,::f lffi ä1iï:".i,ff 
'ïiåiij,:h:o;*.i,ii

Anatvsis".)r^n:r"','-""'nt 

c --"'uc¡s using a *::Í:ÍíllÏË;1r::#

,,,# i;i:::";':í #, #:: : :
ff [ïi:lrir$:!¡¡:;:Ìi$iliiîïi;ij:î:,^wasdiarr
1... r, k.n / ù$ rhe, ri¡, r 

"" 
r,ïlï'l jìi' i,ïÍi; ITY Td::ffl ä1'@^.1/,g,',,

m* *firufiïruå#*tffi

mffiffimffi

ffi
25 Corraeen il4 

- ' -r/ was ,¡"' oår..å1"äcounrins;;;d;:ff,,'r1í.ti:H,rïil



368 p.M.Bartoid *'. t^:::: 
or the media "!:îå1,*u 

t#ilt":ï ce[s in the

,uH$*înü*

wm$$p 
-ffi

ï;î îä :ï :;'-' *** íl*ç;**n""'ru'{"i'-t''ffi
".tt 

-'**; il ",ilt :lqi;: l;X t' HlJ* ", :' ::[ :ï:ii 
":i, :' 

*ç;;
iruf ;; i X l ii r 

.': \lffi l*i:* ^l;åXç;l n ç i :itJ:**l
o, o n o,,, o n' 

-; 
i 
":,î:iil 

iTi'''. i ¡t¡'gt ixl: ii :ïi * ili il.ìT r::i'5 
: îl,i:'.

,::': ¿r,rt, ï'; ìiì; *t, l î, ",1.1i,,[i:Jf J..';|t;!,' 
" "u'o" 

***i I u'po

;,.rrç';;u*;irui*p::*.,¡ælË,!ffi "ti'i.it"'f*orthese':tãii'1"-lt"iol,3iiiT;'ut"**rä:tt"^i::niåiìrþ1rs1,;f;'!r-r

:" * ü¡i.:r*: 
"'q 

ci rîlfr-tlåîlfFi*'
columr

""'-ti:.t't',*:t':iffi llU*tçl*mi'Ïilxvu:ìÏìi''ï"*"'lî'*:iIik;::jJ:ì"i';;
volun



lnflammation and Hyaluronic Acid 369

Statistical Analyses
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Results

Table I. [rHj_Ct

Cell St¡ains

Normal

ucosamine Incorporated rnto Macromolecuies"

HGF24
FIGF,.
ucn-

Total CpM
1.23,166
116,762
130,40g

123,445

15 5 ,507
240,922
197,170

Inflamed 1'HGF10
J HcFrr
I HGFIr

108353 + 8947
149793 + 11691
r1so68 x yse)

47154 + 2201
e1129 x 389,
66102 + 1499
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Table tl. Proportron of [rH]-Glucosamtne
Present as HYalurontc Acid"

Cell LaYer
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Table IIL Dist¡ibution of Hyaluronic Acid

Discussion
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Distribution of Chondroitin Sulfate and Dermatan Sulfate
in Normal and Inflamed Human Gingivae

P.M. BARTOLD1

Departrnent of Pathology, [Jniuersity of Adelaide, Adelaide, South Australia, Australia

The effect of inflammation on the distribution of chondroitin
sulfate and dermatan sulfate proteoglycans was assessed after
normal and inflamed human gingivae were stained with mono-

clonal antibodies against these extracellular matrix macromol-
ecules. The tissues were obtained following periodontal surgery
and reacted with specifrc antibodies after pre-treatment with
chondroitinase ACII or chondroitinase ABC, and staining was
visualized by the immunoperoxidase technique. The results
indicated that these two proteoglycans were present in both the
4-sulfated and G-sulfated isomeric forms. While chondroitin
sulfate appeared to be uniformly distributetl throughout the
connective tissue, dermatan sulfate showed greater intensity of
staining in the areas immediately subjacent to the epithelium'
Positive staining for chondroitin sulfate was noted in the inter-
cellular spaces of the epithelium. In inflamed tissues, there was
significant staining associated with 4-sulfated dermatan sulfate
and chondroitin sulfate, but this had lost the structured pattern
of staining noted in normal sections. The 6-sulfated isomeric
forms were greatly reduced in inflamed tissues and tended to
show a predilection to be localized within the perivascular tis-
sues. In the inflamed tissues, there was intense staining for
chondroitin sulfate associated with the infiltrating inflammatory
cells. These frndings corroborate earlier biochemical studies on

normal and inflamed gingival tissues. The specifrc tissue local-
ization of dermatan sulfate and chondroitin sulfate in tissues
damaged by inflammation indicates that, as opposed to the large
loss of collagenous material noted during inflammation, there is
not a corresponding large loss ofproteoglycan. Indeed, at specific
inflammatory foci, the intensity of staining for these macromol-
ecules may intensify.

J Dent Res 71(9):1587-1593, September, 1992

Introduction.

Following recognition that the gingival tissues provide the
milieu for the first line of defense against bacterial initiation
of the periodontal diseases, both the fibrous and non-fibrous
components of these tissues have received considerable atten-
tion (Narayanan and Page, 1983; Bartold, 1987). The major
extracellular non-fibrous macromolecules of human gingivae
are proteoglycans and hyaluronate. By virtue of their hig'hly
anionic charge, these components have been implicated in
numerous cell-cell, cell-matrix, and matrix-matrix interactions
(Ruoslahti, 1988).

The proteoglycans of human gingival connective tissue and
epithelium have been studied biochemically and the principal
components identifred as dermatan sulfate, chondroitin sulfate,
and heparan sulfate (Embery et al.,1979; Bartold et al., l98l).
Although not strictly considered a proteoglycan, due to the

of structural changes has been noted for proteoglycans extracted
from inflamed tissues (Purvis et al., 1984; Bartold and Page,

1986). Thesefrndings ledto aproposalthattherates ofproteoglycan
synthesis may be altered in inflamed tissues and that there was

plobably rapid clearance ofdegraded proteoglycans from the site
of inflammation (Bartold and Page, 1986).

site
196
ed,
enti

antibodies to specifrc epitopes of extracellular matrix compo-

nents, it is now possible to identify these components positively
in tissues with ã degree of accuracy not possible previously.

Therefore, it was the aim ofthe study to use well-character-
able of detecting specifrc carbohy-
s to determine the distribution of
an sulfate within both normal and

inflamecl human gingival tissues.

Materials and methods.

speci
hors
from
ntibo

chased from ICN Biochemicals, Lisle, IL' Chondroitinase ACII
and chondroitinase ABC were purchased from Seikagaku Kogyo

Pty. Ltd., Tokyo, Japan. AII chemicals used, unless otherwise

inflammatory status of the tissues.
Primary antibodies.-:lhe primary antibodies used were 9-A-
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Fig. 1-Histological appearance ofleplesentative hematoxylin- and eosin-stained sections oftissues assessed clinically as normal or inflamed. Thenormal tissue (a) shows a dense collagenous connective tissue with only a few inflammatory cells present. The inflamed iissue (b) shows a very denseinfiltration of inflammatory cells with little coÌlagenous connective tissue evident. Bar = 10b ¡rm. Abbreviations: E, epithelium; CT, connective tissue.

2 and 3-B-3, and these have been well-characterized and used

cpitopes contain delta-unsaturated hexur,ulir: auitl resitlues ad-
jacent to N-acetyl galactosamine residues in either the 4- (anti-
body 9-A-2) or 6- (antibody 3-B-3) isomeric form. Because these
disaccharide epitopes are ubiquitous to all chondroitin sulfates
and dermatan sulfates, these antibodies are not tissue- or spe-
cies-specific. Thus, they represent a very useful tool for the
general screening of any tissue for the presence of dermatan
sulfate and chondroitin sulfate.

Immuno
re-hydrated
methanolco
endogenous
were washed with phosphate-buffered saline (PBS), the epitopes for
antibody recognition were generated by digestion with chondroitinase
ACII or chondroitinase ABC in 70 mmol/L sodium acetate, pH 6.0,
or 50 mmoUl Tris HCl, 60 mmol,/L sodium acetate, and 50 mmoVl
sodium chloride, pH 8.0, respectively, for 30-60 min at B?.C. Control
sections were incubated in the respective buffers but in the absence

staining intensity (Gown and Vogel, 1984).

Results.

Control of repr
from no gingival
with he wn in F
tissues derately
tissues with a mild inflammatory cell infiltrate. The epithelium
showed no overt degenerative changes. The inflarned tissues(Fig d by dense inflammatory cell inflrltra-
tion chitecture, and some early degenera-
tive ial tissues. The results ofreaãtion of
slides with either the 9-Ã-2 or 3-B-B antibody in the absence of
pre-treatment with an appropriate eîzyme are shown in Fig. 2.
The degree of nonspecific staining by the two antibodies las
negligible,

tively unchanged with respect to that ofhealthy tissues. Similar
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Fig.2-Controlimmunoperoxidasestainingofnormal(a,b)andinflamed(c,d)gingiva. Sectionswereincubatedintheabsenceofeitherchondroitinase
ACII or chondroitinase ABC and were en leacted with monoclonal antibody 9-A-2 (a,c) or 3-B-3 (b,d). Bar = 100 ¡rm. Abbreviations: E, epithelium; CT,
connective tissue.

patterns ofstaining were achieved following chondroitinase ABC
digestion (results not shown).

C onnectiue tissue : distríbution of 4 - sulfated isomers. -Pre-tieatment of tissue sections with chondroitinase ACII or
chondroitinase ABC followed by reaction with aniibody 9-A-2
permitted the detection of chondroitin- or dermatan-4-sulfate,
respectively (Fig'. a). While the distribution of chondroitin-4-
sulfate was relatively uniform throughout the connective tissue,
4-suÌfated dermatan sulfate demonstrated a stronger reaction
and in particular localized in the tissues immediately subjacent
to the epithelium. In healthy tissues, these components showed
a strong Iocalization to the collagenous elements demonstrating
a densely-packed fiber arrangement. In inflamed tissues, much
ofthis uniform architecture was lost, with obvious disruption to
the fibrous appearance and generalized evidence oftissue disrup-
tion. The sections stained for chondroitin-4-sulfate also showed
strong positive reaction at sites ofinflammatory cell infiltration
localizing to the cell membranes and the immediate pericellular
environment.

C onne ct iu e ti s s u e : di str ib ut ion of 6 - s ulfat e d i s o m er s. -Chon-droitin sulfate and dermatan sulfate in the 6-suÌfated isomeric

form were detected following reaction of sections with antibody
3-B-3 after chondroitinase ACII and chondroitinase ABC, respec-
tively (Fig. 5). The pattern ofstaining was slightly different from
that noted for the 4-sulfated isomers. In normal tissues, dermatan-
6-sulfate was present in reduced amounts compared with the 4-

sulfated isomer and sho\ryed little specificity for the immediate
areas subjacent to the epithelium. AÌthough the G-sulfated
isomer of chondroitin sulfate continued to show a uniform dis
tribution throughout the connective tissue ofthe normal gingival
specimens, it also showed a degree oflocalization around hlood
vessels which was not evident for the 4-sulfated isomer. In
inflamed tissues, the distribution of the 6-isomeric form of chon-
droitin sulfate indicated an obvious Ioss oftissue integrity, with
an increase in staining localized to the cell surfaces ofinflrltrating
inflammatory cells. The pattern of staining for dermatan sulfate
in inflamed tissues became very sparse, with small areas of dense
staining associated with residual coÌlagenous structures.

Discussion.

By use of the antibodies 9-A-2 and 3-B-3 in conjunction with
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Fig. 3-Immunopeloxidase staining of normal (a) and inflamed (b) gingiva with monoclonal antibody g-A-2 after chondroitinase ACII digestion. Note
the presence ofreactive material within the intelcellular spaces ofthe epithelial tissues. Bar = 50 ¡r"m. Abbreviations: E, epithelium; CT, connective tissue.

specific glycosaminoglycan lyase elimination, it has been pos-
sible to demonstrate the presence ofthe 4- and 6-suÌfated isomers
of chondroil,in sulfate and dermatan suìfate jn nnrmaì anrl in-
flamed human gingivae. Such specific histochemical identifica-
tion and Ìocalization has hitherto been unattainable due to the
poor specificity ofvarious histochemical Cyes and methodologies.
Although other glycosaminoglycans such as hyaluronate and
heparan sulfate are present in gingival tissues, this study fo-
cused upon the quantitatively major sulfated glycosaminogly-
cans ofhuman gingivae, chondroitin sulfate, and dermatan sulfate.
This is not intended to downplay the importance of heparan
sulfate and hyaluronate but mereÌy reflects the ready availabil-
ity ofspecific probes and represents a logical reference point from
which to begin localization studies on other uronate-containing
macromolecules of normal and inflamed human gingivae.

The demonstration of reactive material in the intercellular
spaces ofgingival epithelium is particularly noteworthy. Despite
reasonable histochemical, biochemical, and autoradiographic evi-
dence indicating the probable presence ofsulfated glycosaminogly-
cans in gingival epithelium (Thonard and Scherp, I962;Embery et
al., 1979;BaúoId, et a\.,1981; Wiebkin and Thonard, 1981; Takata
et al., 1990), there have been reports casting doubt on such a
presence (Pedlar, 1979). Moreover, immunohistochemical studies
have noted an absence of staining for glycosaminoglycans in skin
epidermis when the 9-A-2 and 3-B-3 antibodies are used (Couchman

et al.,1984; Sorrell eú ol., 1990). Indeed, during the initial stages of
this study, we encountered similar problems in which no staining of
lhe e¡itheìiaì intercellular spaces was notecl (results not shou'n).
However, upon addition ofcetylpyridinium chloride to the frxative,
it was possible for the localization ofproteoglycans in the gingival
epithelium to be significantly improved. Such results are presumed
to arise from the precipitation ofglycosaminoglycans in the tissue
spaces by the CPC (Kupchella et al., 1984). At present, it is unclear
why there should be selective loss of staining material from the
epithelium and not from connective tissue. Nonetheless, these
results highlight the need for particular care in attempts to localize
epithelial proteoglycans. From the evidence presented in this
study, it seems clear that at least chondroitin sulfate (and possibly
a minor amount of dermatan sulfate) is present in the intercellular
spaces of human gingival epithelium. From previous autoradio-
graphic studies (Wiebkin and Thonard, 1981), the source ofthis
material is presumed to be the epithelial cells, and with the devel-
opment ofmolecular probes, it is anticipated that the epitheÌial cells
specifically responsible for proteoglycan synthesis will soon be
identified. Indeed, although celÌ-surface- and epithelial-tissue-
specific proteoglycans such as Syndecan have been identifred in
other ectodermal tissues and cells, precise identification of the
particular proteoglycans in gingival epithelium must await further
use of specific antibodies and cDNA probes.

The distribution ofchondroitin sulfate and dermatan suÌfate



Vol. 71No. I PROTEOGLYCANS IN NORMAL AND INFIÀMED GINGIVAE 1591

d

_Fig. 4-Immunoperoxidase staining for chondroitin-4-sulfate in normal (a,b) and inflamed (c,d) gingiva with monoclonal antibody g-A-2 after digestion
with chondroitinase ACII (a,c) and chondroitinase ABC (b,d). Bar = 50 p,m.

observed in the present study is in agreement with that reported
by Shibutani et al. (1989). Dermatan-4-sulfate is the most
strongly stailing glycosaminoglycan and tends to Iocalize to the
immediate subepithelial regions. Chondroitin-4-sulfate tends to
be more evenly distributed throughout the connective tissue. The
6-sulfated isomers of dermatan sulfate and chondroitin sulfate
show some differences in distribution, with dermatan-6-sulfate
being uniformly distributed throughout the connective tissues
and chondroitin-6-sulfate being specifically located in the
perivascular regions as \ryell as more generally throughout the
connective tissue. All of the isomers studied appeared to be
closeÌy associated with the fibrous elements of the gingival
connective tissue, conflrming previous reports on the association
between various glycosaminoglycans and collagens (Scott and
Orford, 1981).

An additional anomaly to arise from this study was the
identification of chondroitin-6-sulfate. This was unexpected,
since previous biochemical studies on human, canine, and bovine
gingiva had failed to identify this isomer (Tawa eú al.,lg76;
Sakamoto et a|.,1978; Embery et al.,lg79; Bartold et al.,Lg8l).
Nonetheless, recent immunohistochemical studies (Shibutani ef
ø1., 1989) have indicated the probable presence oftrace amounts
ofchondroitin-6-sulfate in gingival tissues. Such findings high-

light the extreme sensitivity of antibodies for detecting specific
connective components.

The distribution of the various glycosaminoglycans under
consideration in inflamed tissues showed some specifrc differ-
ences with respect to the healthy tissues. Of particular note was
the obvious loss ofnormal tissue architecture. However, despite
the reported massive loss of collagen in inflamed tissues (up to
7\Vo wiLhin seven days of initiation of inflammation) (Payne e/
al. , 197 5), it is interesting that, even with the obvious inflamma-
tory-induced changes, there were still significant deposits of
chondroitin sulfate and dermatan sulfate in these tissues. In
particular, the 4-sulfated isomeric forms appeared to remain
quite prevalent in infiamed tissues. Such a finding helps to
explain the earlier biochemical flrndings of few quantitative
changes in the levels of glycosaminoglycans between normal and
inflamed gingival tissues (Bartold and Page, 1986). It was also
interesting to note the intense staining ofchondroitin sulfate in
association with the infiltrating inflammatory cells. Such an
observation lends additional support to observations that both
polymorphonuclear leukocytes and lymphocytes synthesize and
secrete chondroitin sulfate and that for lymphocytes this synthe-
sis can be dramatically increased by mitogen stimulation (Bartold
et al., l989a,b). Consequently, it now remains to be established
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Fig. 5-Immunoperoxidase staining for chondroitin-4-sulfate in normal (a,b) and inflamed (c,d) gingiva with monoclonal antibody 3-B-3 after digestion
with chondroitinase ACII (a,c) and chondloitinase ABC (b,d). Bar = 50 p,m.

whether the production of proteoglycans by inflammatory cells
is suffrcientto replace the native extracellular matrix proteoglycans
destroyed by the inflammatory process and thus explain the
enigmatic presence of significant quantities of proteoglycans in
inflamed gingival tissues.

In conclusion, the present data serve to confirm that the
gingival tissues undergo significant structural alterations dur-
ing inflammation. Furthermore, the presence of discernible
quantities of proteoglycans localizing in the immediate vicinity
of inflammatory foci indicates a possible role for these macromol-
ecules in inflammatory cell function and wound repair.
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Summary. The gingival tissues of a male patient suffering
from mannosidosis and presenting with gingival over-
growth have been studied. Routine histological assess-

ment highlighted the presence of highly enlarged and
vacuolated lymphocytes. The morphology of the connec-
tive tissues, f,rbroblasts and epithelium appeared normal.
Immunohistochemical staining of the tissues for chon-
droitin sulfate proteoglycan demonstrated a normal dis-
tribution of this component throughout the connective
tissues and intense staining associated with the vacuolat-
ed lymphocytes. In vitro studies indicated that fibro-
blasts isolated from the overgrown tissue did not differ
from age and sex matched control hbroblasts with re-
spect to proliferation, protein and proteoglycan synthe-
sis. Taken together, these findings imply that the gingvial
overgrowth noted in this patient was not due to a defect
in the resident f,rbroblasts but rather reflected a second-
ary response of the tissues to impaired host defence
mechanisms.

Key words: Mannosidosis Fibroblasts - Proteoglycans

- Gingiva

Introduction

Mannosidosis is a rare lysosomal enzyme storage disease

of which approximately 100 patients have been reported
(Beaudet and Thomas 1989). Originally described by
ökerman in 1961 , this autosomal recessive disorder
manifests as an accumulation ol mannose-containing
oligosaccharides due to a lack of activity of either ø-

mannosidase or p-mannosidase. Of the reported cases

to date, ø-mannosidosis is more common than B-manno-
sidosis (Cooper etal. 1986; Wenger etal. 1986). Al-
though only seven cases of B-mannosidosis have been
reported (van Pelt et al. 1990), this condition is very
common in some animals, especially the goat in which

Correspondence to: P.M. Bartold, University of Queensland De-
partment Dentistry, Turbot Street, Brisbane QLD 4000 Australia

the phenotypic expression of B-mannosidosis is more se-

u"re tha.t in man (Jones and Dawson 1981; Hancock
et al. 1986). In addition to the two different enzymes
which may be affected, mannosidosis, in humans' may
be further classiflred according to its onset and severity
(Desnick etal. 1976). For example, type I mannosidosis
is a severe and olten fatal infantile form while type II
mannosidosis is a milder form affecting juveniles and

adults (Beaudet and Thomas 1989). Although mannosi-
dosis demonstrates a degree of clinical heterogeneity'
some general features may be noted. Of these, mental
retardation, coarse facies, deafness, hepatomegaly, her-
nias and ocular opacities are common ftndings (Spranger
et al. 1916; Yunis et al. 1976; Gordon et al' 1980; Mit-
chell etal. 1981; Patton elal. 1982). Nonetheless, the

ultimate diagnosis is derived from laboratory tests which
demonstrate absence of either ø-mannosidase or B-man-
nosidase in fibroblasts, lymphocytes and serum. In addi-
tion, vacuolated lymphocytes together with the absence

of mucopolysacchariduria but presence of elevated levels

of mannose-containing oligosaccharides in the urine are

diagnostic features of mannosidosis (Loeb etal- 1969;
Autro et al. 7913; Mónus et al. 1977).

Most of the lysosomal enzyme disorders in humans
are related to incomplel"c catabolism of glycoprotcins,
glycolipids or glycosaminoglycans. As a consequence'
ihere is an accumulation of partly degraded metabolic
products which leads to compromised cellular and tissue

iunction. Because glycolipids, glycoproteins and glycosa-

minoglycans are fundamental metabolic components of
all cells, the end result of lysosomal disorders is multifa-
ceted. Therefore, it is not surprising that these disorders
demonstrate a wide range of connective tissue alter-
ations, many of which have been well documented. Non-
etheless, the effects of mannosidosis on the oral tissues

(both hard and soft) have been poorly defined.

Biochemical and immunohistochemical studies
on oyergrown gingival tissues associated with mannosidosis
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Materials and methods

Mqterials. Dulbecco's Modification ol Eagle's Medium (DMEM),
letal call serum, non-essential amino acids, penicillin and strepto-
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lrlycirì were all purchased flom Flow Labolatolies Australasia,
North Rydc. NSV/; all tissue culturc ware was prrrchased fi'otn
Nunc, Roskilde, Denrlallc; guanidine HCl, L-glutan-rinc and dia-
rninobenzidine wele pnrchascd ft'om Signra Clremical Co., St.
Louis, MO; rronoclon¿rl antibociy 9-A-2 against the unsattur.ated
disaccaridc (zlDi-4-sulfate) of chondloitin sullate was purchased
fi'om TCN Biochemicals, Lisle, IL; biotinylatcd spccies spccific
anti-rnouse immunoglobulil and biotinylated horseradish peloxi-
dase-Stleptavidin cornplex were purchased lrom Amelsham, Nor-th
Ryde, N S.W. Australia; chondloitinase ACII (Athrobacter aure.s-
cens) was h'om Seikagaku Kogyo Pty. Ltcl., Tokyo, Japan; [6-tH]-
thymidine (22 pCi/mMol), L-[5-3H]-pLoline (15-40 CilrnMol) and
[3sS]-sulfate (25 a0 Ci/mg) wele from Amersham (Austtalia), Sur.-
rey FIills, NSW, Australia; Sephadex PD-10 colurnns fron Pharnra-
cia Fine Chemicals, North Ryde, NSW, Austlalia; Ready Solv
liquid scintillation fluid lronr Bcckrnan (Australia), Gladcsville,
NSW, Ansh'alia ZeLa probe nremblanes and Bio-dot microfiltra-
tion apparatus wele lront Bio-Rad Labolatories, Nor.th Ryde,
NSW Austlalia.

Source of ti,çsLta. A 40 yeal old white llralc was relenod to the
Feriodontics Unit olthe Vy'estnread Hospital Clinical Dental School
(Sydney, Australia) lor rnanagement ol gingival ovelgrowth. A
complehensive rnedical history ildicated that the patient had been
pleviolrsly diagnosed as sulleling fi'om ø-mannosidosis (based on
alì assesslrent of nralltosidase levels in skin fibloblasts, oligosac-
charide scarrs arrcl rnolphology ol periphclal blood lymphocytes
carried out at the Center lol Lysosornal Stolage disordcls, Adelaide
Childlen's Flospital) Olpar:ticular ciental note was the pr.esentzrtion
ol excessive gingival overgrowth which coveled ovcl. two-thirds
of thc teeth present. Since thcre w¿rs no kuown history olitgestion
olrredications which rnight induce gingival overgrowth, a pr.elinìi-
nary diagnosis of gingival ovelgrowth assocìated with tlie condition
ol mannosidosis was nrade. A conrprehensive case r.eport of the
clinical leatures is currently being compiled lol publication by the
clinicians dealing with this case.

Ilistology. Portions of ovelgrowu gingival tissncs ft'orn around tlìe
labial surlace of the r"rppel antetior teeth obtained dur.ing gingivec-
tomy were lrxed in 10%o formal-salinc, embedded in paraflin r-rd

5 ¡Lm scctions were cut. Rontine staining \ùith cither Haematoxylin
and Eosin o;: Peliodic Acid Schiff was calr.ied out priol to histologi-
cal assessrnent lor gelelal cell and tissue morphology.

Intntunoltistocltenistry. Sections (5 pm) were cut ftom the paraffin
blocks and, following lemov¿rl of tl-re palaflin and lehydration,
the sections were pre-treated with chondloitinase ACII (0.5 Units/
ml) for' 3 h, washed with phosphate bulleled saline, and incr¡bated
with the rnonoclonal antibody 9-A-2 for 2 h (Couchrnan et al.
1984). The sections were then reacted with hiotinylated peloxìdase-
corìjugated streptavidin prior: to color developnent with diarnino-
benzidine and nickel chlolide enhancemerrt. Contlol sections were
incubated in the absence olchorrdroitinase ACTT

Fibroblast cultures. Human gingival fibloblasts were obtained by
explant culture as desclibed previously (Narayanan and Page 1976)
lrom overgrown gingival tissue biopsies lrom the mannosidosis
patient. Age- and sex-matched flrbroblasts derived fron healthy
human gingival biopsies served as a lelerence source. The cultures
thus obtained wele loutinely tested lol mycoplasma infection and
lound to be negative fol this organisrn. The cells we¡e maintained
in Dulbecco's Modilication of Eagles Medium (DMEM) supple-
mented with 10% heat-inactivated fetal call serun.r (FCS), 2 mM
glutamine, 100 Units penicillin, 100 pg/ml streptomycin and non-
essential amino acids in a humidjfied atmosphere olair'/CO, (9:1)
at 37" C. Cells between thc 4th aud 10th tlanslel in culture were
used.

Fibroblast DNA synthesis atd proliferotion assays. To determine
the level of DNA synthesis in cells derived lrom both normal and
overgrown tissues, human gingival fìbroblasts were seeded, in trip-

licate, into 24-well plates (which hold approximately l0s cells at
confluence) at arl irli{ial clensity o120000 cells pcr.rvell and allor.ved
to attach and spread overnight in DMEM colltainirlg 10% FCS.
The rnediun-l was tireu leplaced with 500 pl/weli of DMBM alone
and .inclLbated lol a lulther' 48 hour. Ttris rnedium was theu re-
rnoved and replaced with n-redium containing 10% FCS. After. 20 h
incubation [3II]-thymiclitìc rvas added to thc nediuur to givc a
fin¿tl concentlation ol I ¡rCi/nrl. The cells were incubated for. a
further' 4 h alier which thc nrediurn was l.er.noved and the cells
washed thlee tirres with 500 ¡rl PBS. The cells wer.e therr washed
twice with PBS and DNA then precipitated wjth 600 ¡rl TCA at
at 4" C for 2 h. The cell layers wele then lysed with arl equal volume
of 0.1 M sodjum hydloxide fbr 60 min at 50' C. The r-adioactivity
in the extracted matelial was detelmined in a Beckrnan LS-2800
Liquid Scintillation Counter. This assay has been shorvn to repr.e-
serrt accnlately in vitro division of fibroblasts (Wahl et al.1919)

Cell glowth was also assessecl ovel a 5 clay per.iod using a
colorimetlic assay (Matthews and Neate 1987). Cclls wer.e plated
at an initial density of 10000 cells per r.vcll iuto 4-wcll plates and
incubated in DMEM supplenrcnted with 100,á trCS. At ilaily intei-
vals tlre rrredinm was rernoved and the cells fixed in 2.5o/" (vlv)
gluteraldehyde). At the end of 5 days all fixcd cells wcrc w¿rshed
with distilled water and then exposecl to 400 ¡l 1o% aqueous crystal
violet. Alter staining fol' 5 min the plates were washed exhaustively
with watel and the cells solubilized with 1 ml ol 33% (v/v) glacial
acctic acid aud the absorbance lead at 580 nm alter 5 min.

Protein syntlrcsis. Plotein synthesis by gingival fibroblasts \ilas as-
sessed by deten¡ination ol the irrcolporation of [3H]-pr.oline into
rnaclontolecular material ovel a 48 h period. Briefly, tL.iplicate cul-
tu¡es ol coltflnent cells (1 .< l0s cells per welt) h.orn either nor-rnal
or overglown gingiva i't 24-well plates were irrclLbated in the pr.es-
ence of 10 ¡LCi/rnl [3H]-proline. At 2, 4,8, 24 and 48 h intervals
the rnedium was removecl and the cells washed once with 250 pl
PBS. Thc wash and medinnl were pooled and the cell layer-s extract-
cd with 500 ¡rl guanidine HCI at 5" C for'24 h. Aliquots h.om both
the mediunl and cell layer extracts (500 pl) were chr-or.natographed
on Sephadex PD-10 columns in the presellce of 4 M guatidine
HCI/0.05 M sodiurn acetate pFI 5.8. Radioactivity in 0.4 ml effluent
fractions was detelmined by liquid scilttillation cor,urting. The
amount recovered in the void volume plovided a measure ol incor-
poration of radiolabel into newly synthesized macromolecules. Re-
covery lrom these columns was apploximately 85%.

Proteoglycan syntlrcsis. Ploteoglycan synthesis by fibroblasts de-
lived from no¡mal and ovelglown gingiva was assessed using a
solid-phase assay (Rapraegel arrd Yeaman 1989). Br.iefly, tr.iplicate
cultures ofconfluent cells from either nolmal or overgrown gingiva
in 24-well plates were incubated in the preserce of 20 ¡rCi/ml [3sS]-
sulfafe lor 48 h At various time inten¡als (2, 4, 8, 24 and 48 h)
the medium wash removed alìd the cell layels washed with 500 pl
PBS. The medium and was were pooled to make up the medium
û'action The cell layers were then extractcd overnight at 4" C in
8 M ulea containing 10 mM Tlis HCl, 1 mM sodium sullate and
0.1% Triton X-100. Aliquots (200 ¡Ll) ft'om both the medium and
cell layer lractions were applied onto Zefa probe membr.anes as-
sembled in a Bio-Dot apparatus and filtered thr.ough under vacu-
um. The membranes were removed lrom the apparatus, washed
twice each in Tris-buffered saline, deionized \ilater and 95%o efha-
nol. Alter drying, the membrâne was cut into small pieces and
added to 5 ml scintillation fluid and the amount of r.adioactivity
present dete¡rnined by liquid scintillation counting.

Strttistical analyses. All data were subjected to statistical analysis
using the method ofanalysis olvanauce.

Results

Routine histological assessment of the excised over-
grown gingival tissue revealed a relatively nor.mal width
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Fig. la, b. Histological appealance ol
gingival biopsy sections. a Sectiotts
stained with Haematoxylin and Eosin
showing lelatively uot'mal epitheliurn
with a moderately inflamed underlying
connective tissue. Magnilication 25 x .

b Highel power view showittg enlaqged

and vacuolized infiltlating lyrnpho-
cytes. Notc the nolmal appearance of
resident hbloblasts. Magnif ication
100 x

Fig. 2. Gingival biopsy sectious staiued
witlr PÂS slrowing abundlrtrt positive
rnaterial for glycoploteins withirr the
vacuoles ol the enlalged lyrnphocytes.
Magrif-rcation 200 x
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a

Fig. 3a-c. Immunohistochemical local-
ization of chondloitin sullate in sec-
tions of the gingival biopsy. a Control
section incubated with monoclonal an-
tibody 9-A-2 in the absence of chon-
droitinase ACII digestion. Magnifica-
tion 25 x. b Section incubated with
monoclonal antibody 9-A-2 after di-
gestion with chondroitinase ACII.
Magnification 25x. c Section incubat-
ed with monoclonal antibody 9-A-2
after digestion with chondroitinase
ACII. Magnification 50 x



39s

Fig arance ol
gin (a) normal and
(b) . Magnification
230 x

of epithelium overlying a moderately f,rbrotic connective
tissue (Fig. 1). Although not specif-rcally quantitated,
there did not appear to be an excessive number of fibro-
blasts present. The morphology of both the epithelial
cells and fibroblasts appeared normal. Small foci of in-
flammatory cell inhltrates were noted. These comprised

ol normal collagenous architecture.
Reaction of the sections with PAS revealed a typical

staining pattern in the epithelial tissues. The connective
tissue elements were well defined in areas not inf,rltrated
by inflammatory cells. Of particular interest was the pos-

itive staining lor glycoproteins (possibly mannose-rich
storage products) in the vacuoles of the inhltrating lym-
phocytes (Fig. 2).

Immunohistochemical investigations using the mono-

ecognizes the unsatturated
ndroitinase ACII digested
relatively uniform staining

throug tissue (Fi
stainin ePitheliu
heavy on, there

loss of sue archit
for chondroitin sulfate. The enlarged, vacuolated lym-
phocytes showed intense staining with this.antibody on

iheir-cell surface and, to some extent, within the en-

gorged vacuoles.- fn" appearance of fibroblasts isolated fi'om gingival
tissues oi the mannosidosis patient as well as an age

and sex matched control subject is shown in Fig' 4' At
the light microscopic level, there appeared to be no evi-

denceã of intraceliular vacuolization or other morpho-
logical changes in the mannosidosis cells.

-The incoiporation of [3H]-thymidine into DNA by

the cells from both normal and overgrown gingivae is
shown in Fig. 5. Control cultures of cells incubated in
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the absence of ed lack of
f3H]-thymidine wing stim-
ulation of the as a large
increase in [3H] DNA. ño
statistical difference was found between this activity for
cells from either normal or overgrown tissues.

Although the incorporation;f [3H]-thyrnidine into
DNA is good indicator of cell pr.oliferation, it is not
a defìnitive lneasure since variability in the cell cycle
between different cells may be suff,icient to produce a6er-
rent results. Therefore, to confirm the above results, the
growth rates of cells derived form normal and over-
grown gingivae rvere assessed over a 5 day period
(Fig. 6). As would be expected, the cells cultured-in the
absence of'FCS failed to show any significant growth.
On the other hand, cells grown in the presence of rc"/o
FCS showed a steady increase in numbers after a brief
lag period during the first 48 h. No signiflrcant difference
between cells derived from normal of overgrown gingival
tissues were noted.

In addition to proliferation, analyses of the cells' bio-
synthetic activity was also assessed by monitoring the
total protein synthesis over a 48 h period (Fig. 7). The
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Fig. 8a, b. Proteoglycan synthesis by fibr.oblasts isolated from nor-
mal and ov€rgrown gingival tissues. The amount of proteoglycan
in (a) medium and (b) cell layer was determined and the data
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cultules.
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release of proteins into the culture medium did not differ
significantly between the different cells studied. Similar-
ly, analysis of the newly synthesized protein remaining
associated with the cells revealed no significant differ-
ences. Analysis of proteoglycans synthesis also failed to
show any significant differences between the medium
and cell layer fractions of cells derived from normal and
overgro\4/n gingivae (Fig. 8).

Discussion

Gingival overgrowth has been observed in a variety of
situations. The best recognized are those induced by var-
ious medications such as phenytoin, cyclosporine and
nifedipine (Hassell et al. 1980; Bartold 1987; Lederman
et al. 1984). Nonetheless, heavy deposits of dental
plaque, inherited familial as well as unidentified f,rbro-
matoses, and metabolic disorders have also been re-
ported to demonstrate various degrees of gingival over-
growth (Fletcher 1966; Johnson et al. 1986; Goodman
and Gorlin 1971). Of these, the metabolic defects are
of direct interest to the present study. Although many
of the drug-induced gingival overgrowth conditions may
be associated with an ultimate alteration in fibroblast
function, their manifestations are generally regarded as
reversible since remission ol the lesions commonly oc-
curs after withdrawal of the prescribed medication (Lit-
tle et al. 1975; Daly et al. 1986). However, rhis is not
the case for the disorders in which there is an existing
underlying metabolic defect in normal cellular metabo-
lism (Emerson 1965).

To date few reports concerning the metabolic dis-
orders have made note of effects on the gingival tissues.
Those which have made such a note include reports on
gangliosidosis and mucolipidosis (Goodman and Gorlin
1977; Nolan ancl Sly 1989), Both of these conditions
have a common feature in that they are lysosomal en-
zyme disorders and thus have a large potential to aflect
the normal metabolism and structur.e of all connective
tissues. In this respect it is not surprising that, in the
present report, gingival overgrowth has been found in
a patient suffering from mannosidosis which is also a
lysosomal enzyme defect affecting the complete degrada-
tion of mannose-containing glycoproteins.

Whether the gingival response in mannosidosis repre-
sents a direct manifestation of the disorder or is a sec-
ondary response is not entirely clear. For example, only
two reports dealing with mannosidosis have indicated
the manifestation of gingival overgrowth in this condi-
tion (Kistler etal. 1977; Daniel etal. 1981). The low
prevalence of this feature could be due to many factors.
For example it could be because it is not a normal feature
of mannosidosis, because it has been overlooked due
to more serious medical problems, or because few pa-
tients have been studied into their mid-adult life and
thus time for milder complications to develop has not
been available.

Regardless of the underlying metabolic problems, an-
other important aetiologic feature in gingival over-
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growth is dental plaque. An abundance of dental plaque
appears to be common to all but the hereditary familial
gingival fibromatoses. For most of the drug-induced
gingival overgrowth conditions, these responses may not
be a primary response to the medication but rather a
reversible secondary response to the presence of large
quantities of irritating sub-gingival plaque (Hassell et al.
7976;Bartold 1989; Friskopp and Klintman 1986). Such
is likely to also be the situation in the presently reported
case. The patient was moderately retarded, and self care
was not optimal. As a result, oral hygiene was poor.
Due to the likely compromised connective tissue metabo-
lism associated with mannosidosis, the protective mecha-
nisms normally present in healthy individuals may not
operate at satisfactory levels. Indeed, due to the com-
promised lysosomal enzyme function in the fibroblasts
and lymphocytes (Taylor etal. 1975), together with a
possible defect in neutrophil function (Quie and Cates
1977), one would anticipate the potential for uncon-
trolled host response to bacterial plaque irritation to
be high.

Several investigations have studied fibroblasts tiom
patients with mannosidosis with the principal area of
concern being the synthesis of ø-mannosidase. To date
several forms of this enzyme have been identified which
differ not only in their pH optima but also in their sub-
cellular and extracellular localization (Carrol ef al. 7972;
Marsh and Goulay 1971; Tabas and Kornfeld 1979).
'While there is normal excretion of ø-mannosidase into
the culture medium ol mannosidosis fibroblasts (Hult-
berg and Masson 1977) a defect lies in the enzymes asso-
ciated with the cell surface and intracellular compart-
ments (Taylor et al. 1975; Ben Yoseph eÍ" al. 1982; Halley
et al. 1980). Regardless of these findings, there does ap-
pear to be some variability to the degree in which the
enzyme activity is affected (Tsvetkova et al. 1980) and
this may account for the observed clinical heterogeneity
of mannosidosis (Beaudet and Thomas 1989).

Although the manifestation of gingival overgrowth
in this mannosidosis patient implies a modification of
normal connective tissue tun rover or metabolism, no sig-
nihcant differences were found between fìbroblasts from
normal and mannosidosis-associated gingival tissues
with respect to cell morphology at the light microscopic
level, proliferative responses or synthetic activity. These
f,rndings imply that the gingival response is not related
to an altered phenotypic expression of the mannosidosis
fibroblasts with respect to proliferation and matrix syn-
thesis. The absence of proliferative changes is consistent
with most of the reported lysosomal storage disorders
except for mucolipidosis III (pseudo-Hurler polydystro-
phy) in which fibroblasts with this disorder show some
loss of contact-inhibited growth regulation (Oohira et al.
1987).In addition, oul findings are consistent with other
lysosomal enzyme storage disorders in that, although
glycoprotein degradation is severely affected in these dis-
orders, the problem appears to reside solely with a defect
in the degradative enzymes and not in synthesis of the
glycoproteins (Fratantoni et al. 1968).

In conclusion, the gingival tissues have been studied
of a patient suffering from the lysosomal enzyme defect
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mannosidosis. Since no reliable defect in the isolated
hbroblasts coulcl be lountl, yet significant urorphological
changes were noted in the infiltrating lymphocytes, the

noted gingival overgrowth is considered to be a second-
ary response to external factors as a result of comprom-
ised host delense mechanisms.
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Papers 15 - 24 present the results of studies designed to investigate a variety of
factors which might influence proteoglycan and hyaluronan synthesis in the
human per¡odontal tissues. These studies compliment the earl¡er studies which
had considered the normal and inflamed tissues, but did not consider individual
parameters which might affect cell metabolism in the conte)Í of periodontal
inflammation.

Paper 15 provides a description of the differences in proteoglycans synthesized
by fibroblasts derived from the gingivae of donors of different ages. These
studies were impoftant in that they departed from the classical approach for
aging studies which used rn yitro senescence. Rather, cells of low passage
number from patients of varying ages were used. The major findings of this
study were that with increasing donor age, the cells proliferated at a slower rate
and that proteoglycan synthesis decreased. ln addition, with increasing donor
age, the proteoglycans synthesized by the fibroblasts became smaller and
contained an increased amount of heparan sulfate which became
progressively richer in N-sulfate with age. These various changes were
considered to reflect the general metabolic changes which occur with aging. ln
particular, the relationship between a decrease in proliferative activity and an
increase in heparan sulfate synthesis were considered to be directly related.

Papers 1 6 and 17 describe the effect of the cytokine interleukin-1 P (lL-1Þ) on
proteoglycan and hyaluronate synthesis by human gingival fibroblasts. At the
time of doing these studies, considerable attention was focused on lL-1p as
being a prime player in matrix degradation during inflammation. ln addition,

recombinant forms of lL-1p had just become available. Thus, it became
possible to address the effects of lL-1p using recombinant forms of this
molecule which were free from the confusing issue of possible contaminants
often found in purified tissue extracts of lL-'lB. These studies were amongst the

first to consider the effects of lL-1p on human fibroblasts, and demonstrated that

lL-1p was mitogenic for fibroblasts, as well as caused a dose-dependent
increase in both proteoglycan and hyaluronan synthesis. Although other
studies had implicated lL-1p in increased matrix degradation due to stimulation
of the release of matrix metalloproteinases, the results of the studies described
in papers 16 & 17 were thought to reflect some of the early changes which
occur in inflamed tissues, namely an increase in matrix synthesis to
compensate for loss due to enzymatic degradation.

Papers 18, 19 and 20 consider the etfects of bacterial products on proteoglycan
and hyaluronan synthesis by human gingival fibroblasts. Lipopolysaccharide
from a variety of oral and non-oral sources was found to modulate both cell
proliferation and matrix synthesis. ln culture supernatants from F. nucleatum,
ammonia and butyrate were identified as the principal components which
significantly influenced cell proliferation and matrix synthesis. These studies
served to highlight the impoftance of both metabolic and structural components
of oral bacteria in influencing fibroblast function.

During the late 1980's, numerous medications, apart from phenytoin, were
noted to be associated with gingival overgrowth. Of these, cyclosporine was
parlicularly interesting, in that its principle mode of action was via
immunosuppression, yet notable connective tissue changes were observed in



Proteoglycans of the human periodontium 3'1

the gingival tissues of patients manifesting cyclosporine-induced gingival
overgrowth. ln paper 2'1, several aspects of the direct effects of cyclosporine on
human gingival fibroblasts were explored. Cyclosporine was found to stimulate
cell proliferation in a dose dependent manner but did not significantly alter
protein or proteoglycan synthesis. This was considered to be consistent with
the histological picture of a generalized overgrowth of the tissues with a
propotlional increase in both cell numbers and matrix. A particularly interesting
finding from this study was that cyclosporine appeared to negate the inhibitory
effects of lipopolysaccharide on fibroblast proliferation which could explain, in
part, why the gingival overgrowth is often most prominent in areas of heavy
dental plaque accumulat¡on.

Paper 22 addresses the novel hypothesis that neurogenic inflammat¡on may be
an important component in matrix modification during the establishment of
periodontitis. The tissue distribution of the neuropeptide substance P was
studied by immunohistochemistry, and found to be increased in inflamed
tissues where it was found to localize strongly around blood vessels and in
close proximity to the inflammatory cell infiltrates. Upon exposure to this
neuropeptide rn vitro, gingival fibroblasts showed a dose dependent mitogenic
response. ln addition, exposure of gingiva fibroblasts to substance P led to an
increased accumulation of protein and proteoglycans within these cells. Such
findings suggested a potential role for substance P in gingival pathology, and
that there is a need for ongoing investigations into the largely unexplored area
of neurogenic inflammation and periodontitis.

ln recent years considerable attention has focused on means of stimulating and
inducing regeneration of damaged periodontal structures. Papers 23 and 24
consider the effects that platelet derived growth factor might have in the
regenerative process. Paper 23 describes a series of experiments
investigating the ways in which this growth factor modulates cell proliferation
and proteoglycan synthesis. The findings indicated that platelet derived growth
factor is capable of stimulating responses in fibroblasts which would be
considered to be impofiant functions during the very early phases of wound
repair and tissue regeneration. Paper 24 used a novel in vitro model of
wounding and wound healing to investigate the effect of platelet derived growth
factor in modulating wound repair. This study found that platelet derived growth
factor stimulated cell proliferation and cell migration as well as proteoglycan
synthesis in a manner consistent with the events associated with accelerated
wound repair.
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Proteoglycâns are I complex group of highly anionic
macromolecules that have ubiquitous distributions
throughout the extracellular matrices of soft connective
tissues (l). As a result of their charged nature,
proteoglycans are highly hydrated and capable of
interacting with a wide variety of matrix and cell surface
components (7,11,16). Indeed, such interactions are
considered vital to the maintenance of normal tissue
function. Consequently, âny damage to, or altered
synthesis of, these matrix macromolecules could be
expected to significantly affect the physiologic well being
of tissues.

During solt tissue pathological changes, such as is seen

in inflammation, there is a complex interplay between the
inflammatory cells and the resident fibroblasts accom-

PROTEOGLYCANS SYNTHESIZED B Y CULTURED FIBROBLASTS DERIVED
FROM NORMAL AND INFLAMED HUMAN GINGIVA

P. MARK BARTOLD' AND ROY C. PAGE,

Deparrment ol Pathology, School ol Medicine, De partment ol Pcriodontics. School of De ntistry. and Center for
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SuurllRv

The in vitro proliferations rates and ptoteoglycans synthesized by adult human gingival fibroblasts
derived from six age- and sex-matched donors of healthy and chronically inflamed gingiva were

analyzed. Fibroblasts from inflamed gingiva demonstrated a slower growth rate than cells from healthy
tissue. The rate of incorporation of [ttS]sulfate into cell layer-associated proteoglycans and the release

of these macromolecules into the cultu¡e medium did not differ appreciably between the two groups of
cells. Similarly, no detect¿ble differences in the overall charge of the proteoglycans synthesized by
normal and inflamed gingival fibroblasts, as assessed by their elution from DEAE-Sephacel, were

noted. However, Sepharose CL-48 chromatography revealed that the medium-associated proteoglycans
made by the inflamed tissue fib¡oblasts were depleted in one species of chondroitin sulfate
proteoglycans and contained more dermatan sullate than did control cells. In addition, the intracellular
proteoglycan pool was found to be greatly diminished in the inflamed tissue fibroblast cell layers.
Glycosaminoglycan analysis of the proteoglycans confirmed these observations. Compared to normal
gingival fibroblasts, the inflamed tissue fibroblasts released less heparan sulfate into the medium.
Additionally, increased levels of dermatan sullate and depleted amounts of chondroitin sulfate in the

medium of inflamed gingival cells were noted. The observed changes were stâble through several

transfers in culture and indicate that chronicalty inflamed tissue may contåin fibroblasts manifesting a

heritable phenotype differing from fibroblasts in normal connective tissue.

Key uords: proteoglycans; inflammation; fibroblasts; gingiva; periodontal disease.
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panied by degradation of the extracellular matrix. [f the
causative factor is removed, then under normal ci-rcum-

st¿nces the tissue eventually heals and a healthy state is

restored. Gingiva has served as a mdel for studying the
events occurring in the ext¡acellular mat¡ix of soft
connective tissues associated with inflammation because

it is both readily available and manilests a naturally
occurring, progressive condition termed periodontitis
(r9).

The collagens of gingiva in both health and dieease

have been studied extensively (19 ). Histological and
biochemical studies have shown that 8t a very early stage

of inflammation, collagen destruction and loss occu¡ (22).

Additional in vitro studies have revealed that vårious
chemical agents found at sites of inflammation exert
profound effect¡ on fibroblast growth and synthetic
activity (I2,13,18,21). Furthermore, fibroblasts from
inflamed tissue may be phenotypically different from
those present in normal tissue. These cells produce a

unique collagen with a structure of øl[I]., a type not found
in cultu¡es of normal fibroblasts and represent.s a featule
that persists throught their cultìrred IiIe span.

University of

addressed at
Washington.
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Much less is knorvn about gingival proteoglycans. To
date, the proteoglycan conrposition of normal gingival
tissrre has been analyzed (2,9,36), and some studies have
considered the in vitro synthcsis of proteoglycans and
glycosaminoglycans by gingival fibroblasts (3) (Bartolil.
P. M.; Page, R. C., submitted for publication). In the
present. study proteoglycans synthesized by cultured
fibroblasts isolated from normal and inflamed human
gingiva have been analyzed to determine the effect of
chronic inflammation on the types of proteoglycans
synthesized by these cells. The results obtained indicated
that although proteoglycan synthetic rates seemed
unaltered, there were differences noted in the quantities
and types of proteoglycans made by f ibroblasts for
normal and diseased tissues, and these differences
persisted through numerous transfers iu culture.

Mnrenlnm AND Mrl'tHoDS

Materials. Guanidine HCl, 6-aminohcxanoic acicl.
benzamidine HCl, N-ethylmaleimide, phenylmethylsul-
f onyl flouride, cysteine HCl, cetylpyridinium chloride,
and papairr lE. C. 3.4.22.2) were all purchased Írom Signra
Chemical Co., St. Louis, MO; sodiun dodecyl sullate
(SDS) from BioRad Laboratories, Richmond, CA;
chondroitinase AC (Arthrobacter a.urescensl and chon-
droitinase ABC lProteus uulgarisl from Seikagaku
Kogyo, Tokyo, Japan, through Miles Laboratories, Inc..
Elkhart, IN; Sephadex G-50, Sepharose CL-48, Sepharose
CL-ó8, and DEAE-Sephacel from Pharmacia, Inc.,
Piscataway, NJ; Dulbecco-Vogt medium, fetal bovine
serum (FBS), phosphate buJfered saline (PBS), and
penicillin-streptomvcin from Grand Island Biological
Co., Grand Island, NY. Sulfate-depleted medium rvas
made lrom amino acids and vitamins purchased from
Grand Island Biological Co.; 75-cm' tissue culture flasks
were from Falcon Plastics, Oxnard, CA; 24-well plates
from Flow Laboratories; Na,["SìOo (2 mCi/ml; 424.1-r
nrCi/mmoll from New England Nuclear, Boston. MAt
Aquamix from WestChem, San Diego, CA; and Aquacide
from Calbiochem, La Jolla, CA.

Fíbroblast cuhure. Fibroblasts were obtained from
biopsies from human volunteers with healthy gingivae
and from age- and sex-matched patients undergoing
treatment f or chronic periodontitis as previously de-
scribed (21). The normaì tissue fibroblasts {henceforth
termed "normal f ibroblasts" ) were designated by the
terminology HGFr., HGF,., and HGFr,; the inflamecl
tissue fib¡oblasts (henceforth termed "inflamed fibro-
blasts") were designated by the terminology HGF,n. HGF,,.
and HGF'.. These are cells from the same parent
populations described previously for the study of
collagcn synthesis by normal and inflamed fibroblasts
(211. No test for mycoplasmal contamination was carried
out in the present study. The cells were maintained in
Dulbecco-Vogt medium supplemented with l0% heat
inactivated FBS, 100 U/ml of penicillin, 100 ¡rglml of
streptomycin, and, 2 mM glutamine and studied between
the Bth and l3th transfer in culture. The fibroblasts were
maintained in 75-cm' tissue culture flasks in Dulbecco-
Vogt medium. For each experiment the cells were

released from the tissrre culture plates by treatment with
0.05% trypsin in PBS lor 5 min at 37o C.

Measure¡nent of cell proliferation. Cells were plated
into 24-rvell tissr¡e crrlture plates in triplicate at an initial '

density oI 50 000 cells/well. The nrrmber of cells in each
culture was determined at daily intervals over a ?-d
period. Briefly, at each time poinl the medium was
renroved and the cells rvashed trvicc rvith 0.5 ml PBS.'Ihe
cells were then released by trypsinization with 200 pl of.
0.05% trypsin at 3?o C for 15 min. Cells were pipetted
from the wells and each well washed twice rvith 200 gl
PBS. The trypsinized cells and the washes were pooled .

and cell numbers determined using a Coulter Counter.
["S]Sufate incorporation and pulse chase. For the

radiolabel incorporation studies, trypsinized cells \4,ere,

seeded in 2 ml medium at a density of 50 000/well into
24-well plates. I'he cells \r'erc allowed to grolr to
conf luence with medium replenishment daily. The
culture medium wås then removed and replaced with 500
gl of sulfate-depleted medium (MgSO. replaced with
MgCl,) and the cells incubated for I h at 3?o C. The
sulfate-depleted medium was tlìen removed and replacerì
with sulfÄte-depleted medium containing ["S]sulfate
(?5 pCilml) and incirbated at 3?o C for up to 4B h.
Incorporation of ['sSlsulfate into proteoglycans b1

normal and inflamed fibroblasts was monitored over 48 l
at 2, 4, B, 24, 30, and 48 h intervals. At each time interval,

Cell Prolile ration

't50

100

f
1234567

Day
l¡ lt;. l . !-ibroblast ¡rrolilcratiorì r¿ltcs Nornral and irrll¿rnrer

gingiral tissue fibroblas[s \\orc sectìed into 24-u'ell plates at th
sunre initial ¡tlating tlcnsitics (,-r0 (XX) cells/well). 'l'he cultrrro
rvere inct¡b¿ted krr i d anrl cell ¡rr¡nrhers rvere detcmrilred rlail
br corrntitrg in a (ìrrlter (ìornter ¿rs dcscribed iu Materials ant.
lVlcthr¡rls. 'l'hc ex¡tcrinrcnts \\cro rc¡tcated tJrree tinres ¿ìrì,

rr'¡tresetttatirc rlata fronr one of tht¡sr er¡rerinrents ¿ìre sllrlrr¡
'['he tlean and Sl,]M of tri¡rlicatc crrltrrres for cach t.ime point for thrc
strairrs lrornr¿rl an<l thrcc straius oI inflanrerì fibroblasts are shorr n. 'l'h
i¡rse/ slrorrs nrean ¡troli[eratiorr rates oI the indivitìual ccll strainr
nr¡rnlal fibrobl¿ìsls ¿rr('dcsigrtatctì 24. l;r. and lli and i¡rflanre
filrrobhsts rlesignated 10. I l. and liì.

(r)

o
x
o
õ
C)

o
oo
E
lz

50



IN FLAMMAI'ION AN D FIBROB LAST I'ROI'EOGLYCANS 409

the nredium was removed from each culture and the cell

layers washed twice with 200 pl PBS. The medium and

washes for each cell strain were pooled. The cell layers

were then t¡eated with 200 ¡rl of 0.05% trypsin in PBS Ior
15 min at 3?o C and washed twice with 200 gl PBS. The

trypsin digest and washes for each cell strain were also

pooled, The medium and cell layer extracts were then

frozen åt -?0o C untiÌ all oI the time points had

been completed. Aliquots (300 pl) of the medium and cell

layer extracts of each time point were then spotted, in
duplicate, onto Whatman 3MM filter paper. The filter
paper was dried and then immersed through five changes

o1 lTo cetylpyridinium chloride (CPC) in 0.05 M NaCl
each of I h du¡ation (35). The paper strips were then dried

overnight, cut into small pieces and placed into l0 ml of

scintillation fluid and assessed lor ["Sl-activity in a

Packard Tri Carb 3255 liquid scintillation counter.

For the pulse-chase experiments, triplicate cultures of

cells were plated into 24-well plates, as for the

["S]sulfaæ incorporation studies, and allowed to reach

20

12

4

10 20

confluence. Radiolabeling of the cultures with ["Sl
sulfate was commenced as described above and allowed

to proceed for 36 h, by which time a steady state of

["slsullate incorporation is reached (3). The medium

was then removed and the cells washed three times with
PBS to remove residual-free [ttS]sullate and medium-

associated ["S]-labeled macromolecules and replaced

with 500 ti Dulbecco-Vogt medium. The release of

radiotabeled macromolecules into the medium was

followed over 48 h at 2, 4, 8, 24, 30, and 48-h intervals. At
each time point, the medium and cell layers were

harvested and the amount of ["S]sulfate-labeled
proteoglycans determined using CPC precipitation onto

filter paper and liquid scintillation counting as described

above.
Metabolic labeling and proteoglycan extraction. For

quantitative and qualitative biochemical analyses of the

proteoglycans synthesized by fibroblast cultures, cells

wre seeded into ?S-cm' flasks at a density of ?50 000/
flask. The cells were glown to confluence in ?S-cm'
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Frr;. 2. Ir.SlS¡lfate incorporation into proteogl¡,cans with time. Normal and inflametl gingival tissue fibroblasts

were platù into 24-well il"t". i. rriplicate Jnd *,"." radiolabeled with [''Slsulfate for various 
-lengths 

of tinte

between 0 and 48 h. At eacir time point, the medium and cell layer were extracted wi¡h 4 M guanidine-HCl as described

in Materials and Methods. The amount of radioactivity p.""ipirrbl" with cetylpyridiniurn chloride for each time

point is exprcssed relative to the number of cells present at that time. Dala indicate the mean of experiments carried

out on each cell strain in triplicate for each time point. The experiments wete repeated three times and representative

¿ara for one of these e*p".i-Ënt" are presented. Noirnat gingival fìbroblasts: HGF,. '-'; 
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flasks with medium replenishment every 2 d. Metabolic
labeling of the cells was carried out in 5 ml Dulbecco-Vogt
medium contåining 75 tCilml ["S]sullaæ for 48 h at 37o
C. For these experiments, sulfate-depleted medium was
not used.

["S]Sulfate-labeled proteoglycans were isolated from
the medium and cell layers of normal and inflamed
fibroblasts. Briefly, the medium was removed and the cell
layers washed twice with 5 mt PBS and pooled. The
pooled maærial was then made approximately 3 M in
quanidine HCI by adding solid guanidine HCI (0.38
g/ mll. Unincorporated radiolabel was then separated
from labeled macromolecules by elution from Sephadex
G-50 in 4 M guanidine HCI 0.05 M sodium acetate
containing the following protease inhibitors: 0.1 M
ó-aminohexanoic acid, 5 mM benzamidine HCl, 50 m-M
EDTA, 0.1 mM phenylmethylsulfonyl flou¡ide, and l0
mM fy'-ethylmsleimide, pH 5.8. The cell layers were
extracted overnight at 40 C in 4 M guanidine HCI 0.05 M
sodium acetåte plus protease inhibitors. The cell layers
were then scraped from the cultu¡e plates and rinsed once
with 4 M guanidine HCI-0.05 M sodium acetâte, plus
protease inhibitors. The extract and wash were pooled
and centrifuged to remove any insoluble cell debris. The
material remaining in this residue represented less than
3'7" o1 the total radioactivity associated with the cell layer
extracts. The cell layer extracts were also e luæd from
Sephadex G-50 in 4 M gtanidine HCI-0.05 M sodium
acetate plus protease inhibitors to separate the labeled
macromolecules that eluted in the void volume from the
free radiolabel.

Ion-exchange chromatography. The overall charge of
the proteoglycans synthesized by normal and inflamed
fibroblasts was assessed by ion-exchange chromato-
graphy. Aliquots (5 ml) of the medium and cell layer
proteoglycans, obtained from Sephadex G-50 chromatog-
raphy, were dialyzed against several changes o1 0.1 M
sodirrm chloride in 7 M u¡ea, 0.05 M Tris-HCl, and
protease inhibitors, pH ?.0, and rhen applied to a
DEAE-Sephacel column (0.? X 3 cm) equilibrated with
the same bufer. After elution of the unbound material, a
continuous 0. I to O.B M sodium chloride gradient was
applied using a total of 30 ml. Fractions of 1.0 ml were
collected and 0.5 ml aliquots of these fractions were
assessed for ["S] sullate activity.

Analytical column chromatography. The molecular
size distribution of ["S]-labeled proteoglycans was
analyzed by gel filtration on a column of Sepharose
CL-48. Aliquots of the ["Sl-labeled material excluded
from Sephadex G-50 (1.0 ml) were concentrated to 200 Fl
in dialysis tubing against Aquacide. 'Ihe concentrate wâs
applied to and eluted from columns of Sepharose CL-48
(0.7 X 100 cm) with 4 M guanidine HCI in 0.05 M sodium
acetate containing the above-mentioned protease inhibi-
tors, pH 5.8 (dissociative conditions). To derermine
whether any of the proteoglycans were detergent
sensitive, aliquots of the excluded material from
Sephadex G-50 chromatography (1.0 mll were dialyzed
against 0.15 M sodium acetåre, 5 m114 MgCt2, anð | mM
CaClr, pH 5.8. The retentåte was then concentrated to 200

gl inside dialysis tubing against Aquacide and then made
0.2% SDS by adding lOX stock SDS in sodium acet¿re
buffer. The concentrates were applied to Sepharose CL-48
colrrmns {0.7 X 100 cml and eluted with 0.27o SDS in the
same sodium acetate buffer as described above (detergent
conditions). Fractions of 0.5 ml were collected at a flow
rate of 3.0 mllh and all of the fractions were assayed for
["Sl-activity.

Glycosaminoglycan identification. [.'Sl-Labeled pro-
teoglycans isolated in the excluded peak from Sephadex
G-50 chromatography, as well as those in all of the peaks
obtained from Sepharose CL-48 chromatography under
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Mediunr
Normal HGF 24
Normal HGF 25
Nor¡.nal HGF 27

Mean

Inflamed HGF 10

Inflamed HGF ll
Iuflanretl HCF l3

Mean

Cell Lar er
Nornral HGF 24
NonnalHGF 25
Nornral HGF 27

Mean

Inflamed HGF l0
Inflamed HGF II
Inflanred HGF 13

Mean

4u

dissociative conditions, were digested with papain and
the released glycosaminoglycans were identified. Briefly,
I.O-ml aliquots of the måterial that excluded from
Sephadex G-50 were dialyzed against 0.2 M sodium
acetate, 4 mM EDTA, and 20 m/Vl cysteine HCI' pH 5.7'
and then concentrated against Aquacide to 200 ¡rl. The
concentrates were then digested with papain (l mg/ml
buJfer) overnight and loaded onto Sepharose CL-68
columns (0.? X 30 cm) and eluted with 0.2% SDS in 0.15 M
sodium acetåte, 5 mM MgCl', and I mM CaCl'. Fractions
of 0.5 ml were collected at a flow rate of 3 ml/h and all of
the fractions were åssayed for radioactivity. The types of
sullated glycosaminoglycans present were determined
after selective enzyme digestion (chondroitinase AC and
ABC) and chemical (nitrous acid) degradation (26,28).
Aliquots (1.0 ml) from the material excluded from
Sephadex G-50 chromatography were dialyzed against 50

mM Tris-HCl, 60 mM sodium chloride, and 40 mM
sodium acetate, pH 8.0, concentrated to 200 ¡.rl against
Aquacide and then subjected to one of the above-

mentioned degradative treatments. The reaction products
were then chromatographed on Sephadex G-50 columns
(0.7 X 30 cm) using the same SDS-acetate buJfer as

described above. The relative proportions of each
glycosaminoglycan species were determined by calculat-
ing the amount of ["S]-labeled material resistant to
(void volume) or degraded by (included volume) each

treatment.

Resurrs

CeIl grouth. The proliferative rates of the normal and
inflamed fibroblasts were assessed over a ?-d period to
determine the time span requi-red for each of the cell
strains to reach confluence and thereby to determine the
time intervals, at which time metabolic labeling could be

commenced. Variability in growth rates among all the

strains studied was noted. In general, the fibroblasts
obt¿ined from inflamed tissue were slower growing,
taking longer to reach confluence than similar age-r sex-,

and transfer number-matched cells derived from normal
tissue (Fig. l). Indeed, by Day 3 the differences in the cell
numbers between normal and inf lamed fibroblast
cultu¡es were calculated to be statistically different at the
P <0.05 level by using analysis of variance.

["SfSufare incorporation. The incorporation of

IttSlsulfate into macromolecular material associated
with the cell layer and medium compartments wag

determined over a ,[B-h period. Despite obvious diJfer-
ences in growth rates oI the normal and inflamed fibroblasts
seen in Fig. l, the rate of ["S]sulIaæ incorporation into
proteoglycans did not difler significantly (Fig. 2). The bulk of
the ["S]-activity was found in the medium where the amount
increased steadily over 48 h. The incorporation ol ["S]sullate
into cell layer associated proteoglycans was rapid during the
first I h and continued to increase up to 30 h; a relatively
steady state was reached by ttB h. In all cases, by tt8 h ap-

proximately 707o of the total ["Sl-activity was found in the
medium, with the remaining 30% being associated with the
cell layer.

Pulse chase experimenls. Pulse chase experiments
were carried out to determine iI there were any detectable
dilferences in the rate of release of proteoglycans into the

medium by normal and inflamed fibroblasts. As observed

in the above experiments, there seemed to be no

remarkable differences in It'S]sulfate incorporation
åmong the cell strains (Fig. 3 ). The release of

["Sl-labeled proteoglycan from the cell layers into the

medium was rapid during the first 12 h of the chase, and

then seemed to level off at around 50To o1 the total activity
in the medium and cell layer by 24 h' This increase of

["Sl-labeled proteoglycans in the medium waE accom-

panied by a concomitant decrease of [r'S]-labeled
proteoglycans associated with the cells.

Quantitation ol glycosamínoglycans. The glycosami-
noglycan composition of the newly synthesized labeleil
macromolecules, as determined by selective enzymatic
and chemical degradation, is shown in Table l. Heparan
sulfate v"as not only the predominant sulfated glycosam-

inoglycan associated with the cell layers of normal
fibroblasts, where it comprised 56% of the total

["S]-activity, but it was also predominant in the cell

Iayers of the inflamed fibroblasts $3%1. Overall, no

TABLE I

PROPORTIONS OF SULFATED GT,YCOSAMINOGLYCANS
SYNTHESIZED BY NORMAL AND INFLAMEI)

GINGIVAL TISSU E FIBROBLASTS.

Hcparan
Srrlf¡ tp

Dernr a tan
Sulfate

Chondroitin
Srrlfate

20+2
30+ t
33+ó
alLt

12+2
il+2
13 l2
12+ 2o

57+3
521-6
5t+3
53 l- ir

66+4
6i+4b

25+5
29+9

t9+2
25+2
2t+4
2l+4b

lB+2
t9+3
2l+4
t9+3

30+2
9-1-t

22+ ?,

2i+50

50+2
44+ 4
46+ 4
41+4h

i0+2
64+ 4

IB+2
14+2
2t+6
tB+4

22+ -r

29!4
30+ 5

26+ó

6l+3
56-f I
48+;
;6+;

28+ 4
30 16

"'fhe tlata are cxpressecì as tlìe Percentage of the total radioactive
nratcrial loaded onto Sephaclex G-50 coltrnrns rvhich was sensitive to

s¡recilic enzymatic antl chemical degrarìation procedures. All ex-

¡rerinrents n"ere performed in triplicate: mean values and SD of the

nìeân are presenterì,

''Represent data that are statisticallr. di.f ferent (P <0.05) from each

other itithin corresponding groups. Data points tletermined for each

gl¡cosanrinogl¡'catr species associated rvith each libroblast strain rvere

pooled together as either norntal or inflanled. Analysis of variance was

used to determine il thc differences betrveen the normal and inflanlod
f ibroblast strains rvere sigtrif icant.
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significant differences were noted between the cell layer
associated glycosaminoglycans of normal and inflamed
fibroblast¡. Dermat¿n sulfate was the predominant
sulfated glycosaminoglycan associated with the medium
of both normal and inflamed fibroblasts, but the
proportion was elevated in the medium of inflamed
fibroblasæ where it accounted for betweer. lS and 20To
more than was seen in the medium of the normal strains.
This increase was accompanied by a concomitant
decreased proportion of chondroitin sulfate and heparan
sulfate. All of the dilferences noted between the media
associated glycosaminoglycans of normal and inflamed
fibroblasts were significant (P <0.05) as assessed by
analysis of variance.

Ion-exchange chromatograplry. The isolated proteogly-
cans from the medium and cell layer of normal and inflamed
fibroblasts were initially characterized by ion-exchange
chromatography to assess their charge (Fig. a). No differences
in the elution position of the medium and cell layer
proteoglycans of normal and inflamed fibroblasts were
detected. In all cases, the major [.rSl-labeled peak was
relatively symmetrical and eluted from the column at a salt
concent¡ation oI approxima tely 0 .4 M ,

M o lecula r Sieue C hro mato g r a p hy

Dissoci¿tíue conditions. More detailed information
regarding the properties of the proteoglycane wåE
obtained by assessing their molecular size distribution
after elution from columns of Sepharose CL-48 (Fig. 5).
Under dissociative conditions (4 M guanidine HCI), the
proteoglycans of normal fibroblasb eluted as three
discrete populations. These corresponded to IL, values of
0, 0,3, and 0.4 and were termed NMl, NM2, and NM3,
respectively (Fig. 5 ¿). When the proteoglycans associated
with the medium oi the inflamed fibroblasts were
subjected to similar preparative steps and analyzed by
elution from Sepharose CL-48 under dissociative condi-
tions, the peak corresponding to K", 0.3 was either absent
or severely depleted (Fig. 5 b). The peaks corresponding
to K"" of 0 and 0.4 were rermed IMI and IM2.

Some of the dilferences in the dissociative Sepharose
CL-48 elution profiles of the cell layer proteoglycans
were also noted (Fig. 5). These were, however, more
subtle than the differences seen for the medium
proteoglycans. In all caues (both normal and inflamed
fibroblastsl, four peaks could be clearly identified

(Table 21. The quantitative major peaks were those
corresponding to trL, of 0.1 and 0.5S and accounted for
approximately 60 to 70% of the total [,'Sl_labeled
material associated with the cell layers of normal and
inflamed fibroblaets. Recoveries of [.'S]-labeled materi-
al from these columns eluted with 4 M guanidine HCI
were approximately 80 to 85% of the total radioactivity
applied.

Detergent conditions. Inasmuch as proteoglycans in
both the medium and cell layer preparations of normal
and inflamed fibroblasts were excluded from Sepharose
CL-48 undcr dissociative conditions, and because

DEAE-Sephacel
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.. l.'{t. 4. DEAE-sephacel ion-exchange chromarography of
["Sl-labeled macromolecules. Fibroblasts from no.mãl- and
ilfll-"¿ gingiva were incubated for 4B h in the presence of'
["S]sulfate and the nracromolecrrla¡-labeled materíal in the
nreclia {a and ól and cell laver (c and d) extracts was isolated in the :

void volume after elution from Sephadex G-50 in ? M urea. The
excllded peaks for the medium and cell layer extracts were I

a¡rplied to DEAE-Sephacel and eluted with a linea¡ NaCl gradient
from 0.1 to 0.8 M. Representative data fo¡ one each of the normal
{HGF,') and inflamed (HGF,,} gingival fibroblasr cell strains are
presented.
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previous reports have suggested that the cell layer
excluded material is lipid associated (Bartold, P. M.;
Page, R. C., submitted for publication) we also analyzed
the proteoglycans on Sepharose CL-48 columns eluted
under detergent conditions 10.2y' SDS in acetåte buffer)
(Fig. ó). When compared to the dissociative conditions
(Fig.5 ¿ and b), the medium proteoglycans \ryere not
affected by treatment with detergent (Fig. ó a and å'). The
proteoglycans of the medium of normal fibroblasts
separated into three populations corresponding to K,,"
values of 0, 0.3, and 0.4, whereas only two peaks
corresponding to K"" values of 0. and 0.4 were observed
for samples from cultu¡es of inflamed fibroblasts. The

r peak of K"" 0.3 was absent.
When cell layer extracts were chromatographed under

detergent conditions, elution profiles dilferent from
those obtained under dissociative conditions were seen

{Fig. 6 c and d). Three peaks were identified correspond-
ing to K"" values of 0.1,0.4, and 0.55. The excluded
volume peak eluted under dissociative conditions was

absent and suggests that cultures of both normal and

4r3

inflamed fibroblasts have lipid associated proteoglycans
in their cell layers. The relative proportion of radioactivi
ty in each of the peaks obt¿ined under detergent
conditions varied between the normal and inflamed cell
layer proteoglycans. The [ttSl-label was more evenly
distributed throughout the profiles of each of the three
peaks of the normal fibroblasts, accounting lor 28, 25,
and, 46To, respectively, for the K,,, r,alues of 0.I, 0.4, and
0.55. However, the inflamed cell layer proteoglycâns
showed a noticeable difference in distribution. The peak
of K", 0.1 was the qusntitstive predominant peak (45% of
the total radioactivity), and the peak corresponding to
K., of 0.55 was the quantitative minor component
accounting for 25% of the total radioactivity. The
recoveries of IttS]-activity from the columns run under
detergent conditions were greâter (90%) than those for
columns eluted with guanidine HCl,

Chemical analysis ol dissociatiuely prepared proteogly-
c¿nr. The proteoglycan nature of each of the peaks
isolated after preparative Sepharose CL-48 chromatog-
raphy under dissociative conditions (NMl-3; IMI and
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IM2; NCI-4 and ICI-4) was determined by treatment with
papain and subsequent Sepharose CL-68 chromatog-
raphy, ["Sl-Labeled material in all of the peaks except
NC4 autl IC4 contâined proteoglycans as demonstrated by
susceptibility to papain digestion (Fig.'ll. The ["Sl-
labeled molecules in peaks NC4 and [C4 were considered
to be free glycosaminoglycan chains because their elution
position was not alæred by papain treatment. The
["S]-labeted glycosaminoglycan chains released from
the proteoglycans eluted from Sepharose CL-óB with K",,
values of 0.45 and therefore most likely had an average
molecular weight in the range of 25 000 (34).

The glycosaminoglycan composition of each ["Sl-
labeled peak identified by dissociative Sepharose CL-48
chromalography (Fig.5) w&s determined by treating
aliquots from each peak with chondroitinase AC,
chondroitinase ABC, or nitrous acid, followed by
chromatography on Sephadex G-50 columns. Qualitative
and quantitative dilferences between the glycosaminogly-
can composition of the proteoglycan peaks from normal
and inflamed fibroblasts were observed (Table 2). For the
medium proteoglycans, peak IMI contained more
heparan sulfate and less chondroitin sulfate than the
corresponding normal fibroblast proteoglycan peak NMl.
In addition, a small amount ll77ol o1 dermatan sulfate
was identified in peak IMI but was absenr in peak NMl.
The proportions of glycosaminoglycans constituting the
proteoglycans of peaks NM3 IM2 were found to be
similar, with dermatan sulfate predominating in both.
The cell layer proteoglycans also demonstrated some
qualitative glycosaminoglycan differences. Chondroitin
sulfate was present in greater proportions in peak IC4
than compared to peak NC4, whereas heparân sulfaæ,
which was the principal glycosaminoglycan identified in
peak NC4, contributed less to the total proteoglycans in
the corresponding normal fibroblast peak NC4. In
addition, peak NC3 of the normal fibroblasts contained
more dermatan sulfate but less chondroitin sulfate than
the corresponding inflamed peak of IC3.

D rscussroN

Fibroblasts from normal and chronically inflamed
human gingiva have been cultured and their,growth and
proteoglycan production assesged. Several differences
were noted between normal and inflamed tissue fibro-
blasts; these were persistent during several transfers in
vitro and therefore presumed to be heritable. For
example, all three strains of inflamed fibroblasts grew at
a rate significantly less (P <0.05) than similar age- sex-
and transfer-matched normal strains, Moreover, several
differences were observed in the constituent sulfated
glycosaminoglycans of the proteoglycans synthesized by
these cells.

The incorporation of ["Slsulfate into proteoglycans
over a 4B-h period, and pulse chase experiments over a
similar time course, failed to highlight any noticeable
dilferences in the capacity of normal and inflamed
fibroblasts to synthesize and release [..S]-labeled
proteoglycans. Furthermore, ion-exchange chromatog-
raphy on DEAE-Sephacel of the newty synthesized

macromolecules also failed to demonstrate any signiÍi
cant charge differences between the proteoglycans madt
by normal and inflamed fibroblasts. However, mor(
detailed analysis revealed structural and qualitative
differences in the proteoglycans. Heparan sulfate, the
major sulfated glycosaminoglycan associated with the cell
layers of both normal and inflamed fibroblasts, was
depleted in the medium of inflamed tissue fibroblasr
cultures. Additionally, dermatan sulfate, the principal
sullated glycosaminoglycan in the medium of both
normal and inflamed tissue fibroblast cultures, wa€
significantly elevated in the inflamed fibroblast medium.
This increase in dermatan sulfate was accompanied by a

decrease in the relative proportion of chondroitin sulfat€
in the medium of inflamed fibroblasts. These differences
were reproducible and they were observed in all three
strains of inflamed fibroblasts studied.

At first we suspected that the decrease in amounts ol
chondroitin sulfate and heparan sulfate in the medium ol
inflamed fibroblasts could reflect their different growth
rates, because actively dividing cells are reported to shed
heparan sulfate from their cell su¡face into the medium
(141. In addition, an increase in the release of chondroitin
sulfate into the medium of cultu¡es stimulated to divide

TABLE 2

GLYCOSAMINOGLYCAN COMPOSITION OF
PROTEOGLI'CAN FRACTIONS"

k
cr c

Fr c

lr¡
Sulfate

[)cn¡a Lu n

5r¡lfa Lt,

c
Sa

Mcdirrrn
NMI
NM2
NM3

IMI
IM2

Cells
NCì
NC2
NC3
NC4

5

20
?J

6

94

20
30
l5
.tJ

IB+7
30+4

3l+5'
24 I ('¡

;0+7
40+;"

(¡('¡ -f 4

l;+ l'
66+4

g! -l- 56

70+4
t2+3

52+ó'
il+2

30+B
30+;
t2+t

2s+ 4b

lB + .;^

23+5

601-B
64 -1- ir

45-F3
69+i'

42+3
46+1

i8+3
54+B

ì0+t'

ICI
IC2
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"Gl¡cosanrinoglvcan content rvas determined on each peak obtained
fronr Sepharose CL-48 chronlatography by sequential digestion with
chondroitinase AC, chondroitinase ABC. ancl nitrous acid. Data
presenterl (mean values of three normal and three inflamed fibroblast
prot.eoglvcan preparations and SD of the meanl are expressed as

[)ercentage of the total ]sS-activitv remaining after clegradation.
Fractions reler to tlre peaks obtained by Sepharose CL-48
chromatograph) as seen in Fig. 5.

"Represents data within corresponding grorrps li.e. NMI and IMII
which are statisticallj different (P <0.05). 'Iriplicate determinations
for each glycosaminoglvcan species in each oI the peaks of normal and
inflamecl librobalsts were assessed statistically rrsing analysis of
variance to deternrine significant differences between the two groups of
fibroblasts.



IN F'LAMMA'I'ION AN D F TB IìOB LAST I'TìOTEOG LYCAN S 415

by exposure to l0% serum relative to nondividing cells in

medium with 0.5% serum has been reported by Vogel and

Sapien (3I). They have suggested that such differences in
proteoglycan production and release may be a response to

some external signal provided by the serum. Our
Sepharose CL-48 profiles for proteoglycans from inflamed

and normal fibroblasts are remarkably similar to profiles

of proteoglycans from fibroblasts cultured in 0.5 and l0%
serum, respectively (31). However, it is notable that the

behavior of our inflamed fibroblasts in this regard does

not seem to be dependent on serum concentration.
Increased levels of dermatan sulfate in the medium of

inflamed fibroblasts may have significant biologic
implications if the cells behave similarly in vivo. During
chronic inflammation there is a rapid loss of collagen at
the inflammatory site (22Ì,, after which the fibroblasts are

required to try to repair this damage by depositing nerv

collagen and other etsential matrix components' Derma-
tan sulfate proteoglycan is closely associated with mature
collagen (27) and it may play an important role in collagen

fibrillogenesis (8,30,321. Therefore, elevated amounts of

dermatan sulfate at sites of inflammation could enhance

collagen deposition and reconstitution of the extracellu-
lar matrix.

5

4

^e(?) v

The decreased amount of ["S]-labeled material in the

cell layer Sepharose CL-48 peak of K.' 0.55 (peak IC4) of

inflamed fibroblasts also invites speculation. This peak

contains free glycosaminoglycan chains of intracellular
origin and most likely represents the degradative or
turnover pool of the synthesized proteoglycans (Bartold'

P. M.; Page, R. C., submitted for publication). Depletion
of radioactive material in this peak from inflamed
fibroblasts may be a consequence of an accelerated rate

of degradation of newly synthesized proteoglycans by

these cells. This seems unlikely, however, because the

pulse chase experiments failed to reveal differences

between the normal and inflamed fibroblasts with regard

to synthesis and release. On the other hand, the

endocytotic process (15,3?) by which proteoglycans from
the medium are transported to the internal compartments
of the cell for subsequent degradation may be impaired
in inflamed fibroblasß. This is an attractive possibility
because suppression of degradative activity during a

period of tissue repair and reconstitution of the matrix
could be biologically advantageous'

Taken together, our data demonstrate the existence of
clear-cut reproducible differences between strains of

fibroblasts obtained from chronically inflamed and
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Ftc. (1. Gel filtration chromatography of media and cell layer extracts: detergent conditions. ["S]-labeled crrlture

medium and cell lavers were 
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with 4 M guanidine HCI as described in Materials and Methods. The

extracts were dialvzed against 0.15 M sodium acetate, d.001 M magnesium chloride,0.00l M calcirtm chloride. pH 5.8.

and then rnade 0.2% in Sf)S before elution on a Sepharose CL-48 column (0.7 X 100 cm) eìuted rvith the same bulfer
used ro dialyze the samples but also containing 0.2% SDS. The Vo and, Vt were determined as described in Fig' 5'
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Papain : SEPHAROSE CL- 68,10.2% SDS-Acetate
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strains of cells from arthritic tissue (5,6). Such differ-
ences have been taken to imply that the fibroblasts obtained
from pathological eitea are gcnctically different flom
those from normal healthy sites. Whether the diflerences
we report are due to selection of preexisting subsets of
resident fibroblasr¡ within rhe tissue 4,17,2gt, or to
persistent phenotypic altcrations caused by an altered
environment (20,23-25,33), remain to be established.
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The effect of recombinant interleukin-lp (IL-lp) on proteoglycan synthesis by human gingival fibro-

Uiurt, ,"^. investigated. It-liÊ rtinrutut"d ìhe gingivaì fibroblasts to proliferate' When compared to

human foreskin fibroblasts, the gingival fibroblasts

higher concentrations of IL-lp. The midpoint of t
rh; l0' ttM IL-lP range. The rate of l'isl-sulfale
fibroblasts was enhancéd by 40% at lO-e M IL-lP'

din
ins

iï
molecular species, size or glycosaminoglyc-an

presence or absence of IL-lp was noted. Thu
human gingival fibroblasts and may therefore
following inffammatorY ePisodes

INTRODUCTION

rre important mediators of inflammatory
-1 (IL-l) has been the focus of much

ies.2 For example, this polypeptide
proliferation,3 increase fibroblast

tñesis by fibroblasts,6'7 increase the

release of proteolytic enzymes by synovial cells,8'e decrease collagen^synthesis

;;-fibr";il",iõ láur" loss of prôteoglycans from cartilage matrix,r'12 increase

hyaluronic acid synthesis by fibròblastsl3'r4 and increase proteoglycan synthesis by

fibroblasts.ls
Two major forms of human IL-l have been identified which differ in their

i*"t".tri. pointst6 and are termed interleukin-1c (IL-14) and interleukin-1p (IL-

1B). These in amino acid sequence and are probably

separate ge their biological effects appear to be similar

and are pre cific membrane receptors. of the many cells

investigäted, fibroblasts bind lL-1 most avidly.rT Such an affinity for IL-1 may be

importãnt in the regulatory effect of IL-1 on extracellular matrix synthesis and

metabolism during inflammation'

287
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At present the literature contains many references to the effect of IL_l onfibroblasts. However most of these studies have used ceil rines.lrT celrs frclmfoetal or newborn skin.5'e.lo'l¡{ or celrs from synovium.6.N,l.r.r-r Apart frorn thesynovial cells. the others are nof representative of cells present in a¿ult tissuesaffected Lry chronic inflammatorv resions. Therefore. giniiva, a tissue which hasbeen used as a model for stuclying the biochemical and cellular events of iniìam-mation,'' *uy be a more stuitable source of fibroblasts for investigating inflam_matory mediated changes in extracellular rrratrix synthesis. In adclition. the larsenumber of membrane receprors for IL-l on -qingival fibrobrastsli r;;;; ir;ì;-:;support to their suitability for such studies.
Amongst the extracellular macromolecules. proteoglycans ca' regulate manyphysi.logical properries of rissues.ro such functìons ar-e relarea 

"", å"iì i";;r;iquantity of proteoglycans but also to molecular composition ancl size. Th;r'f^;;;;
such as IL-l which can inlìuence connective tissue metabolism are important. This
study not only considcrs the kinetics of proteoglycan synthesis. but also ¿escribesthe effect of IL-r on morecurar size anci comþosition of the proteogrycarìs syn-thesized by gingival fibroblasts.

MATERIALS AND METHODS

Materials

Guanidine HCI . 6-aminohexanoic acicr. benzamicrine HCl, N-ethymaleimi<Je,
phenylmethylsulfonyl fluori<je, indomethacin. hyclroxyure¿r. Tris HCI , socliunrpyruvate, glutamine ancr trypsin were ail purchased from Sigma chemical co,, St.Louis. Mo; Dulbecco-Vogr mediunr (DVM). fetar carf ,.iu. (r.cs), peniciilin,
streptomycin. nonessential amino acicls were from Flow Labòratories, lrvine,
Ayrshire. Scotland: Tissue culture plastic ware was from Nunc, Roskilde, Denmark;
[6-]Hl-thymicrine (z2Cirmwor). Na,(35s)or (1042mcirmMor). D-tG.Hì-
glucosamine HCI (33 ci/mMol) were from Amersham (Ausrraria) Sydney,Australial Ready Solv EP scintillation fluicl from Beckman (Àustralia), Adelaide.
Australia: Chondroitinase AC ll (Arthrobacrer aurescens) an,l chonclroitinaseABC (Proteu.s vulgaris) from Seikagaku Kogyo Co , Ltcl., .fok1,o, 

Japan;
Sepharose cL-48, Sephadex G-50. Sephadex G-)5 (pD-10) were from pharmacia
Fine Chemicals. Norrh Ryde, Sydney. Ausrralia; Aquacidé from Calbiochem. LaJolla. cA: Recombinant interreukin-lp was generously cronated b¡, Immunex
Corporation, Seattle, WA.

Fibroblast Cultures

Gingival fibroblasts were obtainecl from explant culture of healthy gingiva fromadult human volunteers as described previôusly.2l The cells were maintainecl inDulbecco-vogr Medium (DVM) suppremented with 10"/" (vrv) hear-inactivared
fetal calf serum (FCS]r r00. units/mr of peniciilin, 100¡rg)mr'of srrepromycin,
2mM glutamine' l0mM sodium pyruvate ànd non-essentia-i amino acids. Unlessotherwise stated this was the meclium used for all experiments. The fibroblasts
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were maintained in J5cm2 tissue culture flasks in DVM at 37"C with CO2/air

in culture were used' For each experi-

culture plates by treatment with 0'05%

(PBS) for 5 min at 37"C.

a generous gift from S. Hay (Depart-

e) and were maintained in the same

medium and conditions as for the gingival fibroblasts'

Measurement of Cell Proliferation

fibroblast were seeded in triplicate into

lOs cells at confluence) at an initial
d to attach and spread overnight' The

lYïT 
":iî'î'"Ïä "::J"JilTå''ffi;'i:å
as replaced with 500 ¡rl of medium

dine. The cells were incubated for
oved and the cell laYers washed 3

times with 500pI pBS. The cells were released from the wells by trypsinization for

15min at37"C and recovered by centrif,rgation. The cells were lysed with 100¡rl

0.1M sodium hydroxide for 60min at 60.C and the the radioactivity was deter-

mined in a Beckman LS-2800 Liquid Scintillation Counter'

Dose ResPonse ExPeriments

The effect of increasing concentrations of IL-lp on [3sS]-sulfate incorporation into

macromolecules was siudied. Briefly. 75,000 cells were seeded. in quadruplicate'

into 24-well culture ptut", unO alláwed to attain confluence ovet 2 days' The

medium was then ."rnou"d and replaced with 500 ¡rl/well medium containing a

range of concentration, oi lr--rB fróm 10-r3 to l0-eM. After incubation at 37'C

for 48hr, the medium *u. ,"*.ou"d and replaced with fresh medium containing

IL-1[3anandirlcu.bate<lforafurther4Shr'Thecellsin
one well re released by trypsinization and cell numbers

were de a haemocytometer' The. medium was then

removed wells for each concentration of IL-lp and the

and the medium and the wash were

ernight at 4"C in 500¡rt 4M guanidine

follówing as protease inhibitors: 0' l M
HCl. 50mM EDTA, 0.lmM PhenYl-

methylsulfonylfluorideandl0mMN-ethylmaleimide,pH5.S'Theextractwas
removed and the plares washed once *ìtt soopl 4M guanidine HCI/0.05M

sodiumacetatecontainingproteaseinhibitors.Thecelllayerextractandwashes
iO.¿rn1 from the medium and cell layer were applied to

hadex G-25 (PD-10) columns and eluted with 4M guani-

acetate plus protease inhibitors, pH5'8' Radioactivity in

was detårmined by liquid scintillation counting and the

e void volume próvided a measure of incorporation of
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[3tS]-sulfate into newly synthesize<J macromolecules ll Recovery of racliclactiyity
from these columns was approxirnately 90%.

[]tS]Sulfate Incorporation with Time

To determine the effect of IL-IB on the kinetics of proteoglycan synthesis.
incorporation of []5sl-sulfate was followed over time. cells were seecìecl in

Pulse Chase Experiments

To iletermine whether or not the effect of IL-lB on proteoglycan synthesis was
due to an alteration in intracellular metabolisn-r. pulie chasle'experiments were
carried out. Fibroblasts were seeded in quadrupiicate at an initial density of
75.000 cells per well and allowed to reach confluence. The confìuent cells were
then incubarec'l in the prescnce of 20¡rci/ml []ssl-sulfate ancl l0-, tut il_ rB io,
24hr' washed 4 times with PBS ancl then chasecL in 500prl isotope frec me¿ium
containing 10 rr M-lL-rB for various periods of time. At each time point, macro-
molecular radioactivity in either the cell layer or the nledium was dLtermined by
PD-10 chromatography an<J liquid scintillation counting. cell numbers were
determined at eaclì time point following trypsinization anã counting in a haemo-
cytometer.

Blocking Cell Proliferation and prostaglan<iin Synthesis

Proteoglycan Extration

For metabolic labelling of the cells prior to proteoglycan extraction, the fibroblasts
were maintained in 75cmj flasks. The cells were allowed to grow to conffuence
with medium.replenishnrent every seconcl day. upon reaching"confluence (appro-
ximately 1.6x 106 cells), the mecìium was removecl and rellaced with 5ml of
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medium with or without 10-rrM lL-113. The cells were then incubated for 48hr
after which the medium was removed from each flask and replaced with fresh
medium either with or without IL-1[3 but containing 20pCi/ml [asS]-sulfate.
Metabolic labelling was allowed to proceed for 48 hr.2-s

The [3sS]-sulfate-labelled macromolecules were isolated from the medium and
cell layer as described previously.2s Briefly, the medium was removed and the cell
layers were washed with 5 ml PBS and pooled. The pooled medium fraction was

adjusted to approximately 3 M in guanidine HCI by adding soli<I guanidine HCI
(0.38g/l), and then eluted from a Sephadex G-50 column (2.5cm x 30cm) in 4M
guanidine HCI/O.05 M sodium acetate containing protease inhibitors, pH 5.8. The
cell layers were extracted overnight at 4"C in 4M guanidine HCI/0.05M sodium
acetate containing protease inhibtors. The cell layers were scraped from the flasks
and the flasks were then rinsed with 5 ml 4 M guanidine HCI/0.05 M sodium
acetate containing protease inhibitors. Extracts from the cell layers were also
pooled and then eluted from Sephadex G-50, as for the medium fraction, to
separate [asS]-sulfate-labelled macromolecules which eluted in the void volume
from free radiolabel. Recoveries from these columns were between 85-90%.
Approximately 5% of the total radioactivity remained with the culture flasks but
was not further assessed.

Analytical Column Chromatography

The molecular size distribution of [3sS]-sulfate-labelled proteoglycans was analyzed
by gel filtration from Sepharose CL-4B. Aliquots (l ml) of the []sS]-sulfate-labelled
material which was excluded from Sephadex G-50 were concentrated in dialysis
tubing against Aquacide to 200¡rl. The concentrate was then eluted from columns
of Sepharose CL-4B (0.7cm x 100crn) with 4M guanidine HCI/0.05M sodium
acetate containing protease inhibitors, pH5.8 Fractions of 0.5mI were collected
at a flow rate of 3ml/hr and all of the fractions were assayed for radioactivity.
Recovery of radiolabelled macromolecules from these columns was in the range
of 80-90%.

Glycosaminoglycan Analyses

The types of glycosaminoglycans associated with the medium and cell layer
proteoglycans of IL-18 treated and untreated cultures were determined following
selective enzyme digestion (chondroitinase AC II and chondroitinase ABC) and
chemical degradation (nitrous acid).26'27 Aliquots ( I .0 ml) of the material excluded
from Sephadex G-50 were dialysed against 0.05M Tris HCl.0.06M sodium
chloride and 0.04M sodium acetate, pH 8.0, concentrated to 200 pl against
Aquacide and then subjected to one of the above degradative procedures. The
reaction products were then eluted from Sephadex G-50 columns (0.7cm x 30cm)
with 0.2% SDS in 0.15M sodium acetate, lmM magnesium chloride, 1mM
calcium chloride, pH5.8. Fractions of 0.5mI were collected at a fìow rate of
3ml/h and all of the fractions were assayed for radioactivity. The relative pro-
portion of each glycosaminoglycan species was determined by calculation of the
amount of radiolabelled material resistant to (void volume) or degraded by
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(included volume) each treatment. For specifìc activity determinations. cells were
incubated in the presence or absence of IL-lB as described above and labelled in
the presence of both [3-'S]-sulfate (20pCi/ml) and [3H]-glucosamine (17.-5 ¡rCi/ml)
for 24hr. The disaccharides released by chondroitinase ABC digestion were
assessed for their '1-rS/'rH ratio as described previously.rs.

Statistical Analyses

All data were subjected to statistical analysis using the methods of analysis of
variance or the Student's T-test.

RESULTS

Cell Proliferation

The proliferation rate of human gingival and foreskin fibroblasts in the presence
of increasing concentrations of lL-lB was assessed by [3H]-thymidine uptake
(Fig. l). Human foreskin fibroblasts were used as a positive control, since these
cells have been shown previously to be stimulatecl to proliferate in the presence of

I
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Gingival m
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['Hl-thymidinc incorporation. Data n and standar<ì <lcviation of thc mcan of
triplicatc cultures lrom a rcprcsentativc experimcnt.
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IL-1.5 In the present study, increasing concentrations of IL-lB stimulate<t [3H]-
thymidine uptake by both cell types. In the absence of IL-113 the gingival fibro-
blasts had a slower basal proliferation rate compared to the foreskin fibroblasts.
However, with increasing concentrations of IL-18 the gingival fibroblasts were

stimulated to proliferate to a greater extent than the foreskin fìbroblasts. For both
cell types, the midpoint of the proliferation curve was in the 10-rrM range. No
stimulation of proliferation was noted if the assay was performed in the absence

of serum (results not shown).

Dose Response

The effects of increasing concentrations of IL-lfì on incorporation of []'tS]-sulfate
into macromolecules associated with the medium ancl cell layers is seen in Fig.2.
IL-lB stimulated the synthesis of [3sS]-sulfate-labelled macromolecules. This
stimulatory effect was most evident in the medium fraction (Fig.2a) where IL-lp
stimulated macromolecular synthesis in a dose dependent fashion after 96h in

culture. The greatest effect was at a concentr¿ìtion of l0 " M-lL-lB and repre-
sente<I a 30_40"/" increase in []sS]-sulfate-labelleci macromolecules. However, at

concentrations of 10 r2M and greater the stimulatory effect of IL-l[3 was deter-
mined to be statistically significant (p<0.05). For the cell layer. synthesis of [3'S]-
sulfate-labelled macromolecules was greatest at l0-r I M-lL-lÊ where it accounted
for a20"/" increase over control cultures (Fig. 2b). This increase was. however,
not statistically significant. Since the increase in 3-tS-labelleci proteoglycan may
reflect an increase in sulfation rather than an increase in total amount, the cells

were culturecl in the presence of both []sS]-sulfate an<t [3Hl-glucosamine. lf sulfa-
tion was altered by lL-lB, then the ratio of 'r-ss/'rH in proteoglycans from IL-lB
treated and untreated cultures would change. The ratio in disaccharides released

by chondroitinase ABC digestion revealetl no signifìcant change at 0.2 (-+1¡.94¡

and 0.19 (10.01) for cultures treated or untreated with IL-lB respectively.

Inhibition of Cell Proliferation ahd Prostaglandin Synthesis

Since IL-1p stimulated gingivalfibroblast proliferation (Fig. l) an<J PGEl synthesis
by fibroblasts may be elevated by lL-1,6'7 the possibility was investigate<J that the

increased proteoglycan synthesis noted in Fig. 2 w¿ìs a secondary effect due to
altered proliferation rates or PGE2 synthesis by the cells.

Cell proliferation can be effectively inhibited by the addition of hydroxyurea to
the culture medium.2-] At 10-2M hydroxyurea, human gingival fibroblast pro-
liferation was inhibited90% (results not shown). The effect of such inhibition of
cell proliferation on stimulation of []sS]-sulfate incorporation into macromole-
cules secreted into the culture medium by IL-lp can be seen in Fig.3. Regardless

of the presence or absence of hydroxyurea. a dose dependent increase in
biosynthesis of []sS]-sulphate-labelled nracromolecules was noted. These dif-
ferences became statistically significant (p<0.05) at concentrations of l0 rr and
greater.

Indomethacin can effectively inhibit PGE2 synthesis by fibroblasts ¿ìt con-
centrations between l0 5-10 7M.r1 The effect of 10-6M indomethacin on
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Dose Re nse
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FIGURE 2 Proteoglycan .çvnthesis bv human gingival fibroblasts in the presence of increusing cot
centrolions of IL-lþ.
Human gingival fibroblasts were cultured in the absence or presence of increasing concentrations (

IL-lB and incorporation of []sS]-sultate into macromolecules was assessed by Sephadex C-25 (PD-l(
chromatography. Data represent mean and standard deviation o[ the mean of triplicate cultures from
renresentâlrve exnefl menl

IL-lp-induced stimulation of [3sSl-sulfate incorporation into macromolecules i:
shown in Fig.4. Depsite treatment of the cells with indomethacin, a dose
dependent increase in biosynthesis of [3sS]-sulfate-labelled macromolecules was
noted. The stimulation of proteoglycan synthesis by IL-1p became statistically
significant (p<0.05) at concentrations of l0'rr and greater for both control and
indomethacin-treated cultures.

[3sS]-sulfate Incorporation with Time

The rate of incorporation of [3-sS]-sulfate into medium and cell layer macromole-
cules in the presence or absence of IL-113 (10-rrM) over a 72h period is shown in

Cell Layer b
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FIGURE 3 Effect of cell proliferation-on svnthesis of proteoglycans in the presence of IL-tþ
Hydroxyurea at a concentration of l0-rM will inhibit human gingival fibroblast prolifeiation by 90%.
Cells were incubated for 48h in the presence or absence of l0:M-hydroxyurea ancl incieasing
concentrations of IL-lB and then pulsed for 48hr in the presence of []5S]-sulfate. lncorporation of
[r5S]-sulfate into proteoglyc¿rns was monitored by PD-10 chromatogràphy. Ootn are eipressecl as
means and standard deviation of mean of triplicate cultures of a representative experiments.

Fig. 5. A steady increase in release of [3sS]-sulfate-labelled proteoglycans into the
medium overTzh for both treated and untreated cultures. At all time points IL-lB
treated cells released more [3sS]-proteoglycans into the medium. This difference
was, however, not statistically significant until 72h (p<0.05). The radiolabelled
material associated with the cell layers of treated and untreated cultures increased
rapidly during the first 24h, after which the incorporation of [35S]-sulfate slowed
somewhat increasing only 50% over the next 48h. Although the IL-lB treated
cells appeared to have greater amounts of [35S]-sulfate-labelled proteoglycans
associated with their cell layers, no significant difference between IL-lB treated
and untreated cultrues was detected.

Pulse Chase Experiments

The effect of IL-18 on the turnover rate of cell associated [35S]-sulfate-labelled
material was assessed following chase for various periods of time (Fig. 6). There
appeared to be no remarkable differences between the kinetics of release of [3sS]-
sulfate-labelled macromolecules into the medium by treated or untreated cells.
The release of [3sS]-sulfate-labelled macromolecules from the cell layer into the
medium was rapid during the first 8hr of the chase, and then seemed to level off

Hydroxyurea

++
t

Control
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lndomethacin (lo-uv)
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FIGURE 1 Ellcct o.l pnt.staglantlin ot¡ tltc st'nthcsis o.l' ol lL-lþ
Cclls wcrc incubatc<l for -ltì hr in thc prcscncc tll indomc rati<lns of Il-lll
and then pulsc<J 1or.ltÌhr in thc prescncc of friSl-sulphl ¿tte int() protc(r-
glycans was nxrnitorcd try PDlt) chromatography. Data : ndarcl dcviation
of thc mcan oI triplicLrtc cullurcs of a rcprcscnt¿ttivc cxpcrittì(jnt.

at around 30% of the total activity in the meclium by 24h. This increase of []sSl-
sulfate-labelled material in the medium was accompanied by a concomitant
decrease of IilSl-sulfate-labelled material assocrated with the cells.

Proteoglycan Characterization

The molecular size distribution of newly synthesized proteoglycans was determined
by gel filtration on Sepharose CL-48 (Figs.7 & 8). Under dissociative conditions
(4M guanidine HCI) the proteoglycans isolated from the medium of IL-lB-treated
and untreated cells demonstrated similar elution profiles (Fig.7). ln general,

three different size classes could be identifìed in the mediunr (M1, M2 and M3)
and the relative proportions of these classes of proteoglycan associated with the

medium compartment did not vary between treated and untreated cells. Peak M3
was the quantitative major component of both IL-l13 treated and untreated cells

and represented 73"/" and 67"/" respectively. Peaks M2 and M3 constituted the
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remaining 30% of total l']ssl-sulfate-labelled material eluted from the columns

anddidnotdifferappreciablybetweentreatedanduntreatedcells.
Similar analyses åf cett iayer-associated []sS]-sulfate-labelled material on

Sepharose Cl-48 revealed four identifiable regions in the elution profiles and were

termedC|,C2,C3andCa(Fig.8).As,".nfo'themediumproteoglycans.the
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10 20 30

Hou rs

FIGURE 6 Kinetics of degradation ol newl¡, svnthesized proteoglvcan.s
Human gingiva_l fìbroblasts were cultured in the presence (10- irM¡ or absencc of lL-l[ì. After
Iabelling with [rsS]-sulfate for 24h, the medium wai removed and the cell layers washe<J exiensively
and the cells were then incubated ¡n isotope-free medium for various periods óf time. Thc p,...n.. oi
[3sSl-sulfateJabelled proteoglycans in the medium and cell layer aftlr eactr futse perio¿ was deter-
mìned by PD-10 chromatography. The data represent means and standard dèviation of the mean of
triplicate cultures of reprcsentative experiments..

relative proportions of the cell layer proteoglycans did not vary noticeably
between treated and untreated cells. peak C4, which accounted for between
45-47% of the total labelled material eluted from the columns, was the quantita-
tive major peak for both the treated and untreated cells. Slight quantitative
differences between peaks cl and c2 were evident but were, however, not
statistically significant (Table l).

The absence of any small molecular weight material eluting at or near the total
volume of the column suggests that no degradation of the proteoglycans occured
during the incubation period or subsequent analyses.
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FIGURE 7 Sepharose cL-48 get fltrotion chromolographv of mediu,m proteogl¡'cuns associated with

or absence ol 1L-llì
an gingival fibroblasts cultured in the presence

x G-50 in the presence of 4M-guanidine HCI and

I eluting in the void volume was applie<l to a

,,åLï'å1 uî ll' iy;iïlj:[; .T.'lä Îli;::i,llü
tillation counting. The void volume (V") and total

volume (V,) were identified with [rH]-DNA and Nar[rss]or respectively. Ml-M3 represent the

different size classes of proteoglycans identifìed in these extracts'
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Glycosaminoglycan Analysis

Preliminary analyses of the proteoglycans synthesized by gingival fibroblasts in the
presence or absence of IL- l[ì were directed at determining their glycosaminoglycan
composition. After enzymatic and chemical degradation of [1iS]-sutfate-laLétte¿
proteoglycans, the types of sulfated glycosaminoglycans were identified ancl
quantitated. The effect of IL-lþ on the relative proportions of these components

FIGURE 8 Sepharose CL-48 gel .filtration chromalogruphv o.[ cell laver proteogl.vcun.ç u.t.soci¡ted with
human gingival lihrobla.srs cultured in the prescnce oì'abscirce ol' IL_iþ.'
[':Sl-sulfatc-labeled cell layers of human gingival fìbroblasts .ulrur"å in rhc prescnce (10 ¡rM) or
a!s91c9 of IL-lp were extracted with 4 M-guanidine HCI and eluted from Se phadËx G-50 in ìhe pr.r.n..
of 4M-guanidine HCI and protease inhibitors. An aliquot from thernut.riol eluting in ihe voi<J
y|LYT.- was applied to a Sepharose CL-48 colunrn (0.7cm x l(X)cm) and elurcd wiih iM-guanidine
HCI/O.05 M-sodium acctate. pH 5.1'l containing proteasc inhibitors. Fiactions ol 0.5 ml werc collected
a_nd the radioactivitv in cach lraction was clctermineti bv liquicl scintillation counting. The void volume(V,,) a¡d total volume (V,) determinations werc the sáme as <lescribed in Figure 7. Ct-c¿ represent
the dilferent size classes oI proteoglycans identifiecl in thcsc extracts.
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TABLE I

301

Proportions of []sSl-su lfate-labelled material in Peaks cluted [rom SePharose CL-48

MEDIUM CELL LAYER

Control

Treated

MI

15 i.2

121:4

M2

12!4

l9t3

M3

'72!5

74+ l0

C1

19+ I

14+ I

C2

2l !3

2l !6

C3

ll ).2

l0+ I

C1

-55 + l0

57+ll

isolated in the void volume after elu tion from SePhadex G-50
I 

ìsS l-sulfate-labelled protcoglycans were

and'then elutcd from Sepharose CL-48 The various Peaks were identifìcd as 7&tì.
and the proPortion of radioactivitY in each peak dctcrmined and converted to u he total

radioactivity eluted from the column The data are exprcssed as mean and standard dcviations o f the

mean of three scParate chromatograPhic analYses.

DISCUSSION

TABLE II

Sul tatcd glYcosami noglYcans in thc mcditrm ¿tnd cell laver

shown in Figs.
perccnlaÊie of t

in the medium and cell layer compartments is shown in Table II' Dermatan

Sulfatewasthepredominantglycosaminoglycanidentifiedinthemediumand
f,"f"."n sulfate was the predominant glycosáminoClyïn, td.t"llfi-t:t in the cell layer

fråfarations. No significant differences were detected between the glycosamino-
'gtyËun, synthesized-by cells treated or untreated with IL-lÊ'

Interleukin-1 is now recognized as being important not only in regulating pro-

liferation an¿ differentiatiõn of lymphoirl cellsbut also as b-eing a key factor in the

regulation of connective tissue óelli <turing inflamma.tion'z In the.ptt*-1t^udL:

hu"man gingival fibroblasts have been studied in relation to their response. r,1

vitro. to recombinant IL-lP.
ThestimulationoflrumangingivalfibroblastproliferationbylL-lBnotedinthe

Haparan
Sulfate

Dermatan
Sul[ate

Chondroitin
Sul[iìtc

MEDIUM

Control
Treated

29
27

60
64

!
+

43+.{
5l + 7

17 t3
2l ),7

-li
+

2643
22!1

l-l+ I
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present study is in agreenrent with other studies.+'s'le However, it is of interest to
note that, when compared to human foreskin fibroblasts, the human gingival
fibroblasts were stimulated to a greater extent even though they had a lower basal
rate of proliferation. In addition, it is noteworthy that this effect was not evident
in the absence of serum, idicating serum to contain some unidentified factor(s)
which augment the biological effecr of IL-lp.

The elevated release of proteoglycans into the medium of cultures exposed to
IL-1B contrasts the findings of ryler3o'ir who reported a decrease in protèoglycan
synthesis when cartilage slices were incubated in the presence of IL-1. However,
other reports have suggested that in cell culture (as opposed to organ culture),
proteoglycan synthesis may be elevated by IL-1.r4'32'-13.-r4 Such discrepancies may
reflect a singificant difference between organ and cell culture with respect to bio-
availability and bilogical activity of various mediators. Whether this increase in
proteoglycan synthesis is biologically significant remains to be established. None-
theless, the fact that lL-lB can induce such a synthetic change in fibroblasts
should not be overlooked considering its effect on other parameters such as
enzyme release and collagen synthesis.e"ru Thus, these changes may act in concert
to potently influence connective tissue metabolism.

The release of 3ss-labelled proteoglycans by cells treated with lL-113 may be
related to modulation of intracellular metabolism or sulfation. However, in the
present study, the turnover rate of proteoglycans and degree of sulfation of
proteoglycans synthesized by cells treated with IL-113 was essentially identical to
the untreated cells. Therefore, it is improbab,le that the increased amount of 3-.S-

labelled proteoglycans noted in the presence of IL-lB is due to alterations in
proteoglycan turnover or sulfation. Thus the effect noted probably represents a
true stimulation of proteoglycan biosynthesis.

Besides altered intracellular metabolism of proteoglycans, an increase in cell
proliferation or PGE, synthesis induced by IL-l may influence proteoglycan
synthesis by cells in culture. However, when these two parameters were blocked
by specific agents, IL-18 still stimulated proteoglycan synthesis. In this regard, it
should be noted that a direct inhibitory effect of indomethacin on PGE2 synthesis
was not investigated in the present study. Therefore, the data relating to the
effect of indomethacin on IL-lB-induced proteoglycan synthesis are only circum-
stantial. Nonetheless, these findings imply that the stimulation of proteoglycan
synthesis by IL-lB is independent of both cell proliferation and pGE2 synthesis.

In addition to altered rates of synthesis, the structure and composition of newh
synthesized proteoglycans can have a significant influence on connective tissue
function. In this study, IL-18 did not cause a selective increase in synthesis of one
proteoglycan at the expense of another. Thus, the immediate effect of Il-1p or
fibroblast proteoglycan synthesis appears to be quantitative rathe¡ than qualitative

Since IL-1 has been reported to stimulate the release of proteolytic enzyme:
from a variety of cells.e'3s-37 it is of interest to note that in the present study, nr
evidence of proteoglycan degradation was noted. This most likely reflected th,
presence of FCS in the culture medium which contains several inhibitors of secreter
proteinases. This was highlighted when the media preparations were incubated fo
24hr af 37'c prior to molecular size analysis; no changes were noted in elutio
profiles between treated and untreated cultures (results not shown). Nonetheles:
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proteoglycanases are released from lL-l-stimulated fibroblast in an inactive

iorrn.n-Thut, analysis of the role that IL-1 plays in proteoglycan degradation

requires further investigation.
Ín conclusion, the observations that IL-1p causes increased synthesis of proteo-

tion of fibroblast proliferation and proteoglycan synthesis.
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il*on girgfrotf¡tlottottt in vitro' J Periodont Res 1988; 23: 139-147'

The effect of recombinant interleukin-1p $L-lp) on hyaluronic acid synthesis' 
t.IL-Lþ caused a dose-dependent in-

¡amine into hyaluronic acid' The 35S/

t change regardless of the presence or

of hyaluronic acid synthesis' Inhi-

bition of cell proliferation by hydroxyurea caused an increase in hyaluronic acid

,v'tt".i, thË errect or rL-t'B "l nt":iî:äî"äìi:iä-']i!îtiff.:i,ïïi ;'å,,*
'ols. Thus the effect of IL-ll on hyaluronic

feration. Furthermore, inhibition
abolished the effect of IL-lP on

level of hyaluronate synthetase activ

that most of the newlY sYnthesized

irr" ."1, exposed to tr_iþ retained more large molecular size hyaluronic acid in

their cell lajer environmeït than did the control cells. These responses by hbro-

blasts to li-l,B 
^uy 

be indicative of early tissue repair'
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lntroduction

Inflammation in soft connective tissues

is characterized by early tissue destruc-

tion followed by deposition of new ex-

tracellular matrix. These events are

d with the inhltration
nd monocYtes and the
fibroblasts. The waY in

which these cells interact is not yet clear'

However, the identihcation of interleu-
kin I (IL-l), a polypeptide released by

activated macroPhages, which can

modulate f,rbroblast activity has led to

interest in this hormone's role in regula-

ting extracellular matrix synthesis'

Currently, two forms of IL-I, inter-

leukin la (IL-14) and interleukin 1B [L-
1p), have been identif,red (1). Although
these differ in their isoelectric points,

have only 26% homology in amino acid
are most likelY sePar-

s, theY seem to share

ProPerties (24)' The

development of recombinant analogues

of IL-ia andlL-lþ now permits investi-

gations into their biological activity in

Ihe absence of contaminants. Biochemi-

cal studies on normal and inflamed hu-

man gingiva have revealed alterations

to the collagens, proteoglycans and hy-

aluronic acid under inflammatory con-

ditions (5-7). In addition, f,rbroblasts

derived from inflamed gingiva synthest-

ze different proportions of extracellular
matrix components compared to cells

from healthy gingiva (8-l 1). Whether

these represen ting fi-

broblastpopu ofPre-

dominant sub the tis-

sues under inflammatory conditions re-

mains to be established. Nonetheless, it
is probable that inflammatory me-

diators, such as IL-l, will play a prime

role in such phenotypic expression by

hbroblasts.
The purpose of this studY was to in-

vestigate the effect of recombinant IL-

lB on hyaluronic acid synthesis by hbro-

blasts derived from healthy human gin-

giva.

Material and Methods
Malerials

Guanidine HCl, indomethacin' hydrox-

ridinium chloride from Ajax Chemicals

Australia, Aulam, N. S. W.; sodium do-

decyl sulfate (SDS) from Bio Rad Lab-

oratories, Richmond, CA; Cellulose

powder from Whatman, Maidstone,
tJ.K.; Strrptomy ces hy altuonidase and

chondroitinase ABC (Proîeus vulgaris)

from Seikagaku Kogyo Ltd., Tokyo' Ja-

pan; Sephadex G-50 and Sepharose CT -

ãB fto- Pharmacia Fine Chemicals,

North RYde, SYdneY, Australia; Dul-
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becco-Vogt medium (DVM), fetal calf
serum (FCS), penicillin, streptomycin
and non-essential amino acids were all
from FIow Laboratories, Irvine, Ayrshi-
re, Scotland; tissue culture plastic ware
from Nunc, Roskilde, Denmark; D-(6-
3H)-glucosamine HCI (33 CilmMol);
UDP-D-(U-r4C)-glucuronic acìd (225
mCi/mMol) and Naz(35S)0+ (1042 mCil
mMol were from Amersham (Austra-
lia), Sydney, Australia; Ready Solv Ep
scintillation fluid from Beckman (Aus-
tralia), Adelaide, Australia; Aquacide
from Calbiochem, La Jolla, CA; recom-
binant interleukin-lB was a generous
gift from Immunex Corporation, Seat-
tle, V/4.

Fibroblasl cultures

Fibroblasts were derived by explant cul-
ture from biopsies of healthy human
gingiva from human volunteers as de-
scribed previously (8). The cells were
maintained in Dulbecco-Vogt medium
(DVM) supplemented with l0% heat_
inactivated fetal calf serum (FCS), 100
units/ml of penicillin, 100 pglml of
streptomycin, 2 pM glutamine, 10 mM
sodium pyruvate and non-essential ac-
ids at 37'C in an atmosphere of 5o/o COz
and 95Yo air. Cells between the 4th and
8th transfer in culture were used. All
experiments were done in the presence
of FCS unless otherwise stated.

Dose response experiments

Fibroblasts were seeded in triplicate
into 24-well plates. After reaching con_
fluence, the cells were preincubated in

and replaced with fresh medium çon_
taining IL-18 and (rH)-glucosamine
(17.5 pCilml) and incubated for a fur-
ther 24 h. The medium was then re_
moved and the cell layers washed once
with PBS, which was pooled with the
medium to make up the medium frac-
tion for subsequent analyses. The cells
were released from the culture plates by
trypsinization, and cell numbers detei_
mined using a hemocytometer. The cul_
ture plates were further extracted with
4 M guanidine HCI/0.05 M sodium ace_
tate, pH 5.8 overnight at 4"C and these
were pooled with the trypsin digest to
make up the cell layer fraction for sub_
sequent analyses. These experiments, as
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for all others described, were repeated
three times to validate the resultJ.
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(3H)-glucosamlne incorporalion Ínlo
hyaluronic acid w¡lh ilme

To determine
kinetics of h
cells were cul
tn 24-well plates and incorporation of
radiolabel into hyaluronic acid was de_
termined at 4, 8, 24, 30, 4g and 72 h

Analysis of (3H)-labeled macromolecules

To determine the amount of (rH)-glu-
cosamine incorporated into all macro-
molecules, the medium and cell layer
material \ryas dialysed exhaustively
against 0.15 M sodium acetate, 0.15 M



sodium chloride, 1 mM magnesium
chloride and 1 mM calcium chloride,
pH 5.8. The hnal volume of each sample
was recorded and the 3H-radioactivity

was detemined for 100 pl aliquots.
Quantitation of hyaluronic acid was

achieved using a modification of the
procedure described by Saarni & Tammi
(13). Aliquots (250 pl) of the medium
or cell layer fractions were diluted with
an equal volume of 2%o hyaluronic acid
in distilled water and the glycosamino-
glycans precipitated by addition of 50
pl l0% cetylpyridinium chloride (CPC)
(15). The samples were then immedi-
ately applied onto CPC-cellulose micro-
columns (0.5 cm x 6.0 cm) (15) and un-
incorporated radiolabel and glyco-
proteins were washed from the columns
with 12 ml 1o/o CPC in 0.05 M sodium
chloride. Hyaluronic acid was then elu-
ted with 10 ml of loÁ CPC in 0.5 M
hydrochloric acid. Using this method,
80% of standard 3H-labeled hyaluronic
acid was recovered in the 0.5 M HCI
wash; less than 2o/o eluted in the initial
wash and the remaining l5%o remained
bound to the column and could be elu-
ted with 1.0 M sodium chloride.

ßS/3H ralios

The specif,rc activity of specific sugar
nucleotide precursors can change with
varying culture conditions when (3H)-
glucosamine is used as a metabolic pre-
cursor (16). Therefore, using a dual la-
bel protocol, the 35S/3H ratios ofisolated
macromolecules and disaccharides
liberated lïom glycosaminoglycan di-
gestion were assessed as described by
Bartold & Page (ll).

Control !
tL-1Ø

+

rl
3H-GlcNAc 3H-HA

Fig. 2. The effect of 10 r0 M IL-|I on the
incorporation of (3H)-glucosamine into total
macromolecules and hyaluronic acid.

lnhibilion of cell proliferation

Because IL-l can influence fibroblast
proliferation (18, 19) which in turn may
influence hyaluronic acid synthesis (20,
2l), it was necessary to determine the
effect of IL-IB on hyaluronic acid syn-
thesis in the absence of cell prolifer-
ation. Hydroxyurea at 10-2 M can in-
hibit gingival hbroblast proliferation up
to 90o/o (22). Therefore, subconfluent
cultures of fibroblasts (20 000 cells/well)
were cultured in the presence of l0 'zM
hydroxyurea and hyaluronic acid syn-
thesis was assessed after 48 h incubation

in the presence or absence of 10 ro M
rL-tß.

lnhibilion of prostaglandin synthesis

Since PGEz can influence hyaluronic
acid synthesis (2328), endogenous
PGEz synthesis was inhibited by the ad-
dition of indomethacin to the culture
medium (23). Hyaluronic acid synthesis
was thus assessed after 48 h incubation
in the presence or absence of l0-r0 M
IL-ll in medium containing indometha-
cin ranging in concentration from l0-6
to l0-a M.
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Fig, 3. Effect of IL-lf on the incorporation of (3H)-glucosamine into hyaluronic acid with
time. Data are expressed as means and standard deviation of the mean of triplicate cultures
of a representative experiment. (a) Medium; (b) Cell Layer.
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Table 1. Effect of IL-1þ on 35S/3H ratio in isolated macromoleculesl

Effect ol ll-1f on hyaluronic acid
synthetase

To determine whether new protein syn-
thesis (and therefore new enzyme syn-
thesis) was a prerequisite for the effect
of IL-IB on hyaluronic acid synthesis,
the ñbroblasts were incubated in the
presence or absence of cycloheximide.
Cycloheximide at a concentration of 20
pg/ml caused a 80'/o decrease in total
protein synthesis (results not shown).
Therefore, gingival fibroblasts were cul-
tured in the presence or absence of 10-10

M IL-lß in medium containing either 0
pglml or 2O pglml cycloheximide and
hyaluronic acid synthesis was deter-
mined after 48 h.

Hyaluronic acid synthetase activity

was assessed by incubating lysed IL-lB-
treated and untreated cells in the pres-
ence of 0.1 pCi UDP-D-1U-trC)glucu-
ronic acid and 5 x l0 3 pMoles UDP-
N-acetylglucosamine (29). The amount
of 3H-hyaluronic acid produced was de-
termined by elution from CPC-cellulose
microcolumns.

dine HCl/0.05 M sodium acetate, pH
5.8. -Fiactions ot'0.5 ml were collected
at a flow rate of 3 ml/h and 50 4l ali-
quots from each fraction were assessed

for (3H)-activity. The material which
eluted in the void volume was pooled
separately from that which eluted in the
included volume. The recoveries of
radiolabeled material applied onto these
columns were between 80-85%. The hy-
aluronic acid content of the pooled ma-
terial was assessed using Streptomyces
hyaluronidase as described by Bar-
told & Page (11).

Statistical analysis

All data were subjected to statistical
analysis using either the methods of
analysis of variance or the Student's t-
test.

Total labeled
Macromolecules

Chond¡oitinase ABC
Disaccharides

Media Control 1

Media Control 2

Media Control 3

Media IL-l I
Media IL-l 2

Media IL-l 3

l:0.074
1:0.083

l:0.088

l:0.24
1:0.17

l:0. l9

l:0.067
l:0.072
I :0.081

l:0.20
1:0.19

l:0.21

I Human gingival fibroblasts we¡e incubated in the presence of (3H)-glucosamine and (35S)-

sulfate and the labeled macromolecules were isolated. The 35S/rH ratios were determined for
both the total isolated macromolecules and chondroitinase ABC digested macromolecules.

Molecular size dlstribution of hyaluron¡c
acid

The effect of lL-lp on the molecular
size of newly synthesized hyaluronic
acid was also studied. Medium and cell
layer (3H)-labeled macromolecules were
eluted from columns of Sepharose CL-
2B (0.7 cmx 100 cm) with 4 M guani-

Results
Dose response

The synthesis of (3H)-labeled hyaluronic
acid was stimulated in a dose-dependent
fashion by IL-18 (Fig. 1). At a concen-
tration of l0 eM, an 80% and 100%
increase in hyaluronic acid synthesis
was noted for the medium and cell layer
respectively. This stimulatory effect was
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Fig. 5. Effect of indomethacin inhibition of prostaglandin Ez synthesis on hyaluronic acid
levels in media. Data rep¡esent the means and standard deviation of the mean of triplicate
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e5S/3H ratios of labeled macromolecules

The 35S/3H ratio of isolated labeled

macromolecules was compared between

treated and untreated cells'

lnhibition of cell prolileration and

prostaglandin sYnthesis

The effect of inhibition of cell prolifer-

ut¡o o" hyaluronic acid synthesis by
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Effect of cycloheximlde on hyaluron¡c ac¡d

synlhesis

with IL-IP alone.
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('H)-glucosamine incorporation with lime

acid into the medium than did the un-

treated cells and this difference became

statistically significant þ<0'05) after

24hir"rrttrrt.. For the cell layers, (3H)-

labeled hyaluronic acid increased rap-

idlv durine the f,rrst 24 h, after which

thé incorporation of (jH)-glucosamine

slowed somewhat increasing approxF

mafely 40o/o over the next 48 h' As for

Cont. lL-1

Fig.7.Ðtrætofll--lp on hyaluronic acid synthe

taie activity as assessed by the incorporation of

UDP-D-C;C)-glucuronic acid into hyaluronic

acid. Datà represent the means and standatd de-

viation of the mean of triplicate cultures from a
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Sepharose C L-28,

10

6

B

4

8

6

2

Effect of 1L-1þ on hyaluronic acid
synlhelase activity

Medium

Efect of lL-1þ on hyaturonic acid molecular
size

l5% of the total labeled material eluting
from the column; while the 

"or.".porrãling peak for the control 
"utt".., i"pr._

sented 20%o of the total radioactivity
(Table 2) The large molecular.ire¿ rnà'_
terial from the cell layers oftreated and
untreated cells represented 460/o and
40Y" of the total respectively.

. .For the medium, most (> ÞOZ; of *r.
Iabeled material in peak I was sensitive to
hyaluronidase digestion (Table 2). De_
spite the differences in total (3Ð-l;beled
material in each of the peaks, no signih_
cant differences in the distribution oi hy-
a-luronic acid on the basis of molecuir
size could be detected for treated and un_
treated cultures (Table 2).

Quantitation of large ancl small mol_
ecular size hyaluronic acid associated
with the cell layer is also shown in Tablc
2. Of the labeled material in peak I for
treated and untreated cells, 64%o and 51"/o
respectively was digestable (Table 2).
When these values were related to the to_
tal radiolabel distribution, it was evident
that the cells exposed to IL-lß proOu*J
an elevated amount of higtr moleculai
weight hyaluronic acid which remaineã
associated with the cell layer (Table 2).
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beled medium macromolecules
in the presence of l0-ro M IL_
ned with CH)-DNA and (35S)_
e ba¡s were pooled for further

Discussion

In the pres
trations ofIL
sponded by
amounts of (rH)_glucosamine into
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Frg. 9. Sepharose CL-28 gel filtration chromatograms ol3lllabeled cell laycr macromolcculcs iso-

lated from cultures ofhuman gingrval fibroblasts incubated in the presence or absence of l0-r0 M
IL-lp. The column elution conditions and characterizations were the same as described in Fig. 7.

Fractions within the regions marked by the bars were pooled for subsequent analyses.

Interleukin-Lp and hyaluronic acid 145

may be related to the observed increase
in hyaluronic acid production. The ef-
fect of hydroxlurea on hyaluronic acid
synthesis appears to be a novel finding.
However, it is consistent with elevated
hyaluronic acid production by cells
which are in a subconfluent state, since
hyaluronic acid production is related
not only to proliferation but also to cell
density (20,21).

To study the role of PGEz synthesis
on the observed stimulation of hyal-
uronic acid by IL-lp,fhe cells were incu-
bated in the presence of indomethacin.
At concentrations of 1 0 5 M and greater
of indomethacin, the effect of IL-lf on
hyaluronic acid synthesis was suppres-
sed. These data are consistent with the
hndings of Bocquet et al. (35), who re-
ported that inhibition of PGEz synthesis
negated the effect of mononuclear cell
supernatants on hyaluronic acid by sy-

novial cells.
Since increased hyaluronic acid syn-

thesis is associated with altered levels of
hyaluronic acid synthetase (29, 39), the
effect ofblocking new protein synthesis
by cycloheximide was analyzed. In the
absence of lL-lp, cycloheximide caused
a marked decrease in hyaluronic acid
synthesis. This is consistent with the ef-
fect of cycloheximide on hyaluronic
acid synthesis in other systems (40,41).
However, when the cells were cultured
in the presence of cycloheximide and
IL-7p,no stimulation of hyaluronic acid
synthesis was noted. This implies that
new protein synthesis is a prerequisite
for IL-lp to inducc hyaluronic acid syn-
thesis. Indeed, direct assessment of en-
zyme activity indicated that IL-IB sig-
nificantly increased hyaluronic acid syn-
thetase activity. Taken together, these

data indicate that IL-1l stimulates hyal-
uronic acid synthesis via stimulation of
new hyaluronic acid synthetase.

Although no differences in absolute
molecular size distribution of newly syn-
thesized hyaluronic acid were noted, the
hyaluronic acid associated with the cell
layer was composed of more large mol-
ecular weight hyaluronic acid. These
data are in partial agreement with
others (35, 36) who have reported no
changes in molecular size. However, in
these studies no quantitation of the rela-
tive distribution of large and small mol-
ecular sized hyaluronic acid was made.

Hyaluronic acid has been implicated
in many biological functions (43, 44).

As such, a role for dictating develop-
mental stages has been proposed for this
macromolecule (21). In addition, hyal-
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3+36). In the present study the 35S/3H

ratios of isolated macromolecules did
not change appreciably regardless of the
presence or absence of IL-lp. This indi-
cates that the specihc activity of the su-
gar nucleotide precursors was not af-
fected by the different culture con-
ditions. Therefore, the increased
incorporation of (3H)-glucosamine into
hyaluronic acid can be interpreted as

representing a true increase in hyaluron-
ic acid synthesis.

Analysis of the rate of (3H)-glucosa-
mine incorporation into hyaluronic acid
in the presence or absence of lL-lþ
revealed that differences could be de-

tected 24 h after the addition of IL-lp.
While this may seem to be slow, it is

one of the earliest responses that the
cells show. Stimulation of proliferation

by IL-lp is maximal by d 3 and proteog-
lycan synthesis only becomes signifi-
cantly different after 72 h in culture (8,

22).Indeed, this response to IL-lB high-
lights the observations that increased
hyaluronic acid synthesis is a character-
istic feature of hbroblast activation (1 l,
37, 38).

The contribution of cell proliferation
to Il-lp-induced hyaluronic acid pro-
duction was also studied. When treated
with hydroxyurea alone, the cells re-
sponded by producing more hyaluronic
acid relative to the control cells. In the
presence of hydroxyurea and lL-lp, el-
evated hyaluronic acid synthesis was

also noted, but it was no greater than
that noted when the cells were incu-
bated in hydroxyurea alone. Thus, the
influence of lL-lþ on cell proliferation
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Table 2. Effect of IL-l/ on the molecular weight distribution of hyaluronic acidl ration and determination of lnamltalialr
acidic glycosaminogly cans. Ana I Bioc he m
1967; 18: 333-350.

16. Yanagashita M, Hasca.ll VC. Elfects of
monensin on the synthesis, transport and
intracellular degradation of proteogly-
cans in rat ovarian granulosa cells in cul-
tture. J Biol Chem 1985;260:5445 5455.

17. Saito H, Yamagatal Suzuki S. Enzymatic
methods for the determination of small
quantities of isomeric chondroitin sulfates.
J Biol Chem 1968;243:153Ç1542.

18. Schmidt JA, Mizel SB, Cohen D et al.
Interleukin 1, a potent regulator ol fibro-
blast proliferation. J Immunol 1986; 128:
2177 2182.

19. Wahl SM, Malone DG, Wilder RL.
Spontaneous production of fi broblast-ac-
tivating factors by synovial cells. J Exp
Med 19851' 16l: 210-222.

20. Hopwood JJ, Dorlman A. Glycosamino-
glycan synthesis by cultured human skin
fibroblasts after transformation with
Simian virus 40. J Biol Chem 1977;252
47774785.

21. Toole BP. Glycosaminoglycans in mor-
phogenesis. In: Hay ED, ed. Cell Biology
of the Extracellular Matrix. New York:
Plenum Press, 1981; 259.

22. Bar|old PM. The eflect olinterleukin-l/
on proteoglycans synthesized by human
gingival fibroblasts in vitro. Connect Tis-
sue Res 1988 (in press).

23. Dayer J-M, Goldring SR, Robinsou DR,
et al. Elfects of human mononuclear cell
factor on cultured rheumatoid synovial
cells. Biochim Biophys Acta 1979; 586:
87-105.

24. Krane SM, Dayer J-M, Simon LS, et al.
Mononuclear cell-conditioned medium
containing mononuclear factor (MCF),
homologous with interleukin l, stimu-
lates collagen and lìbronectin synthesis
by adherent rheumatoid synovial cells:
effects ol prostaglandin Ez and indo-
methacin. Coll Rel R¿s 1985; 5:
99-t17.

25. Carroll GJ. Porcine catabolin stimulates
prostaglandin E2 seùref.iùlì Lut tlucs uut
alfect intracellular cyclic AMP pro-
duction in pig synovial iibroblasts. ln¿¡
Rheum Dis 1985; 44: 631 636.

26. Bernheim HA, Dinarello CA. Effects of
purified human interleukin-l on the re-
lease of prostaglandin Ez from fibro-
blasts. -Br. "/. Rå eumatol 1985 (Suppl 1) Z:
122 r27,

27. Murota S, Chang WC, Abe M, et al. The
stimulatory effect ol prostaglandins on
production of hexosamine-conlaining
substances by cultured fibroblasts. Pro-
s tag landß 197 8; 12: I 93-l 95.

28. Castor CW, Bignall MC, Hossler PA, et
al. Connective tissue metabolism XXI.
Regulation of glycosaminoglycan metab-
olism by lymphocyte (CTAP-l) and plate-
let (CTAP-III) growth factor. In Vitro
1981;17:777-785.

29. Applel A, Horwitz AL, Dorfman A. Cell
lree synthesis of hyaluronic acid in Mar-

Yo |oTal rH-activity

in peak 3,
Vo peak digested

by hyaluronidase3

o/o total 3}f-

activity4

Media
Control Peak I
Control Peak 2
IL-l Peak 1

IL-l Peak 2

Cell layer
Control Peak 1

Control Peak 2
IL-l Peak I
lL-l Peak 2

20
80

l5
85

51

5

64

4

18

22

l4
l7

94
28

93
20

20

-t

29
2

40
60
46

54

I rH-glucosamine labeled macromolecules were pooled as shown in Figs. 7 & 8 after elution
from Sepharose CL-28. The proportion of hyaluronic acid present was determined by
calculating the amount of rH-activity susceptible to Streplomyces hyaluronidase digestion.

'?3H-activity in caeh peak is expressed as a percentage of the total rH-activity eluted from
Sepharose CL-28.

r Values represent the percentage ofmaterial in the Sepharose CL-28 peaks which was sensitive
to Slreptomyces hyaluronidase digestion.

a rhe percentage of the total 3H-activity represented by hyaluronic acid was determined by
multiplying the percentage of 3H-activity in the Sepharose peaks by the percentage of that
material identified as hyaluronic acid.

uronic acid production may be en-
hanced under inflammatory conditions
(11, 41, 45) and increased hyaluronic
acid is one of the earliest events of tissue
remodelling and healing (12). There-
fore, stimulation of hyaluronic acid syn-
thesis by a mediator like IL-lf may rep-
resent an attempt by the cells to initiate
tissue repair.
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The effect of tipopolysaccharide preparations lrom Salmonella enteritidis, Bacteroides gingivalis, and
Actinobacillus actinomycetemcomitans on human gingival fibroblasts was studied. Lipopolysaccharide from all
sources inhibited fibroblast proliferation in the concentration range of 0.5 to 50 pg/ml' with the lipopolysac-
charide from A. actinomycetemcomitans having the strongest inhibitory effect. Assessment of the effect of
lipopolysaccharide on gingival fibroblast metabolism indicated both total protein and proteoglycan synthesis to
be inhibited with increasing concentrations of lipopolysaccharide. As for the antiproliferative effect, lipopoly-
saccharide from A. actinomycetemcomitans had the greatest inhibitory effect on cell synthetic activity. This
inhibitory effect was determined by pulse-chase experiments to be a true depression in synthesis. Furthermore,
the effect was independent of lipopolysaccharide-induced changes in cell proliferation and prostaglandin
synthesis. This study confirmed the toxic eilect oflipopolysaccharide on fibroblasts and, in particular, lndlcated
that various lipopolysaccharide preparations vary in their potency to influence cell proliferation and
extracellular matrix synthesis.

An interrelationship between bacterial plaque and host
defense mechanisms in the development of gingivitis and
periodontitis is now well established (15). In particular,
organisms such as Bacteroídes gingivalis and Actinobacillus
actinomycetemcomitans appear to be associated with the
more severe forms of the periodontal diseases (35, 36).
Consequently, numerous bacterial surface components and
metabolic products have been implicated in the development
and propagation of the disease process. Of these compo-
nents, lipopolysaccharide (LPS) has received considerable
attention (1-3, 11). To date, it has been shown that LPS can
modulate cell growth (21,36,40), synthetic activity (9, 19,
20), and bone metabolism (17, 24) as well as stimulate
macrophages to secrete a variety of lymphokines (16). Thus,
this cell surface component of gram-negative bacteria has
the capacity to significantly alter the physical properties of
tissues either directly by influencing the connective tissue
cells or indirectly by inducing an inflammatory response.

The extracellular matrix of gingival connective tissue is
composed principally of collagens and cells embedded
within a complex nonfibrous gel of which proteoglycans are
considered to be a major component (7). Thus, any alteration
to the metabolism or synthesis ofthe proteoglycans could be
expected to significantly influence the integrity of the tis-
SUES,

Therefore, given the well-documented potency of LPS on
connective tissue metabolism and the relative importance of
proteoglycans in maintaining physiological balance within
tissues, this study examined the effect of LPS derived from
two periodontal pathogens, as well as from a standard
source, on proteoglycan synthesis by human gingival flbro-
blasts in vitro.

MATERIALS AND METHODS

Materials. LPS from Salmonella enteritidis (trichloro-
acetic acid extract), sodium pyruvate, r--glutamine, guani-
dine hydrochloride, phenylmethylsulfonyl fluoride, N-ethyl-

maleimide, 6-aminohexanoic acid, benzamidine hydro-
chloride, hydroxyurea, and indomethacin were all from
Sigma Chemical Co., St. Louis, Mo. Dulbecco-Vogt me-

dium, penicillin, streptomycin, fetal calf serum, and nones-
sential amino acids were from Flow Laboratories, Irvine,
Ayreshire, Scotland. Tissue culture plasticware was from
Nunc, Roskilde, Denmark. [6-3H]thymidine (22 Cilmmol)
and Nar3sSO 4(I,042 mCi/mmol) were from Amersham (Aus-
tralia), Sydney, Australia. Ready Solv EP scintillation fluid
was from Beckman (Australia), Adelaide, Australia. Chon-
droitinase ACII (Arthrobacter aurescens) and chondroiti-
nase ABC (Proteus vulgaris) were from Seikagaku Kogyo
Ltd., Tokyo, Japan. Sepharose CL-48, Sephadex G-100,
Sephadex G-50, and Sephadex G-25 (PD-10) were from
Pharmacia Fine Chemicals, North Ryde, Sydney, Australia.

LPS extraction and purification' LPSs from B. gingivalis
381 and A. actinomycetemcomitans AA75 were extracted
and purif,ed as described previously (24). Briefly' after cell
breakage in a Braun homogenizer, the membrane fraction
was prepared first by low-speed centrifugation and finally by
ultracentrifugation. The LPS was extracted by the phenol-
water method (41) and further purified by ultracentrifugation
followed by gel filtration chromatography on Sephadex
G-100. Fractions were analyzed for neutral sugars (30). The
second and third carbohydrate-positive peaks, designated
peaks 2 and 3, have previously been shown to contain the
LPS components and were used for subsequent experiments
(24). The LPS from A. actinomycetemcomitar?r was ex-
tracted in a less rigorous manner. The cells were extracted
by the phenol-water procedure (41), and the aqueous phase
was used as a crude LPS preparation. This crude fraction
contains LPS as evidenced by the presence of the fatty acid
3-hydroxytetradecanoic acid (32).

Fibroblast cultures. Gingival fibroblasts were obtained
from explant culture of healthy gingiva from adult volunteers
as described previously (26). The cells were maintained in
Dulbecco-Vogt medium supplemented with I0%o heat-inacti-
vated fetal calf serum, 100 units of penicillin per ml, 100 pg
of streptomycin per ml, 2 mM glutamine, 10 mM sodium* Corresponding author
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FIG. 4. Time course of effect of LPS on proteoglycan synthesis.

Quadruplicate cultures of human gingival fibroblasts were exposed
to 50 ¡-r.g of LPS per ml, and the incorpolation of []5Slsulfate into
proteoglycans was monitored over various periods. Data represent
the means and standard erlors (bars) from a representative experi-
ment. Symbols: E, contlol; a, LPS.

steady increase was evident in the release of 3sS-labeled

proteoglycans into the medium over 72 h for both LPS-
treated and untreated cultures. At all time points studied,
LPS-treated cells released less 3sS-proteoglycans into the
medium than the untreated cells did. This difference became
statistically significant (P < 0.05) after 24 h in culture. To
further assess the release and catabolism of prelabeled
proteoglycan synthesis in the presence ol absence of LPS,
we performed pulse-chase experiments (Fig. 5). The release
of 35S-labeled proteoglycans from the cell layer into the
medium was rapid during the first 8 h of the chase and then
leveled off at approximately 30% of the total activity in the
medium by 24 to 30 h. The increase in 35S-proteoglycans

appearing in the medium was reflected to some extent by a

decrease in 3-5S-proteoglycans within the cell layers. No
significant differences were noted between the kinetics of
release of 3ss-labeled proteoglycans into the medium by
LPS-treated or untreated cells.

Since the various LPS preparations studied inhibited
gingival fibroblast proliferation (Fig. 1) and because LPS can
influence PGE, synthesis by fibroblasts in culture, there is a
possibility that the effect of LPS on proteoglycan synthesis is
a secondary response effected through altered proliferation
rate or PGE, synthesis. Therefore, the effect of LPS on
proteoglycan synthesis was monitored in the presence of
agents which can specifically block cell proliferation and
PGE, synthesis. At 10-2 M, hydroxyurea will inhibit gingi-
val fibroblast proliferation by 90% (Bartold, unpublished
observation). Despite the exposure ofthe cells to this agent,
proteoglycan synthesis was still depressed in the presence of
50 pg of LPS per ml and was not statistically different from
that of cultures treated with LPS in the absence of 10-2 M
hydroxyurea (Fig.6). Similarly, if the cells were exposed to
a range of concentrations of indomethacin which are known
to inhibit PGE, synthesis by fibroblasts (12), proteoglycan
synthesis remained depressed in the presence of LPS with
respect to that of cells cultured in the absence of LPS (Fig.
7). Therefore, the decrease in proteoglycan synthesis by
cells cultured in the presence of LPS appears to be indepen-
dent of either altered cell proliferation or altered PGE,
synthesis.

1 400

1200

1 000

800

600

400

200

0
0 10 20 30

Time (Hours)
FIG. 5. Effect of LPS on the release of newly synthesized

ploteoglycans. Human gingival fibroblasts were cultured in the
presence ol absence of LPS. After the cells were labeled with
[]5Slsulfate for 24 h, the medium was removed and the cells were
incubated in isotope-free medium for various periods. The reìease of
tts-labeled proteoglycans from the cell layel into the medium was
monitored. Data represent the mean values from a representative
experiment. Symbols:@, control medium; a, LPS medium; E,
LPS-treated cells; Q, control cells.

To further define the effect of LPS on the proteoglycans
synthesized by human gingival fibroblasts in culture, we
determined the molecular size of newly synthesized proteo-
glycans by gel filtration on Sepharose CL-48 (Fig. 8 and 9).
Under the dissociative conditions used (4 M guanidine
hydrochloride), various groups of proteoglycans within the
medium and cell layer fractions can be identified (4, 6). No
lemarkable differences between the elution profiles of LPS-
treated and untreated cultures could be detected. In addi-

0 0.0'l

Hydroxyurea Conc. (M)

FIG. 6. Effect of inhibition of cell proliferation on synthesis of
proteoglycans in the presence of LPS. Quadruplicate cultures of
human gingival fibroblasts were cultured in the presence of 10 2 M
hydloxyurea (a concentration which will inhibit gingival fibroblast
proliferation tp to 907o), and proteoglycan synthesis in the presence
of absence of hydroxyurea and LPS was monitored. Data represent
the means and standard errors (bars) from a representative experi-
ment. I, Control; Ø, LPS.
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FIG. 7, Effect of inhibition of PGE, synthesis on proteoglycan
synthesis by fibroblasts in the presence of LPS. Quadruplicate
cultures ofhuman gingival fibroblasts were exposed to indomethacin
over a concentration range known to inhibit PGE, synthesis, and
proteoglycan synthesis was monitored in the presence or absence of
50 pg ofLPS per m[. Data represent the means and standard errors
(bars) from a representative experiment. l, Control; Ø, LPS.

EFFECT OF LPS ON HUMAN GINGIVAL FIBROBLASTS 2153

=,o-o
cfto

I
õo

tr)o

U)
ro
cft

4

2

s00

G00

=o-o 4oo

a
to
rft

200

b

800

600

=Go
400

u,
u)
ç:,

200

0
20 30 40 50 60 70 80 90

vo Fraction Number
80

vt
90

0

20 30 40 50 60 70 80 90
vo Fraction Number vt

FIG. 8. Sepharose CL-48 gel filtration chromatography of pro-
teoglycans isolated from the medium of human gingival fibroblasts
cultured in the presence or absence of LPS. 35S-proteoglycans were
isolated from the medium an<J eluted from Sepharose CL-48 with 4
M guanidine hydrochloride-0.05 M sodium acetate (pH 5.8) contain-
ing protease inhibitors. The void volume (V,,) and total volume (V,)
were determined with [3H]DNA and Nar35SOo, respectively.
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FIG. 9. Sepharose CL-48 gel filtration chromatography of pro-
teoglycans isolated from the cell layer of cultures of human gingival
fibroblasts cultured in the presence or absence of LPS. 35S-proteo-

glycans were eluted from Sepharose CL-48 under the same condi-
tions as described in the legend to Fig. 8.

tion, the relative proportions of proteoglycans within the
individual populations did not differ appreciably.

The glycosaminoglycan composition of the newly synthe-
sized proteoglycans was assessed after selective enzymatic
and chemical elimination (Table 1). Dermatan sulfate was
identified as the predominant glycosaminoglycan species
within the medium, and heparan sulfate was the predominant
species associated with the cell layers. No significant differ-
ences between LPs-treated and untreated cultures were
detected.

TABLE 1. Sulfated glycosaminoglycan composition of medium
and cell layer proteoglYcans"

Percentage of:
Proteoglycans

0
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from: Chondroitin
sulfate

Dermotûn
sulfate

Heparan
su lfate

Medium
Control
LPS

Cell layer
Control
LPS

21.8 (t 4)
29.4 (! 7)

14.0 (i 5.1)
7s.2 (! 4.s)

54.3 (! 4.9)
48.5 1+ 2.7¡

28.3 i+ 4.9;
22.e ? 7.s¡

21.4 1+ 2.71
26.6 (:t 5.5)

58.5 (r 2.1)
60.5 1+ 5.6;

" Medium and ceìl layer r5S-proteoglycans were isolated, and the sulfated
glycosaminoglycan composition was determined by digestion with chondroi-
tinase ACII, chondroitinase ABC, or nitrous acid The data represent the
mean and standard deviation ofthe mean ofthree separate determinations and
are expressed as percentages of the total sulfated glycosaminoglycans.

LPS

Cont rol

LPS

Cont rol



21,54 BARTOLD AND MILLAR

DISCUSSI0N

LPSs are integral components of the cell wall of gram-
negative bacteria. Since several gram-negative species have
been implicated in the pathogenesis of the more severe forms
ofthe periodontal diseases, several studies have focused on
the biological activity of LPS (1-3, 11). Among the many and
varied effects of LPS is an ability to alter fibroblast metabolic
activity (9, 19, 20, 37). Gingival fibroblasts are primarily
responsible for maintaining the structural components of the
periodontium in a state which will permit adequate physio-
logical function. Nonetheless, their role in the pathogenesis
of periodontal disease is poorly understood. At present, it
appears that phenotypically different subsets of fibroblasts
may predominate under inflammatory conditions compared
with those found in healthy states (5, 8, 27). Whether or not
interactions with inflammatory cells and their products or
direci contact with bacterial products are responsible for this
phenomenon is not known. In vitro cell systems provide a
means of investigating the effects of particular compounds
on cells in the absence of the influence of inflammatoly cells.
Therefore, in the present study we investigated the effect of
LPS from a variety of sources on gingival fibroblast prolif-
eration and proteoglycan synthesis.

LPS from all sources studied demonstrated an ability to
inhibit gingival fibroblast proliferation and protein synthesis
as well as proteoglycan synthesis. With respect to prolifer-
ation, these findings are consistent with other studies which
have demonstrated an inhibitory effect of LPS or bacterial
products on fibroblast proliferation (9, 14, 21, 39). Although
the precise mechanism of inhibition of cell proliferation is, as
yet, not clear, it seems likely that this results from inhibition
of DNA synthesis since endotoxin can be phagocytosed by
fibroblasts (14) and is specifically attracted to chromatin,
nucleoli, and nuclear membrane (23).

Despite the importance of gingival fibroblasts as principal
producers of extracellular matrix components, very little
data are available regarding the effect of bacterial compo-
nents or metabolic products on gingival connective tissue
metabolism. Our findings that LPS decreased protein syn-
thesis are in agreement with those of other studies on the
effect of whole bacterial extracts or plaque extracts on
fibroblast metabolic activity (14, 38, 39). Similar results have
also been reported for the effect of LPS on protein metabo-
lism by bone in vitro (24). Nonetheless, Aleo (1) reported
that purified LPS from Escherichia coli had a stimulatory
effect on protein synthesis by 3T6 fibroblasts in vitro. The
reason for this discrepancy is not clear, although in our
studies E. colí LPS had a very weak inhibitory effect on
gingival fibroblasts (data not shown). The effects ofLPS and
bacterial extracts on collagen synthesis have been studied
and demonstrate a stimulatory effect of LPS (1) but no
discernable effect for whole bacterial extracts (14). Such
differences may be accounted for by differences in types of
preparations as well as the bacterial source.

To date, no reports, to our knowledge, are available
regarding the efect of LPS on proteoglycan synthesis by
human gingival fibroblasts. Although proteoglycan synthesis
was decreased by LPS, the sizes of the proteoglycans
synthesized by cells cultured in the presence of LPS were
indistinguishable from those synthesized by control cultures.
In this regard, our findings reflect those reported for the
effect of LPS on proteoglycan synthesis by articular cartilage
(25).

Throughout our studies, we noted that the various LPS
preparations differed in the level of inhibition of fibroblast

Ir.r¡'ecr. Ilrvur.¡

activity. Similar findings have been reported with respect to
proliferation in which B. gingivalís had a greater inhibitory
effect than Bacteroides intermedius (2I). lt is tempting to
speculate that such observations indicate that different bac-
teria have great variance in their potential to afect host
tissues. However, it must be emphasized that different LPS
preparations and fractions vary in purity and activity (42),
and thus additional studies are required before this concept
can be confirmed.

The association between LPS and impaired fibroblast
function leads us to speculate that this may account, in part,
for the tissue disruption noted in gingivitis and periodontitis.
Since both cell proliferation and synthetic activity are nota-
bly affected by LPS, it seems likely that upon bacterial
infection of the gingival sulcus and subsequent ingress of
LPS into the tissues (29), there is ample opportunity for the
tissues to be affected by compromised fibroblast activity.
Indeed, the present findings are interesting in the light of a
recent report by Pitaru et al. (28) in which bacterial endo-
toxin was found to inhibit migration, attachment, and orien-
tation of human gingival fibroblasts in vitro. Proteoglycans
and other extracellular matrix components such as fibro-
nectin are considered essential for fibroblast attachment,
spreading, and migration (22). Therefore, it is possible that
LPS exerts the effect noted by Pitaru et al. (28) by inhibiting
synthesis of proteoglycans and other important attachment
proteins.

Taken together, these results indicate that LPS from a
variety of sources is capable of influencing not only cell
proliferation but also extracellular matrix synthesis. These
data were obtained from an in vitro system, and thus,
extrapolation to the in vivo situation must be made with the
appropriate limitations in mind. Nonetheless, the potential
significance of these findings lies in two main observations.
First, the potency of the various LPS extracts varies, and
this could account for the variance in potential virulence of
various microbes found to be associated with various forms
of periodontal disease. Second, the ability of LPS to alter
connective tissue metabolism indicates its potential not only
to alter tissue integrity but also to affect the healing capacity
of the infected tissues.
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INTRODUCTION

Lipopolysaccharide, a major component of the outer
membrane of Gram-negative bacteria, has received
considerable attention in relation to the pathogenesis
of the periodontal diseases (Daly, Seymour and
Kieser, 1980). In particular, it has been shown to
modulate cell growth (Vaheri et al., 1973; Larjava
et al., 1987), stimulate bone resorption (Hausman,
Raisz and Miller, 1970; M.illar et al.,1986) and induce
lymphokine release by macrophages (Hanazawa et
al., 1985). Thus, it is considered to be a potent
biological agent capable of important effects in in-
fected tissues either by direct influences on cell metab-
olism, or, indirectly, by invoking an inflammatory
response.

The connective tissues of the periodontium have

both fibrous and non-fibrous elements which, to-
gether, impart structural and physiological properties
that allow adequate function (Narayanan and Page,

1983; Bartold, 1987). However, upon induction of
inflammation, numerous changes occur within the
extracellular matrices of the periodontium (Page and
Schroeder, 1976). In addition to ultrastructural
changes, the metabolism of the resident fibroblasts is

also disturbed. The combination of tissue destruction
and altered cellular activity leads to compromised
function.

In recent years, the metabolism and degradation of

has been implicated in critical functions such as the

Abbret¡iations: CPC, cetylpyridinium chloride; DVM,
Dulbecco-Vogt medium; LPS, lipopolysaccharide; PBS,
phosphate-buffered saline; PG, prostaglandin.
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regulation of cell-rell interactions, tissue hydration,
and control of macrophages and lymphocytes
(Comper and Laurent, 1978), my Purpose now was to
investigate the effect of LPS on hyaluronate synthesis

by human gingival fibroblasts in uitro.

MATERIALS ÄND METHODS

Materials

Guanidine HCl, indomethacin, glutamine, adeno-

sine 5' triphosphate (ATP), and UDP-N-acetylglu-
cosamine were all purchased from the Sigma

Chemical Co., St Louis, MO, U.S.A' CPC was from
Ajax Chemicals ; filter
paper (3MM) fr U.K.;
Stieptomyces hya KogYo
Ltd, Tokyo, Japan; Streptomyces griseus pronase

from Calbiochettt, Sau Dicgo, CA; Scphadex G-50
and Sepharose CL-2B from Pharmacia Fine Chemi-
cals, Ñorth Ryde, Sydney, Australia; DVM, fetal
bovine serum, penicillin, streptomycin and non-
essential amino acids were all from Flow Labora-

Australia.

LPS preparation

LPS from Actinobacillus *ctinomycetemcomitans

preparation, it has significant biological activity

't9l
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attributable to LPS (Bartold and Millar, 1988). LPS
ftom Salmonella enteritidis was purchased from
Sigma Chemical Co., St Louis, MO, U.S.A. It had
been extracted with phenol and purifled by gel
filtration chromatography. Both its protein and RNA
contents were less than lo/o.

Fibroblast cultures

Fibroblasts were obtained by explant culture from
biopsies of healthy human gingiva from volunteers,
as described by Narayanan, Page and Kuzan (1978);
these have been used extensively in previous studies
(Bartold and Page, 1986a; Bartold and Millar, 1988).
The cells were maintained in DVM supplemented
with l0% heat-inactivated fetal bovine serum, 100
units/ml of penicillin, 100 pg/ml streptomycin, 2 mM
glutamine and non-essential amino acids at 37"C in
an atmosphere of 5Vo CO2 and 95o/o air. Cells be-
tween the 4th and 8th transfer in culture were used.
All experiments, unless otherwise stated, were carried
out in complete DVM containing l0o/o fetal bovine
serum.

Radiois o t ope inc or por at ion s tudie s

Initial studies were designed to investigate the
effect of various preparations of LPS on hyaluronate
synthesis by the fibroblasts. Fibroblasts were seeded
in triplicate at a concentration of 5 x lOa cells per
well, into 24-well plates. Upon reaching confluence
(l x lOs cells/well), the cells were incubated in
medium containing LPS from either S. enteritidis
or A. actinomycetemcomitans ranging from 50 to
0.5 pg/ml for 24h and pulsed with [3H]-glucosamine
(20 pCilml) for the entire period. The medium was
then removed and the cell layers washed once with
PBS, which was pooled with the medium to make up
a fraction for subsequent analyses of hyaluronate
content. The cells were released from the culture
plates by trypsinization. A sample was taken for
counting cell numbers in a haemocytometer and the
remainder was frozen until required.

To determine the effect of LPS on the rate of
hyaluronate synthesis, confluent cells were cultured
as described above. Upon reaching confluence the
medium was removed and the cells incubated in the
presence or absence of S0pg/ml S. enteritidis LPS
for 4, 8, 24, 30 48 and 72h. The incorporation of
[3H]-glucosamine into hyaluronate was determined by
selective digestion with hyaluronidase for each time
point after the introduction of the radiolabel and
50 ¡iglml LPS.

As PGE, can influence hyaluronate synthesis and
because LPS has been reported to stimulate prosta-
glandin synthesis in other systems (Yaron et al., 1978;
Wahl er al., 7977), the effect of S. enteritidß LPS on
hyaluronate synthesis in the absence of endogenous
PGE, was investigated. Gingival fibroblasts were
grown to confluence in 24-well plates and incubated
in the presence or absence of 50 pg/ml LPS in DVM
containing 20 ¡tCilml [3H]-glucosamine for 24h. To
inhibit PGE, synthesis, indomethacin ranging in con-
centration from 10-6 to lO-aM was also added to
some cultures. This concentration range inhibited
PGE, synthesis by fibroblasts in culture (Dayer et al.,
1979) and was without toxic eflects on human

gingival fibroblasts (Bartold, 1988). Hyaluronate syn-
thesis was monitored by hyaluronidase digestion of
molecules labelled with [3H]-glucosamine.

To obtain material for molecular-size analysis,
human gingival fibroblasts wcrc grotvn to confluence
in 25-cm2 culture flasks. Upon attaining confluence
(5 x 105 cells per flask) the culture medium was
removed and the cells cultured in the presence or
absence of 5O¡rg/ml S. enteritidis LPS for 24h i¡
DVM containing 20 ¡tCilml [3H]-glucosamine. After
incubation the medium was removed and the cell
layers washed with 3 ml PBS which was then pooled
with the medium to make up this fraction. The
remaining cells in culture vessels were then extracted
with 5 ml of 4 M guanidine HCV0.05 M sodium
acetate, pH 5.8, overnight at 4oC. After 24h at 4C
this cell fraction was centrifuged to remove any debris
and the supernatant used for subsequent analyses as
the cell-layer fraction. Both the medium and cell-layer
extracts were desalted by gel filtration chromatog-
raphy on Sephadex G-50 to remove unincorporated
[3H]-glucosamine (Bartold and Page, 1986a). The
labelled macromolecular material which eluted in the
void volume of Sephadex G-50 (l x 30 cm) was used
for subsequent analyses of hyaluronate molecular
size.

Determination of 3 H Jabelled hyaluronate

Hyaluronate synthesis by human gingival ûbro-
blasts ¡n uitro was determined as described previously
(Castor et al., l98l; Huey, Stair and Stern, 1990). In
brief, samples (200 ¡rl) from the culture medium were
digested with pronase (l0mg/ml) overnight at 60'C.
They were then boiled and split into two portions,
each ol 50pI. One portion (designated B) was incu-
bated at 37'C for 12 h with 60 pl Streptomyces
hyaluronidase in 0.1 M sodium acetate buffer at pH
ó.0. The other (designated A) was incubated in the
sodium acetate buffer alone under identical con-
ditions. After the incubation, samples (l00pl) from
each part were spotted onto filter paper divided into
2-cm squares, allowed to dry at 60'C, and then placed
through four washes, each of 30-min duration, in
0.05M sodium chloride containing 0.1% CPC at
room temperature (22'C). The filter paper was then
removed and allowed to dry. Each square was then
cut into small strips and placed in 14 ml of
scintillation fluid before determining the radio-
activity in a liquid scintillation counter. The amount
of hyaluronate in each sample was calculated as the
amount ot'radioactivity digested by the Slreptomyces
hyaluronidase (i.e. dis/min in portion A - dis/min in
portion B.

Pulse -chase experiments

To determine whether or not the efect of LPS on
hyaluronate synthesis was due to an increase in rate
of synthesis or deçrease in rate of breakdown, pulse-
chase experiments were made. Fibroblasts were
seeded, in triplicate at an initial density of 5 x lOa

cells per well, and allowed to grow to confluency
(l x lOs cells/well). The confluent monolayers were
then incubated in the presence of 2Opg/ml [3H]-
glucosamine and 50 ¡rg/ml LPS lor 24h, washed
four times with PBS and then chased in 500p1 of



isotope-free medium containing 50 ¡tglml LPS for
various times. At each time, the medium was removed
and the cell layers scraped from the plates.
Hyaluronic determinations were carried out on both
the medium and cell-layer fractions.

Hyaluronate synthetase actiuity

Gingival fibroblasts were grown to confluence in
24-well plates and cultured in the presence or absence
of 50 pglml S. enteritidß LPS for 8,24 and 48 h. The
cells were removed from the culture surface by
trypsinization and the cell pellet obtained by gentle
centrifugation was washed twice with PBS before
freezing at -70"C. The cells were lysed by freezing
and thawing the pellet three times. Hyaluronate
synthetase activity was determined by incubating the
lysed cells in the presence of 0.1 ¡rCi UDP-o-[U-''C]-
glucuronic acid and 5 x l0-3 pM UDP-N-acetyl-
glucosamine as substrates (Appel, Horwitz and
Dorfman, 1979). The reaction mixture was incubated
for 90 min at 37'C and the amount of hyaluronate
thus synthesized was determined by selective
digestion with hyaluronidase as described above.

M olecular - sieue c hr omatogr ap hy

The molecular size of hyaluronate synthesized in
the presence or absence of S. enteritid¡s LPS was
assessed after 48 h in culture using Sepharose CL-2B,
as described by Bartold and Page (1986a). Approxi-
mately the same amounts (40,000 dis/min) of radio-
labelled macromolecular material isolated from the
medium and cell-layer fractions by Sephadex G-50
chromatography were eluted from Sepharose CL-28
(0.7 x l00cm) with 4M guanidine HCI in 0.05M
sodium acetate, pH 5.8. With a flow rate of 3 ml/h,
fractions of 0.5 ml were collected and 50-¡ll samples
were taken for radioactivity determination in a liquid
scintillation counter. The material which eluted in the
void volume was pooled separately from that which
eluted in the included volume. These two pools were
indicative of the two major molccular-sizc fractions
of [3H]-glucosaminelabelled material eluting from
Sepharose CL-28. After dialysis against 0.1M

00.5550
LPS concentration (pg/ml)

Fig. 1. Effect ol LPS from an oral and non-oral source on
the release of hyaluronate into the medium by human
gingival ûbroblasts. Triplicate cultures of human gingival
fibroblasts were maintained in the presence or absènce of
various concentrations of S. enteritidis and A. actíno-
mycetemcomita¡s LPS. The incorporation of [3H]-glu-
cosamine into hyaluronate was monitored after 24h.Data
are presented as the mean and SD of the mean from
triplicate cultures. Abbreviations: 5.e., S. enteritrdrs LPS;

4,.a., A. actinomycetemcomitans LPS.
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sodium ac,etate, the hyaluronate content in these
fractions was determined by selective digestion with
Streptomyces hyaluronidase (Bartold and Page,
1986a).

Statistical analysis

All data were subjected to analysis of variance.

RESULTS

The initial experiments to determine the biological
effect of LPS on hyaluronic acid synthesis (Fig. l),
showed that, in all cases, exposure of the fibroblasts
to higher (5 and 50 ¡rg/ml) concentrations of LPS
increased that synthesis. Concentrations of LPS up to
50 ¡rg/ml had no visible effect on the cells whereas at
concentrations of 500pg/ml, detachment and death
occurred (data not shown). Cell counts after the
experiments showed no significant change between
LPS-treated and -untreated cells (data not shown).
Regardless of the source of the LPS, the greatest
stimulation of hyaluronate production occurred at
the highest concentration which did not cause cell
death (50 p9lml). There was very little statistical
variation between the effects of the two different types
of LPS used. Due to the limited amount of ,4.
actinomycetemcomitans LPS available for analysis,
the remainder of the experiments was done with
S. enteritidis LPS.

Time-course studies to determine how quickly the
stimulation of hyaluronate synthesis became effective
in the presence of 50¡g/ml LPS showed a steady
increase in the release of 3Hlabelled hyaluronate into
the medium over 72 h for both treated and untreated
cultures (Fig. 2). At all times, LPS-treated cells
released more 3HJabelled hyaluronate, but this differ-
ence was not statistically significant until 48 h
(p < 0.05). The amount of radiolabelled hyaluronate
associated with the cell layers of treated and un-
treated cultures also increased over time. Although
the LPS-treated cells appeared to have greater
anounts of 3H-labelled hyaluronate associated with
their cell layers, there was little statistical diflerence
between them even after 72h.

The effect of LPS on newly synthesized, cell-associ-
ated, [3H]-glucosamine-labelled hyaluronate, assessed
after a pulse chase for various times (Fig. 3), was to

020408080
h

Fig. 2. Time course of the effect of LPS on hyaluronate
synthesis. Triplicate cultures of human gingival frbroblasts
were maintained in the presenc€ or absence of 50 ¡rg/ml S.
enleritidis LPS and the incorporation of [3H]-glucosamine
into hyaluronate was monitored over 48 h for both the
medium and cell layer. Data are presented as the mean and

SD of the mean.
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produce no remarkable differences in the kinetics of
release of labelled hyaluronate between treated or
untreated cells. The labelled hyaluronate associated
with the cell layer initially decreased rapidly and then
more slowly, reaching 50% of the zero-time value by
around 15 h. This decrease was accompanied by a
concomitant increase of labelled hyaluronate in the
medium.

As hyaluronate synthesis is regulated by the
enzyme hyaluronate synthetase, the effect of LPS
on this erøyme was monitored at various times
after introduction of LPS to the cultures (Fig. a).
After isolation of the enzyme from the cells, incu-
bation with the appropriate radioactive substrates
showed increased hyaluronate synthetase activity
at 48 h in the control cultures. There was greater
enzyme activity at all times in those cultures
exposed to LPS; by 48 h, these had an approx. 1007o

increase in activity, while the controls had a 600/o

lncrease.
To determine whether the cell response was a direct

effect of LPS, or mediated via a secondary signal such
as increased PGE2 production, endogenous PGE,
synthesis was blocked by exposing the cells to in-
domethacin (Fig. 5). In the absence of indomethacin,
hyaluronate synthesis was significantly greater in
the cultures exposed to LPS than in controls.
Although indomethacin did not appear to influence
hyaluronate synthesis greatly in the controls, it re-

30 40

a2448
Fig. 4. Effect of LPS on hyaluronate synthetase activity at
various time points. Enzyme activity was assessed by the
incorporation of UDP-u-[U-raC]-glucuronic acid into
hyaluronate at selected time points in either the presence or
absence of 50 pg/ml S. enteritidis LPS. Data represent the

mean and SD of the mean of triplicate cultures.

duced hyaluronate synthesis in LPS-treated cultures
to control levels.

In the assays of effect of LPS on the molecular size
of newly synthesized hyaluronate (Fig. 6), macromol-
ecular material from both the cell layers and the
medium eluted from Sepharose CL-28 in two major
populations; one which was excluded from the gel

and the other which eluted in the included volume.
When these two broad molecular populations were
digested with Streptomyces hyaluronidase and the
hyaluronate content determined (Table l), for the
medium, most of the material in the void volume was
hyaluronate, whereas a smaller proportion of the
included peak was hyaluronate. Although a modest
increase in larger molecular-weight hyaluronate was
evident in the LPS-treated cultures, the differences
were not significant, owing to the large varianc€.
Similar findings were made for material isolated from
the cell layers (Table l).

DISCUSSION

Crude extracts of human dental plaque can alter
fi broblast proliferation, metabolism and hyaluronate
synthesis (Larjavaet al.,1983; Larjava, 1984; Larjava
and Jalkanen, 1984). These observations are ex-
panded by my initial findings that LPS, from two
different sources, can influence hyaluronate synthesis

o 0.001 0.01 0.1

lndomethacln Concent¡atlon (mM)

Fig. 5. Effect ofinhibition ofPGE, synthesis on hyaluronate
synthesis. Triplicate cultures of human gingival fibroblasts
were maintained in the presenc€ o¡ absence of 50 pg/ml S.

enterilidis LPS and exposed to a range of concentrations of
indomethacin known to inhibit prostaglandin synthesis by
fibroblasts. Data are presented as the mean and SD of the

mean.
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Fig. 3. Pulse chase of newly synthesized hyaluronate, Trip-
licate cultures of human gingival fibroblasts were main-
tained in the presence or absence of SO¡rg/ml S. enleritidß
LPS and the incorporation of [3H]-glucosamine into
hyaluronate was allowed to proceed lot 24h. The medium
was then removed and the cells washed extensively before
incubation in isotope-free medium for various periods of
time. The presence of [3H]-hyaluronate in both the cell layers
(a) and medium (b) was determined by selective digestion
wilh Streptomyces hyaluronidase. Data are presented as the

mean and SD of the mean.
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by human gingival fibroblasts in oitro. Regardless
of the source, LPS stimulated the amount of
hyaluronate associated with cells that had been
exposed to LPS. However, various LPS molecules
are known to differ in their biological activity,
depending upon their chemical composition
(Kotani and Takada, 1990). Therefore, whether
these initial observations reflect a general effect of
all LPS molecules or are specific for certain types
of LPS remains to be established. Because of
the limited amount of LPS from l. ctctinomy-
cetemcomitans available, I was able to study only
the effects of S. enteritØls LPS on hyaluronate
synthesis.

The increase in macromolecular hyaluronate as-
sociated with cells exposed to LPS appears to be in
direct contrast to previous findings that LPS inhibited
synthesis of proteoglycans and proteins by human
gingival fibroblasts (Bartold and Millar, 1988).
Nonetheless, my present findings are in agreement
with several other studies in which there was stimu-
lation of hyaluronate synthesis by synovial and lung
fibroblasts exposed to various concentrations of
LPS from E. coli (Buckingham, Castor and Hoag,
1972; Buckingham and Castor, 1975). Furthermore,
LPS has a differential effect on proteoglycan and

Medla

3000

rData are the percentage of 3Hlâbelled material digested by
S t r ep t omy ce s hyaluronidase.

hyaluronate synthesis by lung fibroblasts (Castor
et al.,1983).

The increase in the amount of labelled hyaluronate
associated with cells exposed to LPS could reflect
either an increase in the rate of synthesis or a decrease
in rate of breakdown. From my results, it seems likely
that the effect is one of increased synthesis. First, cells
exposed to LPS incorporated [3H]-glucosamine into
hyaluronate faster than did control cells (time-course
studies). Secondly, the release of newly labelled
hyaluronate from cells exposed to LPS proceeded at
a rate similar to that in the control cultures (pulse-
chase experiments). As the breakdown of glyco-
saminoglycans may be reflected in the rate of loss of
newly labelled glycosaminoglycans from cells
(Fratantoni, Hall and Neufeld, 1968; Hopwood and
Dorfman, 1977), these findings indicate that the
alteration in levels of hyaluronate associated with
cells exposed to LPS represents an increase in the rate
of synthesis as distinct from a decreased rate of
breakdown.

LPS at high concentrations is toxic to gingival
fibroblasts (Bartold and Millar, 1988), so the re-
sponse of increased hyaluronate synthesis by cells
exposed to LPS may be the harbinger of toxicity.
However, although LPS may exert a permissive effect
on cells, enabling them to respond more efficiently
to serum stimulants (Smith, 1976), the precise
mechanism by which stimulation of hyaluronate syn-
thesis occurs is not yet clear. Indeed, hyaluronate
synthesis is not regulated in the same way as that of
other known glycosaminoglycans (Kleine, l98l), and
attempts to influence hyaluronate synthesis by
chemicals that affect the synthesis of other glyco-
saminoglycans have been unsuccessful (Hart and
Lennarz, 1978; Hopwood and Dorfman, 197'l;
Mapleson and Buchwald, l98l). One explanation for
such findings may be that the site of hyaluronate
synthesis seems to be at the plasma membrane rather
than the Colgi @rehm, 1984). Another explanation
of the stimulation of hyaluronate synthesis may lie in
the effect of LPS on the proliferation rate of the
cells. LPS inhibits gingival fibroblast proliferation
(Bartold and Millar, 1988); also, upon inhibition of
gingival fibroblast proliferation with hydroxyurea,
hyaluronate synthesis is increased (Bartold, 1988).
This may reflect a response of the cells to being in
a subconfluent state, as hyaluronate production
is related not only to proliferation but also
cell density (Hopwood and Dorfman, 1977; Toole,
l98l). It is possible that a similar response to
cell densities may apply when the cells are exposed
to LPS, but all my experiments were done with
confluent monolayer cultures to reduce such an
effect,
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Table L Effect of LPS on molecular-size distribution of
hyaluronate

ControF LPS*

Peak I Peak 2 Peak I Peak 2
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Cell layer
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Fig. 6. Sepharose CL-28 gel frltration chromatograms of
3Hlabelled macromolecules isolated from (a) medium and
(b) cell layer of human gingival ûbroblast cultures main-
tained fo¡ 24 h in either the presence or absence of 50 pg/ml
S. enterilidisLPS. The void volume (ao) and total volume (u,)
were determined by the elution of [3H]-DNA and [35S]-
sulphate respectively and are marked with arrow heads. The
bars represent the fractions which were pooled for sub-
sequent hyaluronate determinations in different molecular

size pools.
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The level of hyaluronate synthetase activity was
raised in cultures exposed to LPS, This increase
was consistent with the observed stimulation of
hyaluronate synthesis by LPS and supports the no-
tion that the amount of hyaluronate production
varied with time and exposure to LPS, Although an
increase in hyaluronate synthetase activity with time
has been reported before (Mian, 1986; BrechL el al.,
1986), my data are interesting in that they show a
cumulative effect of an endogenous agent on the
activity of this enzyme.

A further complicating factor in studies concerning
the control of extracellular matrix production is the
role of secondary mediators. One commonly encoun-
tered mediator is PGEr: PGE, synthesis by synovial
fibroblasts is increased by LPS (Yaron et al.,1980):
PGE, can stimulate the synthesis of hyaluronate by
fibroblasts (Yaron et al., 1978). Therefore, the LPS-
induced enhancement of hyaluronate synthesis could
have been mediated through a PGE2-dependent path-
way. I found that inhibition of PGE, synthesis by
indomethacin abolished the stimulatory effect of LPS
on hyaluronate synthesis. Thus the stimulation of
hyaluronate by LPS may be secondary to induced
endogenous PGEr synthesis.

My work confirms the findings of a previous
study which showed selective size distribution of
hyaluronate between the different cell-culture com-
partments of fibroblasts (Nakamura et al., 1990). My
finding that the molecular size of the newly syn-
thesized hyaluronate was not affected by LPS is
important. In chronic periodontal disease, significant
alterations occur in both the content and size of
hyaluronate (Bartold and Page, 1986b). Whether
these changes are the result of exogenous factors (e.9.
enzymes and superoxides) or because of altered cell
metabolism has been unclear. Although my study
does not completely resolve this question, the findings
imply that LPS does not contribute directly to the
alteration in the molecular size of hyaluronate found
in chronic gingival inflammation.

Hyaluronate is considered to play a significant part
in the regulation and maintenance of normal tissue
functions (Comper and Laurent, 1978). For example,
it plays a primary role during wound repair and can
significantly influence macrophage, lymphocyte and
fibroblast functions (Balazs and Darzynkiewicz,
1973; Forrestor and llalazs, 1980; Coldberg and
Toole, 1987). That LPS stimulates hyaluronate syn-
thesis by human gingival libroblasts ìn oitro suggests
that this could be a fundamental response by the cells
to produce an extracellular matrix that is conducive
to adequate host defence and repair.
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This present investigation concerned the effect of chemostat-culture cell-free
supernatants of Fusobacterium nucleatum on the growth and synthetic activity
of human gingival fibroblasts in vitro. Human gingival fibroblasts were cul-
tured in fetal calf serum supplemented Dulbecco-vogt medium containing vari-
ous dilutions of conditioned or unconditioned bacterial culture medium, cell

nitored r_
ne into
orporat
While

culture supernatants indicated that high proportions of butyrate, ammonium,
and acetate \/ere present. when these components were added to unconditioned
medium and tested, most of the inhibitory activity could be attributed to
ammonium and butyrate. Since many bacteria which constitute the subgingival
microflora release ammonium and butyrate, a very high concentration õf th.."
metabolites may well accumulate. clearly, the potential for inhibition ol
fibroblast proliferation has ramifications related to diminished tissue repair
following bacterially-induced periodontal destruction

lntroduction

With the determination of a close association be-

aerobic lesions,
various plicateá
in the d ). Uow-
ever it culture
techniques were developed that studies on the fas-
tidious anaerobic microflora associated with the



lation, the identification and elucidation of their
biological activity is important in understanding
the potential pathways for the establishment of
periodontal destruction.

By far the most common way of studying båc-
teria is in a closed, conventional batch culture sys-
tem. While this method appears to be adequate
for many purposes, it has several drawbacks for
metabolic and growth studies since the growth
characteristics of the bacteria in these systems do
not closely resemble those seen in vivo. However,
by using a chemostat (a continuous culture device)
one is able to control stringently both the growth
rate of microorganisms and their environment and
thus study bacteria in an environments that more
closely resembles those found in vivo (6).

The purpose of the present investigation \ryas

to study the effect of cell-free chemostat culture
supernatants of one potential periodontal patho-
gen (Fusobacterium nucleatum) on the growth and
synthetic activity of human gingival fibroblasts in
vitro. Identification of the modulatory factors in
these culture supernatants was determined by a

series of a deductive experiments.

Material and Methods
Materials

Dulbecco-Vogt medium (DVM), fetal calf serum
(FCS), non-essential amino acids, penicillin and
streptomycin were purchased from Flow Labora-
tories Australasia Pty., Ltd., North Ryde, New
South Wales; all tissue culture plastic ,ware was
obtained from Nunc, Roskilde, Denmark; sodium
pyruvate and L-glutamine were from Sigma
Chemical Co., St. Louis, MO; [6-3H]-thymidine (22
Ci/mMol), L-12},4,5-3Hl-proline (100 Ci/mMol)
and Nar[35S]o40042 mCi/mMol) were from Amer-
sham (Australia Pty., Ltd., North Ryde, New South
Wales; Ready Solv EP liquid scintillation fluid was
from Beckman Australia, Adelaide; Sephadex PD-
10 columns from Pharmacia Fine Chemicals,
North Ryde, New South Wales; chemically inert
0.22 ¡tm Durapore filters were obtained from the
Millipore Corporation, Molsheim, France; An-
tricon 30 Ultrafiltration Concentrators were from
Amicon Division, W. R. Grace, Danvers MA.

Cell-lree Culture Supernatants ol F. nucleatum

F. nucleatum (ATCC #10953) was obtained from
Dr. H. N. Shah, The London Hospital Medical
College, U.K. It was grown in the previously de-
scribed chemically defined medium. The levels of
glucuronate, histidine, serine and lysine were in-
creased to 20, 10, and 10 mM, respectively; glucose
was added to 20 mM; Tween 80 (0.2 mg/ml) was
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added to aid cell dispersion as was thioglycollic
acid (0.5 mg/ml) to maintain a low redox potential.
Growth in the chemostat (model C-30, Bio-Flo;,
New Brunswick Scientihc, Edison, NJ) at 3'7"C,
controlled pH of 7.4, 6.8 or 5.8 and imposed di-
lution of D:0.1 h-r (to:1 h) was achieved by
methods described previously (7). Anaerobic con-
ditions were maintained by continuous gassing of
both the culture vessel and medium reservoir with
a Nr/CO2 (90:10) mixture.

Steady-state conditions were established after
about 7 volume changes, following which culture
samples were centrifuged (6000xg for 10 min at
4'C) and the supernatants were flrltered through
0.22 ¡tm Durapore filters. These cell-free culture
supernatants (CFCS) were then stored at -20"C.

Fibroblast cultures

Human gingival fibroblasts were obtained by ex-
plant culture as described previously (8) and tested
negatively for mycoplasma infection. The cells were
maintained in Dulbecco Vogt Medium (DVM) sup-
plemented with 10% heat-inactivated fetal calf
serum, 2 mM glutamine, 100 Units penicillin, 100

pglml streptomycin and non-essential amino acids
in a humidified atmosphere of airlCO, (9:1) at
37'C. Cells between the 4th and 8th transfer in
culture were used.

Fibroblast DNA synlhesis and proliferation assays

To measure the effect of the CFCS's on DNA
synthesis, human gingival fibroblasl"s werc seeded,
in triplicate, into 24-well plates (which hold ap-
proximately 105 cells at confluence) at an initial
density of 20000 cells per well and allowed to at-
tach and spread overnight in DVM containing
10% FCS. The medium was then replaced with
500 pl/well of DVM alone and incubated for a
further 48 h. This medium was then removed and
replaced with a range of concentrations of CFCS's
in medium containing 10% FCS. After 20 h in-
cubation [3H]-thymidine was added to the medium
to give a final concentration of I pCilml. The cells
were incubated for a further 4 h after which the
medium was removed and the cells were washed
three times with 500 pl PBS, and DNA then pre-
cipitated with 600 prl TCA at 4"C lor 2 h. The cell
layers were then lysed with an equal volume of 0.1

M sodium hydroxide for 60 min at 50"C. The
radioactivity in the extracted material was deter-
mined in a Beckman LS-2800 Liquid Scintillation
Counter. This assay has been shown to represent
accurately in vitro division of fibroblasts (9).

Cell growth was also assessed over a 5-d period
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using a colorimetric assay (10). Cells were plated
at an initial density of 10000 cells per well into 4-
well plates and incubated in the presence or ab-
sence of a 1:10 dilution of the CFCS. At daily
intervals the medium was removed and the cells
fixed in 2.5% (vlv) gluteraldehyde. At the end of
5 d all fixed cells were washed with distilled water
and then exposed to 400 pl lo/o aqueous crystal
violet. After staining for 5 min the plates were
washed exhaustively with water and the cells solub-
ilized with 1 ml of 33% (vlv) glacial acetic acid
and the absorbance read at 580 nm âfter 5 min.

Metabolic studies

Protein and proteoglycan synthesis by gingival
fibroblasts v/as assessed as described previously
(ll, 12). Briefly, triplicate cultures of confluent cells
in24-well plates were incubated in the presence of
varying concentrations of CFCS and either l0 pCil
ml [3H]-proline (for total protein synthesis) or 20
pCilml Na2[35S]O4 (for proteoglycan synthesis).
Afßr 24 h the medium was removed and the cells
washed once with 250 pl PBS. The cell layers were
then stored at -4C prior to total DNA determi-
nation by the method of Labarca and Paigen (13).
The wash and medium were pooled and 500 pl
aliquots were chromatographed on Sephadex PD-
10 columns in the presence of 4 M guanidine HCI/
0.05 M sodium açetate pH 5.8. Radioactivity in
0.4 ml effluent fractions was determined by liquid
scintillation counting. The amount recovered in the
void volume provided a measure of incorporation
of radiolabef into newly synthesized mácromol-
ecules. Recovery from these columns was approxi-
mately 85%,

Determinalion ol characteristics of inhibitor

(i) Molecular Size Determination. Preliminary ex-
periments were aimed at determining whether the
activity might be related to a protein/peptide or
metabolic/degradation product. This was simply
determined by using ultrafiltration with a molecu-
lar weight cut-off of 30000. The CFCS was filtered
and the filtrate and retentate were diluted 1:10 in
DVM containing l0% FCS and tested for inhi-
bition of [3H]-thymidine incorporation into cellular
DNA as described above.
(ii) Heat Stability. The heat stability of the factor(s)
which induced proliferative inhibition was deter-
mined by boiling an aliquot of the CFCS for 10
min and then diluting 1:10 prior to assessment of
[3H]-thymidine incorporation.
(iii) Volatility. To determine whether the active
component(s) was volatile, an aliquot of the CFCS
was subjected to lyophilization. The dried residue

was then reconstituted to the original volume with
deionized water and diluted 1:10 prior to determi-
nation of its effect on [3H]-thymidine incorpor-
ation.

(iv) Reversibility. To determine whether the in-
hibitory effect induced upon the gingival fibro-
blasts by the CFCS was reversible, the cells were
first cultured for 24 h in the presence of a 1:10
dilution of the CFCS. This medium was then re-
moved and replaced with DVM containing 107o
FCS alone and incubation continued for 20 h at
which stage [3H]-thymidine was added and incuba-
tion continued for a further 4 or 24 h.

Eflect of selective addition of known bacler¡al metabolic
products

Following determination that the active com-
ponent(s) were most likely of small molecular size,
heat-stable and non-volatile, it appeared likely that
they were bacterial metabolic end-products. Acidic
end-products in the CFCS were assayed by an
HPLC method (14).Lactic acid and ammonia were
determined enzymatically (Boehringer Mannheim,
West Germany). Following these assessments, the
most likely candidates were determined on the ba-
sis of their high concentration and were added to
DVM at the determined concentration. The recon-
stituted media were then diluted l:10 and [3H]-
thymidine incorporation into cellular DNA was
determined as described above.

Statistical analyses

All data were subjected to statistical analysis using
the method of analysis of variance.

Results

The effect of various dilutions of CFCS of F. nucle-
atum oî [3H]-thymidine incorporation into DNA
by human gingival fibroblasts can be seen in Fig.
L Control cultures of hbroblasts grown in the
presence or absence of l0o/o FCS show the expected
stimulatory effect on growth-arrested cells. How-
ever, when E nucleatum-conditioned medium was
added to growth-arrested fibroblasts in DVM con-
taining l0% FCS, significant inhibition of incor-
poration of [3H]-thymidine into DNA by the cells
was observed at both 1:10 and 1:100 dilutions,
representing inhibitions of approximately 98o/o and
37o/o rcspectively. Visual assessment of the fibro-
blasts under phase contrast light microscopy indi-
cated no morphological changes upon exposure to
the CFCS's for up to 5 d. At no stage was cell death
or detachment from the culture plates observed
(results not shown). Although not a principal part
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Fig. L Effect of Fusobactetium nucleatum cell-free culture super-
natants on DNA synthesis by human gingival fibroblasts. [3H]-
thymidine incorporation by the cells was monitored 20 h after
exposure to varying dilutions of the culture media in DVM
containing 10% FCS. Control cultures were incubated in the
presence or absence of 10% FCS only to establish the stimu-
latory effect ol FCS. Data represent the mean and standard
deviation of the mean lrom triplicate cultures.

of this study, the pH conditions of the bacterial ç9r
culture medium were varied to determine what
role, if any, pH played in bacterial metabolism.
While slight variations were noted over the pH
ranges studied, the differences were not statistically
signihcant. Therefore, most of the later studies
were performed using conditioned medium from
bacteria grown at pH 7.4. Furthermore, the ad-
dition of unconditioned bacterial culture medium
to DVM supplemented with 10% FCS appeared
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to stimulate the incorporation of [3H]-thymidine
into DNA by the gingival hbroblasts, Although
the mechanisms involved in this stimulation are

not clear, the data obtained with the CFCS's over
the same dilutions further highlight the production
of inhibitory component(s) by F. nucleatum with
respect to thymidine uptake by the cells.

Although the inhibition of [3H]-thymidine incor-
poration into DNA was very dramatic, in the ab-
ience of other confltrmatory proliferative studies,
care must be taken in correlating this observation
with cellular proliferation. Therefore, the effect of
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Fig. j.'lhe effect of Fusobacterium nucleatum cell-free culture
supernatants on (a) total protein synthesis and (b) proteoglycan
synthesis. Conditioned and unconditioned bacterial culture me-

dia over a range of pH values were tested for their effect on

total protein (3H-proline incorporation into macromolecules)
and proteoglycan (3sS-sulfate incorporation into macromol-
ecules). Control cultures were incubated in the presence of
DVM containing l0o/o FCS only. Data represent the mean and
standard deviation of the mean of triplicate cultures. Abbrevi-
ations used: U/C: unconditioned medium; C: conditioned me-
dium.
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Fíg. 2. -fhe effect of Fusobacterium nucleatum cell-f¡ee culture
supernatants (CFCS) on cell growth. Cells were cultured in the
presence of 1:10 dilution ofeither conditioned or unconditioned
CFCS over a 5-d period. Cell growth was monitored by the
uptake ol crystal violet by cells cultured over 5 d. Data are
expressed as the mean and standard deviation of the mean from
triplicate cultures.
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Molecular Weight Cut-off

Boiled

Effect of Lyophilizing

a 1:10 dilution of the CFCS on cell growth over a
5-d period was monitored (Fig. 2). From these
studies it was apparent that the CFCS's inhibited
fibroblast growth in vitro and this effect was signifi-
cantby d2(p<0.05).

Since many inhibitors of hbroblast proliferation
also interfere with synthetic activity of the cells,
the effect of the CFCS on total protein and proteo-
glycan synthesis was determined (Fig. 3 a & b). A
slight decrease in both protein and proteoglycan
synthesis was observed between control cultures
grown in DVM supplemented with 10% FCS alone
and those exposed to bacterial conditioned and
unconditioned media. Variation of the bacterial
culture medium pH had no signifîcant effect on
the release of inhibitory products towards gingival
fibroblasts. Since few differences were detected be-
tween fibroblasts exposed to conditioned and un-
conditioned bacterial media, it is unlikely that the
observed difference between control and treated
cultures were due to products released by the bac-
teria. Rather, the effect most likely lies in the cul-
ture medium used for the culture of the bacteria.

In order to determine the nature of the inhibitory
factor(s) in the CFCS's, a series of experiments
was performed to assess the molecular size, heat
stability and volatility of the active component(s)
(Fig. a). Following ultraflrltration through a 30000
molecular weight cut-off membrane, all of the in-
hibitory activity was recovered in the hltrate indi-
cating it to be less that 30000 (Fig. 4a). After
boiling the samples for l0 min, the inhibitory activ-
ity of the CFCS was retained while that of the
unconditioned medium was unaffected (Fig. 4b).
Similarly, following lyophilization to remove any
volatile components, the inhibitory activity was
retained in the CFCS and that of the uncondi-
tioned medium was unaffected (Fig. 4c). On the
basis of these findings it was concluded that the
inhibitory activity was of a molecular weight less
than 30000, was not labile to heating and was not
volatile.

Since there was no discernible effect of the CFCS
on total protein or proteoglycan synthesis and no
toxic effects in the form of cell death or detachment
were observed, it seemed that although proliferat-

Fig.4. Characterizatton of the inhibitory factor in Fusobacteri-
um nucleatum cell-free culture supernatants. (a) Molecular size
was determined by hltering the media through a 30000 molecu-
lar weight cut-off ultrafiltration membrane; (b) Heat stability
was determined by boiling the media for 10 min; (c) volatility
was determined by lyophilization of the media. Data represent
the mean and standard deviation of the mean of triplicate
cultures. Abbreviations used: U/C: unconditioned medium; C:
conditioned medium.
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ive activity was depressed the cells remained vital.
In order to determine whether the cells could re-
cover from their exposure to the CFCS, [3H]-thymi-
dine incorporation by gingival fibroblasts was
monitored by FCS stimulation after removal of the
CFCS's (Fig. 5). Under these conditions, prolifer-
ative activity was noticeably elevated after 24 h
and restored very close to the control values 48
h after removal of the CFCS from the culture
medium.

To characterize further the agent(s) responsible
for the inhibition of fibroblast prohleration, the
CFCS's were analyzed qualitatively and quantita-
tively for bacterial metabolic products (Table l).
High proportions of butyrate, ammonium and ace-
tate were present. By determining the concen-
trations of these metabolic products in the con-
ditioned bacterial medium we rwere able to re-intro-
duce purified commercial preparations of these
products into unconditioned bacterial medium and
test them either individually or in combination for
their effects on gingival hbroblast proliferation
(Fig. 6). In doing so it was determined that the
bulk of the inhibitory activity could be attributed
to ammonium and butyrate.

Discussion

This study has demonstrated the ability of F. nucle-
atum to secrete metabolites that are extremely po-
tent inhibitors of human gingival fibroblast pro-
liferation. Such a finding is not surprising since
plaque extracts (15-18), sonicates, homogenates or
chemical extracts of periodontal pathoge ns (19-22)
and some bacterial cultule products (23-25) have
all been shown to possess factors which are toxic
or inhibitory to fibroblasts. However, careful
analysis of these previous studies indicates some
possible limitations with respect to their relevance
to in vivo situations. First, the majority of studies
have relied upon mechanical homogenization, son-
ication or chemical extraction of dental plaque or
whole bacteria to obtain material for testing in
bio-assays. While these approaches have provided
useful information regarding the presence of poten-

Table 1. Concentration of Fusobacterium nucleatum metabolic
products in culture supernatants

End P¡oducts pH 5.8 pH 6.8 pH 7.4

Inhibition of fibroblast proliferation 319

tially toxic components associated with bacteria,
they largely ignore the extreme extraction pro-
cedures used which bear minimal relevance to in
vivo disruption of oral bacteria. Secondly, of those
studies which have addressed the ability of bacteria
to synthesize and secrete toxic components, most
have used batch culture systems in which the
growth and environment is largely uncontrolled
and bacterial growth rates are higher than those
encountered in vivo. This study has, therefore,
attempted to overcome some of these problems
by assessing the bio-activity of bacterial products

24 Hours Reversal

40000

20000

1 0000

48 Hours Reversal

1 20000

1 00000

80000

=o-
ô 60000

# 4oooo

20000

0

.Flg. 5. Recovery ofhbroblasts exposed to Fusobacteriumnuclea-
tum cell-free culture supernatants. Fibroblasts were cultured fo¡
24hinthe presence of conditioned and unconditioned bacterial
culture media. The media were replaced with DVM containing
10% FCS only and DNA stimulation was monitored 20 h later
by monitoring [3H]-thymidine incorporation lor either 4 or 24
h, thus making the total time of medium reversal 24 or 48 h.
Data represent the mean and standa¡d deviation of the mean
from triplicate cultures.
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Acetate
Butyrate
Ammonia
Lacfate
Formate
Proprionate
Succinate

between 0.1 & 0.5 mM

6.46
11.18
3l.2r
0.35

23.10
26.64
4r.38

0.49

t2.'79
11.24
64.78

0.76

All values are expressed as mmol/l.
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released into culture medium during growth under
the closely controlled conditions provided by the
chemostat. In this way, the effects on bacterial
metabolism of environmental factors such as pH
and nutrient limitation can be studied (26). While
care must always be taken in extrapolating data
obtained from in vitro sttdies to the in vivo sitt-
ation, this system does permit the study of specific
oral bacteria in a manner more relevant to the oral
environment than has previously been possible.

Over the years many studies have attempted to
assess the influence of bacterial components and
products on human gingival fibroblasts. However,
apart from LPS, few modulatory bacterial com-
ponents have been specifically identified or char-
acterized to the point of precise determination of
their molecular nature and composition. For ex-
ample, although the ability of Actinobacillus actï
nomycetemcomitans to secrete a leukotoxin is well
recognized (5, 27), this molecule has no effect on
human gingival fibroblasts (28). Similarly, the pro-
duction and release of many enzymes capable of
degrading the gingival extracellular matrix has
been well documented (5, 29), but their effect on
gingival fibroblast function is poorly-defined. In
general, factors which have been found to alter
hbroblast activity have only been identified under
loose descriptions such as "heat-labile substances"

I Control

ø 1:1o

B 1 :1oo

Fig. 6. Determination of active inhibitory factor(s) in Fusobac-
terium nucleatum cell-free culture supernatants. Selective ad-
dition of bacterial metabolic products determined to be present
in highest concentrations (see Table 1) were added to fibroblast
cultures and the effect of such additions on DNA synthesis
monitored. Original concentrations used prior to dilution: Am-
monium (65 mM); Butyrate (10 mM); Lactate (1 mM); Acetate
(10 mM); Formate/Proprionate/Succinate (0.5 mM). Data re-
present the mean and standard deviation of the mean from
triplicate cultures.

or "small non-protein molecules" (21,23,25).
From the present study we have identiflred butyr-

ate, and to a lesser extent ammonium, as the major
factors in the CFCS's of a strain of F. nucleatum
responsible for the inhibition of human gingival
hbroblast proliferation. The hnding that butyrate
inhibits gingival fibroblast proliferation is in par-
tial aggreement with that of Singer and Buckner
(30). However, these workers also reported that
proprionate was a significant component of dental
plaque extracts which inhibited mouse fibroblast
proliferation. In our studies we found little effect
for proprionate. Rather, we determined that am-
monium was the only other major inhibitory factor
identified. This may reflect the fact that we studied
the CFCS's of only one bacterial species whereas
Singer and Buckner analyzed whole-plaque culture
supernatants. Our finding that ammonium is an
important contributor to hbroblast inhibition is in
agreement with a previous study concerning the
effect of bacterial culture supernatants on tissue
culture cells (31).

With regard to butyrate, it is noteworthy that
the effects recorded in our studies occurred at con-
centrations less than those reported for butyrate in
dental plaque in vivo (32, 33). Thus, one could
expect the potential for butyrate to be effective tn
vivo should be high. Indeed, such a situation seems
especially relevant when one considers that Fusob-
acterium nucleatum is not the only bacterium pres-
ent that is capable of producing butyrate. There-
fore, it is conceivable that very high levels of butyr-
ate could be attained in heavily populated
periodontal pockets.

The reversible nature of the effect of CFCS's on
the inhibition of fibroblast proliferation further
implicates butyrate as a prime factor since another
study has also shown reversible inhibition of fibro-
blast proliferation by butyrate (34). The mechan-
ism by which butyrate aff'ects cell prolif'eration is
still unclear. For example, although butyrate causes
hyperacteylation of histones, several other short-
chain fatty acids have a similar effect; yet only
butyrate inhibits proliferative activity (35). It has
been postulated that butyrate is able to hold cycling
cells in the S-phase or prevent cells from entering
S-phase and thus effectively synchronizes all cells
prior to chromosome condensation (34).

An important consideration regarding the
pathogenicity of periodontal bacteria is their abil-
ity to influence the gingival connective tissue extra-
cellular matrix either directly via enzymatic de-
struction or indirectly via alteration of fibroblast
synthetic activity, Therefore, the inability of the
components in the Fusobacterium nucleatum crtl-
ture supernatants to affect extracellular matrix syn-
thesis ¿z vitro may be important in relation to its
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pathogenicity. Such an observation indicates that
the effect is not toxic to the point of causing cell
death. Rather, although the cells are unable to
divide they can still function in an apparently ,,nor-
mal" manner with respect to synthesis of matrix
proteins. Similar findings that both butyrate and
ammonium have little effect on total protein and
proteoglycan synthesis by human gingival fibro-
blasts and chick chondrocytes in vitro have been
reported (25,36).

In conclusion, the present study highlights the
toxic nature of small molecular weight mètabolic
p_roducts of one potential periodontal pathogen.
Given the propensity for accumulation of this
metabolite in infected periodontal pockets, and the
likely easy access to the underlying gingival connec-
tive tissues (37), a signiflrcant role for these com-
ponents in the pathogenesis of periodontal disease
is proposed. Furthermore, although extracellular
matrix synthesis appears to be unaffected. by these

ron rs so
potential

,severely
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Gingival overgrowth is an adverse side-effect seen in a proportion of patients
taking cyclosporine-A which indicates that cyclosporine-A may modulate the
activities of cells other than T lymphocytes. Therefore, the effect of cyclospo-
rine on human gingival fibroblasts has been studied in vitro, Cyclosporine-A
was found to stimulate DNA synthesis and the proiiferative activity of these
cells with maximal stimulation noted at a concentration of l0-e g/ml. Although
this stimulation was most noticeable in the presence of 10o/o fetal calf serum,
proliferation still occurred in serum-free medium. In the presence of lipopolysac-
charide, at a concentration which normally inhibits ingival hbroblast prolifer-
ation, cyclosporine retained its capacity to stimulate proliferative activity. Fibro-
blasts isolated from overgrown gingival tissue responded to a greater extent
than those isolated lrom a healthy site lrom the same individual. This stimulato-
ry effect was not restricted to gingival fibroblasts, since human foreskin
fibroblasts responded in a similar fashion. cyclosporine-A did not signifrcantly
alter protein or proteoglycan production by these cells. These responses are
considered to reflect the in vivo response of gingival overgrowth in patients
taking cyclosporine-A. The reversal ol lipopolysaccharide inhibition of gingival
fibroblast proliferation by cyclosporine-A may explain, in part, why gingival
overgrowth is most prominent in areas of heavy dental plaque accumulation.

lntroduction

Cyclosporine-A (CSA), is an immunosuppressant
commonly used for patients receiving organ trans-
plants. The principal mode of action of this drug
has been determined to be one of blocking the
production of, and responsiveness to. interleukin-
2 by T lymphocytes (1, 2). In addition, CSA in-
directly influences monocyte function by suppres-
sing the release of several T-cell lymphokines (3-5)
which in turn influences interleukin-1 production
by monocytes. Thus, it is not surprising that the
administration of this drug is often associated with
several side-effects. These include nephrotoxicity
(6,7),hepatotoxicity (8, 9), neurotoxicity (10) lym-
phoproliferative neoplasms (ll, 12) and gingival
overgrowth (13-20).

Many studies on the histological features of the
gingival response have reported massive plasma
cell infìltration but have made little comment on
the changes in fibroblast numbers (15, 17-20). Re-
cently, fibroblasts isolated from overgrown gingiva
from patients receiving CSA were found to possess
different metabolic and proliferative activities

when compared with flrbroblasts from healthy gin-
gival sites from the same donor (13). These findings
raise the possibility that, in these lesions, CSA
affects not only T cells but also the fibroblastic cells
responsible for the production of the extracellular
matrix. Whether this occurs via the direct action
of CSA on fihrohlasts, or reflects a secondary re-
sponse due to immuno-modulation, is not clear.
Therefore, this study has been designed to examine
the effect of CSA on gingival fibroblast prolifer-
ation and synthetic activity in vi*o.

Material and Methods
Materlals

Dulbecco-Vogt medium (DVM), RPMI-1640 me-
dium, fetal calf serum (FCS), non-essential amino
acids, penicillin and streptomycin tù/ere all pur-
chased from Flow Laboratories Australasia Pty
Ltd., North Ryde, New South Wales; all tissue
culture plastic ware was obtained from Nunc, Ro-
skilde, Denmark; sodium pyruvate, L-glutamine,
guanidine HCI and lipopolysaccharide (Salmonella
enteritidis, TCA extract) were from Sigma Chemi-



cal Co., St. Louis, MO: phytohemagglutinin was
Beckton, U.K., [6-
L-12,3,4,5-3Hl-pro-

["S]Oo Qo42 mCil
mMol) were from Amersham (Australia Pty Ltd.,
Surrey Hills, New South Wales); Ready Solv EP

liquid scintillation fluid was from Beckman Aus-
trãlia, Adelaide; Sephadex PD-10 columns from
Pharmacia Fine Chemicals, North Ryde, New
South'Wales. CSA was a generous gift from Sandoz
Australia Pty Ltd.

Cell cultures

Gingival hbroblasts were isolated from explant cul-
tures of healthy gingiva as well as from CSA-en-
larged gingiva as described previously (13, 21). Hu-
man foreskin fibroblast cultures were a generous
gift from S. Hay (Department of Pathology, Uni-
versity of Adelaide). The cells were maintained in
Dulbecco-Vogt medium supplemented with 10%
fetal calf serum, 100 units/ml of penicillin, 100

pglml of streptomycin, 2 mM glutamine, 10 mM
sodium pyruvate and non-essential amino acids at
3l"C in a moist atmosphere of 5o/o CO, and 95o/o

air. Cells between the 4th and 10th transfer in
culture were used for this study.

Mouse thymocytes were derived from the thy-
mus glands of 9- to 1l-week-old C3H/HeJ mice as

described previously (22) and were a gift from D.
R. Haynes (Department of Pathology, University
of Adelaide). These cells were maintained in
RPMI-1640 medium'with 10% FCS, 100 units/ml
penicillin, 100 ¡zg/ml streptomycin and 5 x 10 5 M
2-mercaptoethanol in a moist atmosphere of 5o/o

CO2 and 95o/o air at37"C.

Preparalion of cyclosporine-A for in vitro stud¡es

Due to its highly hydrophobic nature, CSA is inso-
luble in culture media. Therefore, prior to its intro-
duction into the culture system, a 1 mg/ml solution
was made by dissolving 1 mg CSA in 100 ¡-rl etha-
nol, then 20 plTween 80 was added while vigorous-
ly shaking. Finally, 880 pl of the culture medium
to be used was added. The sample was then diluted
1:1000 to reach the starting concentration of 10-6
g/ml. Appropriate solvent controls were always run
and no detectable effect on the cells was noted
(results not shown).

F¡broblast DNA synthesis and proliferation assays

To measure the effect of CSA on DNA synthesis,
human gingival fibroblasts and foreskin f,rbroblasts
were seeded, in triplicate, into 24-well plates (which
hold approximately lOs cells at confluence) at an
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initial density of 20 000 cells per well and allowed
to attach and spread overnight in DVM containing
10% FCS. The medium was then replaced with
500 pl/well of DVM alone and incubated for a
furthei 48 h. This medium was then removed and
replaced with a range of concentrations of CSA in

-èdi.,* containing l0% FCS. After 48 h incu-
bation the medium was replaced with 500 pl of
medium containing cyclosporine and I pCilml

[3H]-thymidine. The cells were incubated for a fur-
itr"i ts h after which the medium was removed
and the cells were washed three times with 500 ¡.rl

PBS. The cells were then lysed with 0.1 M sodium
hydroxide for 60 min at 50"C, an equal volume of
tÓZ fCA was added and the radioactivity in the
precipitated material was determined in a Beckman
LS-ZSOO Liquid Scintillation Counter. This assay

has been shown to accurately represent in vitro
division of fibroblasts (23).

In some experiments the above protocol was

used, except that the cells were incubated in mdium
containing cyclosporine, 50 pglml lipopolysacch-
aride and either 0o/o or l0% FCS.

The effect of CSA on the time course of DNA
synthesis by human gingival hbroblasts was assess-

ed as described by Ko et al. Q\' Briefly, the cells

were plated at an initial density of 15 000 cells per
well in complete medium and allowed to attach
and spread in 24-well plates overnight' The me-

dium was then removed and replaced with DVM
alone and the cells incubated for a further 48 h
after which the medium was removed and replaced
with complete medium with or without 10-e g/ml
CSA. The cells were cultured for 12, 18, 24, 30,
42 attd 48 h prior to a 3-h pulse with I pCilml

[3-H]-thymidine. The radioactivity in the newly
iyntñesized DNA was determined as described
above.

Cell growth was also assessed over a 5-d period
using a colorimetric assay (25). Cells were plated
at an initial density of 10000 cells per well into 4-

well plates and incubated in the presence or ab-
sence of l0-e g/ml CSA. At daily intervals the
medium was removed and the cells were fixed in
25% (vlv) glutaraldehyde. At the end of 5 d all
fixed cells were washed with distilled water and
then exposed to 400 pl lo/o aqueous crystal violet.
After staining for 5 min, the plates were washed
exhaustively with water and the cells solubilized
with 1 ml 33o/o (v/v) glacial acetic acid and the
absorbance read at 580 nm after 5 min.

T-cell proliferation assays were performed using

[33H]-thymidine incorporation into DNA as de-
scribed above, except that medium RPMI-1640
was used and the cells were incubated either in the
presence or absence of 3 pglmlphytohemagglutinin
(26).



Protein and proteoglycan synthesis by gingival
fibroblasts was assessed as described previously
(27 ,28). Briefly, triplicate cultures of confluent cells
in24-well plates were incubated in the presence of
varying concentrations of CSA and either l0 pCil
ml [33H]-proline (for total protein synthesis) or
20 pCilml Narf5SlO4 (for proteoglycan synthesis).
After 24 h the medium ,was removed and the cells
washed once with 250 pl PBS. The cell layers were
then stored at -4"C prior to total DNA determi-
nation by the method of Labarca and Paigen (29).
The wash and medium were pooled and 500 pl
aliquots were chromatographed on Sephadex pD-
10 columns in the presence of 4 M guanidine HCI/
0.05 M sodium acetate pH 5.8. Radioactivity in
0.4 ml effluent fractions was determined by liquid
scintillation counting. The amount recovered inthe
void volume provided a measure of incorporation
of radiolabel into newly synthesized mácromol-
ecules. Recovery from these columns was approxi-
mately 85o/o.

Statist¡cal analyses

All data were subjected to statistical analysis using 
Ethe method of analysis of variance. 6¡

Results

In order to determine the biological activity of
CSA, initial experiments were directed towards the
inhibitory effect of this drug on T-cell proliferation
(Fig. 1). With increasing concentrations of CSA,
T-cell proliferation was inhibited. At a concen-
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Fig. L Effect of CSA on the proliferation of thymus-derived
mouse thymocytes. [3H]-thymidine incorporation by the cells
was monitored 72 h after exposure to various concentrations
of CSA in the presence of PHA. Data are represented as the
mean and standard deviation of the mean of triplicate cultures.** Represents results in medium containing no pHA.

tration of 10-6 g/ml, the proliferative activity of
these cells was reduced to approximately that of
unstimulated cells. The concentration which
caused 50% inhibition (ICru) was determined to be
5 ng/ml.

Since CSA-associated gingival overgrowth could
be due to a proportional increase in both tissue
mass and cell numbers, the effect of CSA on gin-
gival and foreskin fibroblast proliferation was ini-
tially assessed by monitoring DNA synthesis (Fig.
2). In the absence of FCS, fibroblast DNA syn-
thesis was minimal and in the presence of l0o/o

stimulation of DNA synthesis was evident. Maxi-
mal stimulation of foreskin hbroblasts was noted
?! 10-'o g/ml and at l0-e g/ml for the gingival
hbroblasts. At concentrations less than 10-10 g/ml,
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Fig. 3. The ellect of CSA on DNA synthesis by quiescent cells
activated by serum exposure. []H]-thymidine incorporation into
DNA was monitored after a 3-h pulse at the indicated time
intervals. Data represent the mean and standard deviation of
the mean lrom triplicate cultures.

DNA synthesis by both types of fibroblast returned
to the level of that seen for 10% FCS alone.

To determine whether [3H]-thymidine incorpor-
ation into DNA was a valid means of assessing the
effect of CSA on gingival hbroblast proliferation,
DNA synthesis was monitored at 12-, l8-,24-,30-,
42-, and 48-h intervals (Fig. 3). Regardless of the
presence of CSA, DNA synthesis was cyclical and
peaked at around 24 h. Dur.ing the early time
points no signihcant difference in the amounts of
3H-DNA synthesized by the cells was detected'
However, from 30 h onwards the amount of 3H-

thymidine incorporated into DNA was slightly el-
evated in cells exposed to CSA compared to those
cultured in the absence of CSA.

The effect of CSA on gingival hbroblast prolifer-
ation was also monitored using a direct measure
of cell numbers (Fig. a). Although maximum pro-
liferation occurred around d 2 and 3, the cells

cultured in the presence of CSA showed a signih-
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cant increase in growth over the control cultures
betweendland2.

Because the above experiments were done in the
presence of l0o/o FCS, which may augment the
response to CSA, the effect of cyclosporine on
fibroblast proliferation in the absence of FCS was

assessed (Fig. 5b). CSA caused signihcant stimula-
tion of DNA synthesis at all concentrations tested
(p<0.05). However, only at the concentration of
10-e g/ml was stimulation greater than that seen

for cells grown in 10% FCS.
Since it has been suggested that bacterial plaque

plays an important role in CSA-induced gingival
overgrowth (17 , 20), and lipopolysaccharide (LPS)
has been implicated in the development of gingi-
vitis (30, 31), DNA synthesis was assessed in the
presence of 10% FCS, and 50 pglml of LPS (a

ðoncentration which normally inhibits gingival
fibroblast proliferation). Although stimulation of
DNA synthesis above that noted for cells treated
with 10% FCS alone was not seen, CSA did stimu-
late DNA synthesis by gingival fibroblasts

of LPS (Fig. 5c).
blasts from CSA-
cells from healthy
. CSA stimulated

both groups of cells to synthesize DNA, although
the cells from the overgrown tissue appeared to
respond to a greater extent than the cells from
normal tissue.

In addition to an assessment of cellular prolifer-
ative activity, the effect of CSA on the biosynthesis
of total proteins and proteoglycans was also stud-
ied. In contrast to its effect on proliferation, CSA'
at concentrations as high at 10 6 g/ml caused only

with cells derived from overgrown and normal sites

within the same individual revealed similar hndings
(results not shown).

Discussion

Gingival overgrowth is an adverse side-effect as-

sociáted with the administration of drugs such as

phenytoin, e-A (14-20,
:2, ::;. Of drug which
has been s ãs provided
most of the information relating to the etiology and
management of drug-induced gingival overgrowth.
Although the gross histological appearance of the
lesions is similar, the modes of action of these
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drugs are very different. Therefore, besides routine
histological assessment of such conditions, under-
standing the mechanisms behind these reactions
requires additional experimental investigations at

the cellular level. In the present study, the effect
of CSA on gingival fibroblast proliferation and
synthetic activity has been studied.

Hyperplasia is defined as an increase in the size
of an organ or tissue due to an increase in the
number of its specialized constituent cells. How-
ever, in cyclosporine-induced gingival overgrowth,
as well as a probable increase in the absolute num-
bers of fibroblasts, there is also a significant in-
crease in the number of inflammatory cells which
contribute to the increase in tissue mass (15, l7).
Therefore there is some uncertainty as to whether
the lesion should be classified as a true hyperplastic
response (17, 20), Nevertheless, these observations
imply that stimulation of flrbroblasts could be a
major contributory factor in the pathogenesis of
CSA-induced gingival overgrowth. In this respect,
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it is significant that this study has demonstrated
gingival fibroblast proliferation in response to ex-
posure to CSA. Furthermore, this stimulation oc-
curred within the concentration ranges found in
plasma and tissues of patients taking CSA (34) and
thus highlights the likelihood of biological activity
of CSA towards gingival fibroblasts in vivo.

Human foreskin fibroblasts responded to CSA
in a similar fashion to the gingival hbroblasts.
Thus, stimulation of fibroblast proliferation may
be a general feature of the biological activity of
CSA. Ostensibly, this hnding appears to be op-
posite to that of Yocum et al. (35) who reported
no effect of CSA on the proliferative activity of rat
synovial fibroblasts or guinea pig dermal f,rbro-
blasts. However, closer examination of the experi-
mental protocol reveals that Yocum et al. only
studied cells which had been previously exposed to
the mitogen, fibroblast-activating factor. Thus the
two studies are not comparable and the new data
may more accurately reflect tissue behaviotr in
viyo. Since an association between dental plaque
and the development of CSA-induced gingival
overgrowth has been reported (17,20), and because
LPS from bacteria in dental plaque has been impli-
cated in the development of gingivitis (30, 31), the
elfect of LPS on CSA stimulation of hbroblasts
was studied. Under normal conditions, LPS at the
concentrations used in the present study inhibits
gingival fibroblast proliferation (30). However, in
the presence of CSA, inhibition of DNA synthesis
by LPS was signiflrcantly diminished and, at some
concentrations of CSA, stimulation of DNA syn-
thesis was noted. This indicates that CSA may
override the inhibitory effect of LPS on fibroblast
proliferation. Thus, the potential exists for over-
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growth of tissue adjacent to heavy plaque deposits
in patients taking CSA.

Recently, the responses of human gngival hbro-
blasts to CSA have been found to be heterogeneous
whereby 35'/o of the cells do not bind CSA while
4lo/o avidly bind the drug and are more responsive
in terms of synthetic and proliferative behavior (37 ,

esent
ghtly
into
syn-

thesis time course experiments. For example, in the

(possibly the 45Yo which do bind CSA) could be

activated to either begin DNA synthesis at a later
time point or are slower to complete the phase of
DNA synthesis prior to cell division' Despite this,
it is perplexing DNA
synthetic activ CSA
between 24y'8 ase in
proliferative activity (in terms of increase in cell
numbers) between control and treated cultures 24

h later (i.e. d 3). Whether this reflects further
heterogeneity of the cells with respect to their abil-
ity to complete the cell cycle in the presence of
CSA, or reflects an overlap between cells cycling
at different rates, remains to be established'

In all types of tissue overgrowth there exists a

relationship between cell numbers, cell prolifer-
ation rates and extracellular matrix production. In
the case of CSA-induced gingival overgrowth it
appears that an increase in fibroblast cell number
is accompanied by a proportional increase in tissue

matrix (19). This implies that, in these lesions, the
synthetic activity of the fibroblastic cells remains
unchanged. If this balance was disrupted (i.e. in-
creased or decreased matrix production) the histo-
logical picture would be quite different. To deter-
mine whether stability in matrix production was

reflected in vitro, the synthetic activity of the gin-
gival fibroblasts was assessed. Total protein syn-
thesis was found to be marginally increased by
CSA. However, this increase could not be account-
ed for by an increase in proteoglycan synthesis.
Compared to the ultrastructural hndings of Yama-
saki et al. (36), in which they reported an increase
in rough endoplasmic reticulum in fibroblasts from
CSA-induced gingival overgrowth the above find-
ings of little change in protein synthesis by cells

exposed to CSA are difhcult to explain. Although
it is possible that CSA changes the delicate balance
between synthesis and degradation of extracellular
matrix, and this should be investigated further, it
is unlikely to be the case since no remarkable
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changes in the ratio of protein DP}ilIpg DNA were
seen. Therefore, while extrapolation from in vitro
to in vivo conditions must be made with appropri-
ate caution, the present fìndings could explain the
apparently unchanged proportion of cells in these
lesions despite the increase in tissue mass.

Although phenytoin-induced and CSA-induced
gingival overgrowth exhibit similar histological ap-
pearances (16, 18, 19), this study indicates that, at
the cellular level, the two lesions differ in several
respects. Firstly, CSA appears to act directly on
fibroblasts by influencing their proliferative beha-
vior, whereas phenytoin does not appear to act
directly on fibroblasts (39-41). In addition, CSA
does not overtly affect protein or extracellular pro-
teoglycan synthesis while phenytoin stimulates up
to a two-fold increase in protein synthesis (33).
Moreover, while the active component of phenyto-
in appears to be its metabolic products, the present
study indicates a direct action of cyclosporine on
fibroblasts in vitro. Such an effect is probably ìn
yiyo since cyclosporine is highly bound to plasma
proteins, red cells and lipoproteins (42) and there-
fore would be readily available in a highly vascula-
rized tissue such as gingiva. This availability would
be increased in inflammatory conditions where
there is signifìcant release of plasma proteins into
the local tissues as a result ofincreased vascularity.

In conclusion, the present flrndings corroborate
the histological appearance of CSA-induced gin-
gival overgrowth. By assessing cell proliferation
under a variety of in yitro conditions, and concur-
rently monitoring protein synthesis, CSA has been
shown to be capable of inducing the fibroblasts to
proliferate without drastically altering their syn-
thetic activity. This, in part, accounts for the pro-
portional increase in tissue mass and total cellulari-
ty. Nonetheless, the question as to why only a
percenage of patients taking CSA react with gin-
gival overgrowth remains unresolved and indicates
that additional factors are involved.
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Substance P: An fmmunohistochemical
and Biochemical Study in Human
Gingival Tissues. A Role for Neurogenic
Inflammation?.
P.M. Bartold, A. Kylstra, and R. l-awson

SussrANcs P Hes spe¡ sruDIED in relation to its distribution within gingival tissues as
well as its effect on cultured human gingival fibroblasts. The tissue distribution was
varied depending on the degree of inflammation present. In healthy tissues substance p
was found in the connective tissues interspersed between the collagenous elements and
was particularly prominent in the areas immediately subjacent to the epithelial rete pegs.
In inflamed tissues, substance P was markedly increased particularly around the blood
vessels as well as in close association with much of the inflammatory cell infiltrate. The
effect of substance P on human gingival fibroblast proliferation was monitored by [3H]-
thymidine incorporation and indicated substance P to be mitogenic for these cells at low
concentrations (l X 10 'g M) and tended towards an inhibitory effect at higher concen-
trations (1 x 10 a M). Substance P did not have any effect on the release of either total
proteins or proteoglycans into the culture medium. However, exposure of the cells to
substance P did cause a Ereater accumulation of both total protein and proteoglycan with
the cell layer material. These findings suggest a potential role for substance p on gingival
tissues and in particular their resident fibroblastic cells and can therefore be used as a
basis for more detailed studies into the relationship between neuropeptide release asso-
ciated with neurogenic inflammation and periodontal pathology. J Periodontol 1994; 65:
I I 13-1 121.

Key words: Fibroblasts; gingiva; inflammation; substance p; connective tissue; blood
vessels.

The term "periodontal disease" is an all encompassing
term used to describe inflammatory disorders of the perio-
dontium, ranging from the relatively benign form of gin-
givitis, in which the inflammation is confined to the mar-
ginal tissues, to more aggressive forms such as rapidly
progressive periodontitis, in which the disease process leads
to loss of connective tissue attachment to the root surfaces,
loss of alveolar support, and impaired function of the den-
tition.t Experimental studies have demonstrated the primary
cause of gingival inflammation is bacterial plaque and the
pathological features associated with various stages of peri-
odontitis have been well documented,.2,3

Despite intense microbiological, immunological, and bio-
chemical studies irito the pathogenesis of the various peri-
odontal diseases several enigmas remain. For example, al-
though dental plaque is considered essential for the
development of gingivitis and periodontitis, its presence

*Department of Dentistry, The University of eueensland, Brisbane,
Queensland, Australia.

(often in relatively large amounts) does not always result
in progression of gingivitis to periodontitis. This implies
that differences may lie either within the nature of the
plaque or the nature of the "host response." With respect
to the host response, the periodontium is influenced signif-
icantly by poorly dcfined local and systemic façtols ilclutl-
ing anatomy, hormonal, metabolic, immunological, nutri-
tional, and other "environmental" factors.

Since there is general agreement in the literature that
mental, physical, and biological stress have an important
impact on the body's ability to resist disease,a,5 stress has
been added to the evergrowing list of factors which may
modify various manifestations of periodontal disease.6-8 Ex-
perimentally, stress has been demonstrated to negatively in-
fluence the status of the periodontium and may be signifi-
cantly correlated with the severity of periodontal disease in
humans,e associated with changes in bone in stressed lab-
oratory animals,lo and changes in the cellular and fibrous
components of the periodontium.rr'r2 As a result of such
observations it has been suggested that the link between
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inflammatory diseases (perhaps such as periodontal disease)

and stress may lie in the release of neurotransmitters from
sensory nerve fibers upon stimulation by external stimuli.'3

Recently, substance P has been implicated as one such

neurotransmitter which may be associated with inflamma-

tion. Substance P is a neuropeptide released from the nerve

endings of substance P immunoreactive nerves'r3-l8 It is an

undecapeptide that is stored in the secretory granules of
sensory neurones, whose C- and N-terminals appear to have

separate functions both of which may affect the inflam-

matory process. Substance P immunoreactive nerves are af-

ferent, small diameter, unmyelinated polymodal, C-type fr-

bers with dual functions. First, for central transmission of
nociceptive information, substance P is released from the

spinal tract upon orthodromic stimulation by noxious stim-

uli. The second function is release of substance P and other

neuropeptides from collateral nerve terminals and periph-

eral tissue following antidromic noxious stimulation, re-

sulting in "neurogenic inflammation."
Peripheral release of substance P has been implicated as

a neurogenic promoter in various inflammatory processes

(e.g., asthma, rhinitis, conjunctivitis, inflammation of the

skin, and mucosa).r6'te-2' Although it is not known if sub-

stance P causes inflammation by acting directly upon blood

vessels or by activating other mediators,'6'20 this neuropep-

tide is a potent vasodilator and increases vascular perrnea-

bility. Thus substance P may contribute to the increased

blood flow and plasma extravasation-the "hallmarks of
inflammation"-ln li5strss innervated by substance P im-

munoreactive nerves. Substance P also has proinflammatory

effects on neutrophils, macrophages, mast cells, lympho-

cytes, and endothelial cells.r2-z The neurogenic component

of substance P-induced inflammation has been established

by observations of denervated tissue and pretreatment of
tissues with substance P antagonists, both of which showed

no response to noxious stimuli.2r'22'25

In light of the above, we hypothesize that neurogenic

inflammation may be a complicating or modifying factor in

periodontal diseases. The aim of this study was to deter-

mine the presence of substance P in normal and inflamed

human gingival tissues and to establish whether substance

P can influence gingival fibroblast function in vitro.
The multifactorial nature of periodontal diseases has

been recognized for some time. Although it is likely that

no single factor will act in isolation, it is important to ini-
tially dissect potential players and determine their role in
the disease process. For these reasons, this study was de-

signed to determine whether the neuropeptide substance P

could be detected in human gingiva and whether its effect

on gingival fibroblasts could indicate a potential role for
neurogenic inflammation in the periodontal diseases.

MATERIALS AND METHODS

Materials
Dulbecco's modification of eagle's medium (DMEM)' fetal

calf serum (FCS), nonessential amino acids, penicillin, and

streptomycin were purchased from Flow Laboratories Aus-

tralasia Pty. Ltd., North Ryde, New South Wales; all tissue

culture plastic ware was obtained from Nunc, Roskilde,

Denmark; sodium pyruvate and L-glutamine were from
Sigma Chemical Co., St. Louis, MO; [6-3H]+hymidine (22

CilmMol), L-12,3,4,5-3Hl-proline (100 CilmMol) and

Nar[35S]Oo (1042 mCilmMol) were from Amersham (Aus-

tralia Pty. Ltd., Surrey Hills, New South Wales); Ready

Solv EP liquid scintillation fluid was from Beckman Aus-

tralia; Sephadex PD-10 columns from Pharmacia Fine

Chemicals, North Ryde, New South r#ales; substance P and

anti-substance P antibodies were from Auspep, Parkville,

Victoria.

Source of Tissues
Healthy human gingival tissue was obtained from volun-
teers with their informed consent by a minimally invasive

procedure removing the interdental papilla between the up-

per right premolar teeth causing little postoperative discom-

fort with complete regeneration of tissue occurring within
4 weeks. Inflamed gingival specimens were obtained during

routine periodontal surgery for the management of patients

with advanced periodontal destruction requiring surgical in-

tervention. For this study, the precise periodontal disease

status was not classified as the purpose was to establish the

presence or absence of substance P in normal and inflamed

tissues with no attempt made to correlate disease activity
and type of periodontitis.

Following surgical removal, the gingiva were placed im-
mediately into 2%o paraformaldehyde, 2Vo glutaraldehyde

and 0.37o cetylpyridinium chloride, and 30 mM NaCl in
0.1 M phosphate buffer, pH 7.4 and fixed for 2 hours at

4"C. After fixation, the tissues were embedded in paraffin

and 5 pm sections were cut. Although the surgical speci-

mens were initially judged on clinical criteria as being de-

rived from normal or inflamed sites, routine staining with
hematoxylin and eosin was carried out to confirm the in-
flammatory status of the tissues.

Primary Antibodies
Polyclonal rabbit anti-substance P serum was used to detect

the presence of substance P in human gingival tissues. This

antibody was originally raised against the peptide sequence

substance P 1-11, has no cross reactivity with other known
neuropeptides, and has been well characterized and used

for substance P localization within a variety of tissues.2s

Immunohistochemical Staining
Sections were deparaffinized, rehydrated through graded al-

cohol solutions, and then exposed to methanol containing

2.5Vo hydrogen peroxide for 2O minutes to block any en-

dogenous peroxidase activity in the sections. After the sec-

tions were washed with phosphate-buffered saline (PBS)'

the primary antibody was then applied at a 1:1,000 dilution
to the sections and allowed to incubate 30 minutes at room

temperature. After removal of the unbound antibody by
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washing in PBS, the sections were incubated \4/ith a l:50
dilution biotinylated swine anti-rabbit immunoglobulins for
30 minutes at room temperature. The bound antibody was

then detected using a 1:50 dilution of streptavidin-biotin-
ylated horseradish peroxidase complex for 30 minutes at

room temperature prior to color development with 3,3'-dia-
minobenzidine tetrahydrochloride (120 mg in 200 ml tris-
buffered saline) containing 0.08% nickel chloride to en-

hance the staining intensity.26 Following mounting in
xylene, the sections were evaluated under a light micro-
scope. Control studies were carried out by omitting the pri-
mary antibody, by use of an irrelevant secondary antibody
(substituted the swine anti-rabbit immunoglobulin with bio-
tinylated rabbit anti-mouse antibody), or by absorbing the

primary antibody with substance P overnight at 4"C with
peripheral blood lymphocytes and substance P.

Fibroblast Culturcs
Human gingival fibroblasts were obtained by explant cul-
ture as described previously.2e'3o The cells were maintained

in Dulbecco's modification of eagle's medium (DMEM)
supplemented with l07o heat-inactivated fetal calf serum, 2

mM glutamine, 100 units penicillin, 100 pglml streptomy-
cin, and non-essential amino acids in a humidified atmos-

phere of airlCO, (9:1) at 37'C. Cells between the fourth
and eighth transfer in culture were used.

Effect of Substance P on Gingival Fibroblast DNA
Synthesis
To measure the effect of the substance P on DNA synthesis,

human gingival fibroblasts were seeded, in triplicate, into
24-well plates (which hold approximately 10s cells at con-

fluence) at an initial density of 20,000 cells per well and

allowed to attach and spread overnight in DMEM contain-
ing l07o FCS. The medium was then replaced 'with 500 pV

well of DMEM alone and incubated for a further 48 hours.

This medium was then removed and replaced with one of
the following: DMEM * 07o FCS; DMEM -t 0.27o FCS:,

DMEM 4 l07o FCS;DMEM * substanceP (10 4 - 10-e

M) in either 07o or 0.2Vo FCS. After 2O hours incubation

in the test media, [3H]{hymidine was added to each well
to give a final concentration of 1 pCi/ml. The cells were
incubated for a further 4 hours after which the medium was

removed and the cells washed three times with 500 pl PBS.

The cells were then washed twice with PBS and DNA, then

precipitated with 600 ¡rl TCA at 4'C for 2 hours. The cell

layers were then lysed with an equal volume of 0.1 M so-

dium hydroxide for 60 minutes at 50'C. The radioactivity
in the extracted material was determined in a liquid scin-

tillation counter. This assay has been shown to represent

accurately in vitro division of fibroblasts.2e

Metabolic Studies
Protein and proteoglycan synthesis by gingival fibroblasts
was assessed as described previously.2?'28 Triplicate cultures
of confluent human gingival fibroblasts in 24-well plates

were incubated in the presence of varying concentrations

of substance P in medium containing 0.27o FCS and either

10 pCi/ml [3H]-proline (for total protein synthesis) or 20

¡rCi/ml Nar[35S]Oo (for proteoglycan synthesis). After 24

hours the medium was removed and the cells washed once

with 250 pl PBS. The wash and medium were pooled and

500 pl aliquots were chromatographed on Sephadex PD-10

columns in the presence of 4 M guanidine HCV0.05 M
sodium acetate pH 5.8. Radioactivity in 0.4 ml effluent
fractions was determined by liquid scintillation counting.

The amount recovered in the void volume provided a meas-

ure of incorporation of radiolabel into newly synthesized

macromolecules. Recovery from these columns was ap-

proximately 857o.The cell layers were subjected to extrac-

tion with 500 pl 4 M guanidine HCI in 0.05 M sodium

acetate, pH 5.8 containing the following as protease inhib-

itors: 6-aminohexanoic acid, benzamidine HCl, N-ethymale-

imide, phenyl-methylsulfonyl fluoride. The extraction was

allowed to proceed overnight at 4"C prior to application to

Sephadex PD-10 columns as described above. Data were

normalized to the total numbers of cells in each well.

Statistical Analyses
All data were subjected to statistical analysis using the

method of analysis of variance.

RESULTS
The results of immunolocalization of substance P in normal

and inflamed human gingivae are shown in Figure 1. Con-

trol sections exposed to antibody preabsorbed with sub-

stance P showed no detectable staining. In healthy gingiva

the antibody localized in the connective tissues specifically
within the rete peg region as well as around blood vessels.

This distribution could be seen at higher power to be either

fibrous varicosities within the fiber network of the connec-

tive tissue often running parallel with the orientation of the

rete pegs or specifically associated with the outline of vas-

cular walls. In inflamed tissues the distribution was similar
to the normal tissues with fibrous networks and extravas-

cular distributions as well as localizing specifically to in-

flammatory foci. The distribution in inflamed tissues was

notable in that it appeared to be closely associated with
infl ammatory cell infi ltrates.

The effect of substance P on DNA synthesis by human

gingival fibroblasts was monitored by uptake of [3H]-thy-
midine. In all circumstances the control cultures responded

normally with no DNA synthesis detected in cultures ex-

posed to medium containing 0% FCS. In the presence of
0.2Vo FCS, there was a small amount of DNA synthesis

while in the presence of l07o the rate of DNA synthesis

was very high. 'When the cells were exposed to substance

P in media containing 07o FCS there was very little de-

tectable DNA synthesis (Fig. 2). However, if the substance

P was introduced to the cultures in the presence of 0.2Vo

FCS, there appeared to be a significant increase in DNA
synthesis compared to cells exposed to media containing
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Figure 1. Immunohistochemical distribution of substance in human gingiva. a: control immunoperoxidase staining in which the sections were stained with
antibody preabsorbed with substance P; b: normal human gingival tissue shawing strong localfuation of substance P to the perivasculør tissues; c: normal
humtn gingiva showing localization of substance P within the fibrous connective tissue as well øs surrounding a large vessel; d: normal. human gíngiva
showing a substance P reactive fiber running øcross collagen bundles; e øndf: infamed human gingiva showing localization of substance p to focí of
inflammntory cells (E : epithelium; CT : connectíve tissue; oríginal magnification : X40).

O.2Vo FCS alone (Fig. 3). In the presence of substance P
and0.2Vo FCS, maximum stimulation was noted at 10 e M
and was found to approach those levels noted for cells ex-
posed to 107o FCS.

To monitor the effect of substance P on extracellular ma-
trix formation and general synthetic activity of the cells,
total proteoglycan as well as total protein synthesis were
monitored (Figs. 4, 5, ó, and 7). In all cases cells exposed

to l0%o FCS produced signiûcantþ greater amounts of pro-
tein and proteoglycan. The amount of total protein and pro-
teoglycan released into the culture by the cells exposed to
substance P did not differ signiûcantly from the controls.
However, for both protein and proteoglycan synthesis, the
cells exposed to the substance P appeared to reJain more
material within the cell layer with respect to their compa-
rable controJ cultures (O.zEo FCS).

l;
) :.

I
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Figure 2. Proliferative activity of hunnn gingival fibroblasts cultured in

the presence of |Vo FCS and varying concentrations of substance P' The

proliþrative activity of cells was assessed afier culture in the presence of

[3í]-thymidine. Data represent the mean and standard deviation of the

mean of triplicate cultures.

DISCUSSION
There is accumulating evidence that interactions between

the nervous system, immune cells, and cells such as fibro-

blasts are critical to the development and persistence of a
variety of inflammatory disorders. While a considerable

body of experimental and clinical evidence supports the

potential role for neural modulation of infectious and in-

flammatory diseases of the skin and gastrointestinal tract,30

32 little is known regarding the importance of neural mod-

ulation of host responses in the periodontium. Although

networks of neurofilament-immunoreactive fibers have

been noted in normal and inflamed gingiva,33 their relation-

ship to the inflammatory process is unclear.33'3a Nonethe-

less, results of several functional and morphological studies

appear to implicate neuropeptides as important neurogeuic

components of inflammatory changes induced by various

Prolileration in 0.2% FCS
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Controls SubstancE P Conc. (PM)

Figure 3. Proliferative activity of human gingival fibroblasts cultured in

the presence of 0.2Vo FCS and varying concentrations of substance P' The

proliferative activity of cells was assessed afier culture in the presence of

[1H]-thymidine. Data represent the mean lnd standard deviation of the

mean of triplicaîe cultures.
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Figure 4. Total amounts of proteoglycans synthesized and retained within

the cell layer by human gingival fibroblasts exposed to varying concen'

trations of substance P in DMEM containing 0'2Vo FCS Proteoglycan

synthesis was monitored by [3sS]-sulfute uptake by the cells' Data repre-

sent the mean and. standard deviation of the mean of ftiplicate cullures'

chemical and mechanical stimuli in oral mucosa.l6 There-

fore, neural modulation of inflammatory events in the gin-

giva, a site in which continuous tissue reactivity is gener-

ated in response to the accumulation of dental plaque, is of
particular interest in light of the recognized potential for

stress to serve as a modifying factor in inflammatory lesions

which affect the periodontium.6-8

Several neuropeptides have been identified as being in-

volved in the transmission of sensory information from pe-

ripheral tissues to the central nervous system. Of these,

substance P has been well characterized. Interestingly, some

neurons conveying afferent information to the central nerv-
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Figure 5. Total amounts of proteoglycans synthesized and released into

the culture medium by human gingivalfibroblasts exposed to varying con-

cenlrations of substance P in DMEM contdinin7 0.29o FCS Proteoglycan

synthesis was monilored by [3sS]-sulfate uptake by the cells' Data repre-

sent the mean and standard deviation of the mean of triplicdte cultures'
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Figure 6. Tottrl amounts of protein sJnthesized and retained within the
cell layer by human gingival fbroblasts exposed to varying concentrations
of substance P in DMEM containing 0.2%o FCS. protein synthesis was
monitored by the uptake of [34]-proline. Data represent the mean and
standard deviation of the mean of triplicate cultures.

ous system from peripheral tissues are also involved in the
efferent regulation of the peripheral tissues they innervate.
Indeed, substance P-containing neurons have been impli-
cated in the efferent regulation of inflammation and sensi-
tization of joint sensory endings in arthritis.3s Thus several
mechanisms exist by which substance P may play a role in
inflammation: substance P is synthesized by dorsal root
ganglia neurons and is released at the peripheral terminals
rather than the central nervous system;36 substance p is a
potent vasodilator;37 terminals of nerves releasing substance
P are found in close approximation to blood vessels;38 and
substance P has proinflammatory effects on neutrophils,
macrophages, mast cells, lymphocytes, and endothelial
cells. r2-24

Additional evidence for the role of neuropeptides in neu-
rogenic inflammation arises from the use of capsaicin or
denervation of sensory nerves, For example, systemic pre-
treatment of rats with capsaicin leads to the selective irre-
versible degeneration of C-type afferent sensory neurons.
As a result, neurogenic inflammation cannot be induced in
these animals.3e'a0 Capsaicin-sensitive sensory neurons have
been noted in oral mucosa and proposed to be important in
the development of neurogenic inflammation in these tis-
sues.4r'42 The role of neuropeptides in oral inflammation has
also been investigated by studying inflammatory responses
in denervated tissues. Surgical laceration of the inferior or
superior alveolar nerves in laboratory animals has been
shown to significantly affect hemodynamic reactions in the
pulp,ar,ar periodontal ligament,a5 gingiva,a6 and oral mu-
cosa,I6,47

In order to elucidate the mechanisms by which nerves
may influence inflammatory reactions in the gingiva, we
have determined the presence of substance p in normal and
inflamed tissues. From the results of our study and others,

Figure 7. Total amounts of protein synthesized and released into the cul_
tu¡e meclium by human gingival fibroblasts exposed to varying concentra_
tions of substance P in DMEM conîaining 0.2Eo FCS. protein synthesis
was monitored by the uptake of [3H]-proline. Data represent the mean
and standard deviation of the mean of triplicate cultures.

gingiva from a variety of species appear to have a signifi-
cant distribution of neural networks.a8-53 In particular, sub-
stance P appears to localize as a fine fiber network in the
connective tissues in close proximity to the epithelium and
blood vessels.33 Although few studies have addressed the
issue of the distribution of substance p in inflamed gingiva,
studies from other tissues would indicate an expected in-
crease in the amount of substance P in such tissues.sa.ss In
the present study, the distribution of substance p was found
to be largely similar to that noted in healthy and inflamed
tissues and this would seem to be in agreement with pre-
vious reports.33 However, of note was our observation of
localized areas of substance P immunoreactivity not in a
fibrous distribution but associated with collections of in-
flammatory cells. Such a finding may be of significance in
light of previous reports indicating a role for substance p
in the activation of lymphocytes.s6 In particular, substance
P has been implicated in the activation of B lymphocytes,
modulating primary antibody responses as well as stimu-
lating the production of cytokines by monocytes.23,57.58 In
light of the role of B lymphocytes in periodontal disease
progression and the role of various cytokines in exacerba-
tion of the inflammatory response, the association between
substance P and the immune response in periodontitis
should be investigated further.

As a result of the localization of substance p in normal
and inflamed gingival tissues, and its previously repofed
effects on some mesenchymal cells, the second part of this
study focused on the effects of substance p on gingival
fibroblasts in vitro. Substance P stimulated human gingival
fibroblast proliferation up to four times the values found
for their basal proliferative level. This tnding is in accord
with Nilsson, et al.5e who reported that substance p stimu-
lated DNA synthesis in cultured human skin fibroblasts.

$Ë
Control Substance P Conc, (¡rM)
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The concentration at which maximum proliferation of mes-
enchymal cells occurs is variable. For example skin fibro-
blasts have been reported to respond maximally at 1 X 10-7
M substance P and human synovial cells at 10-8 M.60 In
the present study, maximum proliferation of human gingi-
val fibroblasts was noted 1 X 10 e M which is the same

concentration at which substance P causes maximum pro-
liferation of BJymphocytes.5T The biphasic nature of sub-
stance P being slightly inhibitory at high concentraìiEs and
stimulatory at low concentrations may be in line with an

hypothesis postulated by MantyhtT who suggested that in-
itially substance P has the action of promoting and directing
the inflammatory and immune response to produce a hyper-
inflammatory state in which destruction of the surrounding
tissues is the main outcome (i.e., a predominantly catabolic
mode). At this early stage it is feasible that substance P

should be present locally at high concentrations because

antidromic stimulation of substance P immunoreactive fi-
bers will cause great quantities of substance P (which was
stored in varicosities at the nerve terminal) to be released
into the surrounding tissue. However, after the infection and
damaged tissues are cleared, substance P may continue to
be released and operate as a mitogen to promote cell pro-
liferation and therefore have a role in tissue remodelling. It
is plausible at this stage that the concentration of substance

P in the tissues will be much lower due to depletion of
substance P supplies from the varicosities of the terminal
nerve endings. In the present study it was also noted that
substance P did not stimulate proliferation of gingival fi-
broblasts in media containing 07o FCS. This, therefore sug-
gests that substance P requires co-stimulation from other
factors present in the tissue or, in this case, in the serum.
In this context, it is interesting to note that substance P can
enhance the proliferation of fibroblasts when added to sub-
optimal concentrations of platelet derived growth factor.se

It has also been postulated that substance P can act in both
a stimulatory and inhibitory fashion towards the same cell,
depending on what other chemical signals were present.lT

Therefore the action of substance P could be switched from
a catabolic mode (e.g., pro-inflammatory) to an anabolic
mode (e.g., tissue regeneration) depending on the presence
of other factors. The notion that small sensory neurons may
play roles not directly related to nociception, but rather reg-
ulatory and reparative processes has been suggested previ-
ously. For example, denervation of the inferior alveolar
nerve has indicated that while sensory denervation modifled
fibroblast responses in gingival wound healing, sympathetic
innervation played an important role in regulating not only
fibroblast activity but also cells in the epithelium and al-
veolar crest.6t Thus, the nervous system may play a greater
role in co-ordinating growth and differentiation in normal,
inflamed and regenerating periodontal tissues than previ-
ously considered.

With respect to proteoglycan synthesis, substance P ap-
peared to have a slight stimulatory effect on the cultured
human gingival fibroblasts. These findings are in contrast

with those of others who have found that substance P has

no direct effect on proteoglycan synthesis in either the cell
extract or the cell supernatant when applied to articular bo-
vine chondrocytes in culture.62 Whether this reflects differ-
ences between various cell types or merely reflects the dif-
ference in principle proteoglycans made by chondrocytes
(principally aggrecan) and fibroblasts (principally decorin
and biglycan) remains to be established. A small rise in the
rate of total protein synthesis was also noted, with up to a
40Vo increase in synthesis rate being reflected in the values
obtained. Our finding of stimulated protein synthesis by
substance P, although not as striking, is in accord with the
findings of Lotz et a1.60 in which the addition of substance
P to synoviocytes stimulated a 5-fold increase in protein
synthesis. It is also interesting to note that a corresponding
increase in collagenase synthesis was observed in the Lotz
et al. study. As such it would be useful to investigate
whether the rise in total protein synthesis seen in this study
also included a significant rise in collagenase production as

this would also lend support to the hypothesis that sub-

stance P at high concentrations has a predominantly cata-
bolic effect on surrounding tissues, as the maximum stim-
ulation of protein synthesis ìwas seen when cultured with
substance P at a concentration of 1 x 10-4 M, the highest
concentration tested.

In conclusion this study has demonstrated the presence

of substance P in normal and inflamed human gingiva as

well as the ability of substance P to influence human gin-
gival fibroblast proliferative and synthetic activity. The im-
munohistochemical localization of substance P in gingival
tissues implicates it as a potential mediator of inflammation,
however, whether our in vitro findings correlate with those
found in vivo is not clear. Furthermore, issues such as

whether substance P acts directly or indirectly on the cells,
the effect of secondary signals such as PGF,46 and the role
of substance P on immune cell function all remain to be
established.
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Platelet-derived Growth Factor Stimulates Hyaluronate but not Proteoglycan Synthesis

by Human Gingival Fibroblasts in vitro

P.M. BARTOLD

Department of Dentistry, The Uniuersil.y of QueensLand, Brisbone, Queensland 4000, AustraLia

The effect of PDGF-BB on human gingival ñbroblasts was
monitored in an l¿ uilro system. PDGF was lound to be
mitogenic for these cells, although iL required the pres-
ence oflow concentrations offetal calfserum to be active.
Proteoglycan and hyaluronabe synthesis was analyzed by
labeling newly synthesized macromolecules with [35S]-
sulfate or [3H]-glucosamine, respectively. Identihcation ol
specihc glycosaminoglycans was achieved by selecLive
enzymaLic or chemical degradations. IL rvas flound that
cells cultured in the presence of PDGF showed no discern-
ible differences in proLeoglycan synthesis relaLive to the
controì. cultures. There were no alteraLions in amounts of
proteoglycans synthesized, types of sulfated glycosamin-
oglycans synthesized, or relalive hydrodynamic sizes of
the proleoglycans. In contrast to thc proteoglycans,
hyaluronate synthesis was significantly increased in the
presence ol PDGF. The increase in [3Hl-glucosamine in-
corporaLion inío newly synthesized hyaluronaLe corre-
Iated wilh an increase in the activity of the enzyme
hyaluronate synlheLase but could not be accounted for
entirely by changes in the specihc activity ofsugar nucle-
oLide precursors, which did alter sìightiy under differing
culture conditions. lt is concluded lrom these results that
PDGF stimulates gingival flrbroblasls to proìiferate and is
associated u'ith a differential effect on proteoglycan and
hyaìuronate synthesis. These observations may correlabe
with the observed early events associated u'ith rvound
healing and repair.

J Dent Res ?2(11):1473-1480, November, 1993

lntroduction.

The regeneraLive evenLs of wound healing require Lhe

recruitment of connective tissue cells bc the siLe, prolifera-
tion ot'the cells, and synthesis o[ the specialized collrpo-
nents of the connective tissue which they are attempting to
repair (Ross, 1968). These processes nray be co-ordinated
by mediators originatingfrom cells involved in coagulation
or inflammation such as platelets, macrophages, polymor-
phonuclear leukocytes, lymphocytes, and fi broblasts (Wahl
et at ,1989). By virtue of Lhe many different cells involved,
there is a complex interplay betu'een cells of a variety of
lineages rncdiated uiø the locaì release ofcytokines-
. The nature ofthe extracellular ntatrix synthesized by
fit¡roblasts during rvound healing of soft conneclive tis-
sues has been dehned somervhat, all"hough the precise
controlìing mechanisms and molecular interactions re-
rnain Lo be elucidated. In broad l.erms, thc early evenLs of

Reccived lor pubìication Novenrl¡cr l?, 1992
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This invcsLigation u'as supportcd b-r' grants from r.he Nalional

Ilealth and Medical Rcsearch Council ofAustralia and thc Ra nracioLti
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extracellular maLrix deposition in wound healing can be
divided inlo the synthesis and deposilion of the ground
substance, followed by bhe production olvarious hbrillar
components (Bentley, 1966). From our own studies, the
earliesL events with respect Lo maLrix synthesis and re-
pair in experimental inflammaLory lesions are the initial
producLion of hyaluronate, which ìs shortly followed by
the appearance of proteoglycans prior to collagen deposi-
tion (unpublished obsen'ations)

The mechanisms associated with the healing of peri-
odontal Lissues destroyed by inflammalion have been Lhe

subject of intense investigalion. ln recent times, manipu-
lation of Lhe healing response by "biological response
modifìers" has been pursued as a possible means of im-
proving periodontal rvound healing (Terranova et aL ,

1989). In particular, Lhe use of various growth factors
shows promise (Terranova and Wikesjo, 1987; Lynch el
aL., L987 ,1989). Of these, epidermal gr ow1"h factor (EGF).
hbroblast growth factor (FGF), insulin-like growth facLor
(IGF), plaleleb-derived growth facLor (PDGF), and trans-
florming growth factor (TGF) have been proposed to be of
potenLial significance in relation to Lheir regulalory ef-
fects on immune function. epilìrelium, bone, and soft
connective tissues.

Despite these proposals, the basic cellular and bio-
chemical phenomena involved in improving wound re-
pair are still poorly understood. Indeed, in uiuo there is
an extremely compiex interplay among various growth
factors, cytokines, cell surface molecules, and compo
nenfs of the extracellular matrix (Wahl et aL., 1989).
However, in orde¡ for such processes to be understood,
it is still necessary for individual evenLs to be targeted
and studied in isolalion before more complex interac-
tions can be addressed.

In light ol recent reporls cortcerning improved pcn-
odontal wound healing in Lire preseltce ol valious grou'th
factors, the aim of this investigation was to determine the
effect of one such growth factor, plalelet-derived growth
factor (PDGF), on gingval hbroblasl function in uitro.In
particular, the ability of PDGF lo influer.¡ce the synthesis
of proleoglycans and hyaluronate was assessed.

Materials and methods.

M a te r i.al s. -H 
u man reco mbi n an t p I a te le t- de ri ved growLh

factor-BB was purchasecl from Genzyme CorporaLion(Bos-
ton, MA). Dulbecco's nrodiñcation of Eagle's Mediun.l
(DMBM), flel-al calf .serum (FCS), non-essential amino
acids, penicillin, and -sLreptom.r'cin wel'c all purchased
from Flow l,aboralorjes iA'-tstì'alasia Pty Ltd'' North
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i/rnmol), and Na[3sS]Oo
onl Alnershanl AusLra-
scintillalion fluid rvas
(Adelaide, S.A. ). SlreP-

If untan gingiuaL ftbrobLasts.-Iluman gingival ñbro-
blasLs *"." nbt"i.ted essentially by explant culLure of
healt,hy gingival Lissue derived lrom healthy donors' as

describeã previously (Bartold and Page, 1987) Cells u'erc

mainLained in Dulbecco's Modiñcal.ion of Eagle's Mediunr
(DME 'ith
lomyc no

37"C i re o
betwe tra

Fibrol¡Iast DNA syntlrcsls -For 
confìrmation of the

niLogeni ts PreviousìY
.epoåed ded' in triPlì-
caie, inlo aLelY lOscells

ab conflu cells Pcr rvell

and allowed to attach and spread overnight in Dli{EI\'l

washed Lwice u'ith PBS and DNA, then precipitalcd u'ith
600 ¡-LL TCA at 4"C for 2 h, The cell layers rvere thcn lysecl

rvitl'r an equal volume of 0.I rnoVl sodium hydroxidc lor 60

min aL S0iC. The radioactivity in the extracled malcrial

was determined in a Ileckman LS-2800 Liquid Scintillation
Counler, This assay has l¡een sìrorvn Lo represenl" accu-

raLely i¡t uilro division of hbroblasls (Wahl e¿ ol., 1978).

ProteogLycan .synlhe.sis.-Proteoglycan syr.rl"hesis by
asLS was as solid-
1-,r trcgcr and dosc-
menLs wer-e e cul-
enl cells in \\¡et.e

incubaLed in tlie presence of DMEM conl"aining0 .zokFCS,
10ola FCS or 0 2o/,,IìCS, and 5 nglmL PDGF, togelher rvith
20 ¡rCi/ml Nar["SìO, Îor 24 h'. The cumulalive synthesis
of proüeoglycai,s ouet: a 4S-liour peliod was assessed by
incubation of cells in the presence or absence of'PDGF ar-rd

sampling at various tirne inlervals (2, 4' 8, 24, and 48 h)'
At bhe conclusion ol each experimenL (dose response or'

lilne coursc), Lhe ntedinnì \\'as removed and l"he celì layers
rvashed with 500 ¡LL PBS. The medium atrd wash rverc
pooled lo make trp the rnedium fraction (bot.aì volurne of 1

nrL). The cell layers rvere Lhen extracLed overnighL aL4"C
in I nr[, ol 8 moì,/L urca conLaining 10 nrM Tris HCI' 1

nrmolrl, sodiunl sulfate, and 0.lToTriLon X-100. AliquoLs
(200 ¡tL) from bot -layer fractions
rvere applicd onto assemì¡led i¡'r a

Bio-DoL apparatu under vacuul¡'
'I'he membrancs \ appalalus alld
rvashed tu,icc cach in Tris-buffercd salinc, dc-ioniz-ed
rvater, and 959i eLhanol After drying, Lhe Ir.rembrarìe \\'as

cuL inlo srnall pieccs and added Lo 5 mL of scintillation
fluid; the amounL olradioactivity presenl was dcLermined
b-y liquid scintillation counting'- 

SLiL¡oted, EL),cosa nt i ¡togb'can identificaLion.-Gingrval
ñbroblasts wcre sceded into 25-cm2 flasks and aliowed to

reach conflucnce Eacl.r flask rvas then washed lhrec times
with PBS prior t.o incul¡ation of the cultures iu various test
media ur'à 20 ¡LCi/nrL Na,[3sS]O... The culture medium
rvas then rcmovecì lt'onr the flasks, and macromolecular
labelecl n'raterial \\'as t'ecovered follorving chr-ornatogra-

Scphacel colunrt.t (0.9 x ? cnr) equilibrated "viLh 
Lhe same

buiïer Prior Lo anall'tical ion-exchan¡Je chromaLograpìly,
Triton X-100 *'as added to givc a hnal concentration of
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0.\Vo. AfLer elution of the unbound material, a continuous
gradienl from 0.1 to 0.9 moì,rl NaCl gradient was applied
in a total volume of 50 mL. Fractions of 0.5 mL were
collected at a flow rate of 5 ml,/hr, and the whole fractions
were assessed for radioactivity.

The bypes of glycosaminoglycans and their relative
proportions in the proteoglycans from the medium and
celì-layer compartments of PDGF-treated and untreated
cultures were determined by treatment with either
chondroitinase ACII, chondroitinase ABC, or nitrous
acid (Bartold and Page, 1985; Saito et aI., L968; Shively
and Conrad, f976). The reaction products were then
eluted from Sephadex G-50 columns (0.7 cm x 30 cm)
with 0.27o sodium dodecyl sulfate in 0.15 moVL sodium
acetate, I mmoVl magnesium chloride, and 1 mmol/L
calcium chloride, pH 5.8. Fractions of 0.5 mL were col-
lected at a flow rate of 3 mllh and assayed for radioac-
tivity. The relative proportion of each glycosaminoglycan
species was determined by calculation of the amount of
radiolabeled material resistant to (void volume) or de-
graded by (included volume) each treatment.

AnalyticaL column chromatography.-The molecular
size distribution of [3sS]-sulfate-labeled proteoglycans was
analyzed by gel filtration from Sepharose CL-48. AliquoLs
containing approximately similar amounts of radioactiv-
ity ( 10,000 dpm)of the [35S]-sulfate-labeled matenal which
was excluded from Sephadex G-50 were concentrated in
dialysis tubing against Aquacide to 200 pL. The concen-
trate rvas l"hen eluted from columns of Sepharose CL-48
(0.7 cm x 100 cm) with 4 mol,/L guanidine HCV0.05 mol./L
sodium acetate containing protease inhibitors, pH 5.8.
F raclions of 0.5 mL were collected at a flow rate of 3 mL/
h and assessed for radioactivity.

HyaLuronate synthesis.-Hyaluronate synthesis was
assessed by the seeding of fìbroblasts, in triplicate at a
concentration of 5 x 10a cells per well, into 24-well plates
coated with various concentrations of PDGF. Upon reach-
ing confluence (1x 105 cells/well), the cells were incubated
in medium containing [3l{]-glucosamine (20 ¡rCi/ml-) for
24 h. The medium was then removed and the cell layers
washed once with phosphate-buffered saline (PBS), which
rvas pooled with the medium to make up the medium
fraction for subsequent analyses of hyaluronate conlenl.
To determine the effect of PDGF on the rabe of hyalrrronahe
synthesis, we cultured confluent cells as described above.
Upon reaching confluence, the medium was removed and
tlre cells incubated for 4, 8, 24, 30, 48, and 72 h. The
incorporation of [3H]-glucosamine into hyaluronate was
deternrined by selective digestion with hyaluronidase for
cach time point after Lhe introduction of the radiolabel.

Determination of [3H]-labeled hyaluronate rvas carried
out as described previously (Castor el ol., 1983; Htey et cLl. ,

1990) Briefly, aliquots (200 ¡-rL) from the culture mediurn
Were digested with pronase ( 10 mglml-) overnight at 60"C.
The samples were then boiled and split into two aliquots
of 50 ¡tL eacir. One group (desigaated aliquot B) was
incrrbated at 37"C for 12 h rvith 60 ¡rL Streptontyces
hyaluronidase in 0.1 moVL sodium acetate buffer at pH
6.0. The other (designated aliquot A) was incubated in the
sodiuln acetaLe buffer alone under identical conditions.
After Lhe incubation period, aliquots (100 pL) from cach
saurple were spotted onto hlter paper divided into 2-crn
squares, allowed to dry at 60"C, and then placed through
4 washes, each o[ 3O-minute duration, in 0.05 r¡oVL

r 475

sodium chloride containing 0.l7o cetylpyridinium chlo-
ride al room temperaLure (22"C). The filter paper was
then removed and allowed to dry. Each square was then
cul into small strips and placed into 14 mL of scintillation
fluid prior to determination of radioactivity in a liquid
scintillation counter. The amount of hyaluronate present
in each sample was calculaLed as the amounL of radioac-
tivity digested by the Streptomyces hyaluronidase (i.e.,
d.p.m. in aliquot A - d.p.m. in aliquot B).

HyøLuronate synlltetase determinations.-Levels of
hyaluronate synthetase activity were deLermined on ly-
sabes of whole cells. Confiuent monolayers of human $ngr-
val fibroblasts in 24-well pìates were culLured in either
0.2o/o FCS or 0.27o FCS and PDGF for 8,24, and 48 h. The
cells rvere released by trypsinization, and the cell pellel-
was washed in PBS prior lo being frozen at -70"C. Tì're cells
were lysed by repeated freezing and thawing ol Lhe cell
pellet (three times), and hyaluronate syntheLase activity
was deLermined as described previously (Appel et aL.,
1979). The lysed cells were incubated in the presence of 0.1
[Ci UDP-D-[U-"C]-glucuronic acid and 5 x 10'3 ¡rmol./L
UDP-N-acetylglucosamine lor 90 min, and the amount of
hyaluronate thus synthesized r.r'as debermined by selective
digestion with hyaluronidase as described above.

S p ec ì fic ac t i u ity de te r m i na t io ns. 
-Since 

di ffe re nces i n
the specific activity of sugar nucleotide precursors may
vary beLween differing cullure condilions (Morales et ol.,
f 984), the specihc activill' of radiolabeled products was
assessed by use of a dual labeling probocol (Bartold and
Page, 1986). Fibroblasts u'ere incubabed for 48 h in the
presence of [35S]-sulfaLe (50 ¡rCi/mL) and [3H]-glucosamine
(20 ¡rCi/ml). Labeled macromolecules were separated
from unincorporated radiolabel by Sephadex G-50 chro-
matography, and the proteoglycans were partially puri-
fied by ion-exchange chromatography on DEA-E-Sephacel.
The proteoglycans were then subjected to digestion rvith
chondroitinase ABC as described previously. The diges-
tion producbs rvere lhen elubed from a Sephadex G-50
column. The liberated disaccharides eluted near lhe bobal
volume of the column, and Lhus the ratio of 3H.F5S in this
peak could be readily determined.
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I{uman gingival fìbroblasts u,ere culLured in DMEM conlainingO 29"
F CS, 107o FCS, or O.2o/o fiCS and 5 nglmL PDGF, and proteoglycans
relcascd into tìre niedium rvere nronitored by assessment ol thc
incorporation of [35S]-sulfalc inL<¡ :racromolecules over a 48-horrr
period. Data are expressed as !he mean + sLandard deviation ofLhe
mean of triplicate culturcs from a representative experiment
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Thc acl,ivities of the enzynìe hyaluronate syntlìetase \vere
also assessed in tlie preserìcc or absence of PDGF (Fig. ?)
A steady increase in enzyme activity over timc in culLure
could be observed lor bolh condiLions. However, the levels
of activil"y were greaLer at aìl time points studie d for the
cells exposed Lo PDGF

Specific actiuity clcter¡ninatio¿s 
-Because 

various
culture conditions can aller Lhe specihc activities of
sugar nucleotide precursor pools, increases in amounls
ol labeled sugar incorporatiorì may not necessarily re-
flect Lrue increases in synthesis of hyaluronaLe. There-
lore, the specific activiLy ol Lhe glycosaminoglycans was
assessed by dual labeìing and analysis of lhe 3sS/3H

ratios in digested disaccharides. The resulLs flronr ihese
ar.ralyses indicated thaL the 35S/rH ratio increased in
proportion lo Lhc levels oiFCS and PDGF present in the
culturc medium. The values for0.2o/o FCS, l0ol¡ FCS, and
0 29o FCS wil-h PDGIì rvere 0.28 (+ 0 03), 0.38 (+ 0.04),
and 0.40 (+ 0.05 ), respectively. Thus, thc ratio for
chondroitinase ABC disaccharides derived from cul-
tures exposed to PDGF in 0.27o FCS or lO'lc FCS rvas
approximately 1.4 timcs greal"er than tliat lor cullures
exposed Lo 0 2vo FCS alone

Discussion.

The ellecls of growth lactols on mesenchymal cells are
considered to be fundamental lo mainlenance and repair
of tissues (Kingsworth and Slavin, 1991; Pierce e1 ol.,
1991; Deuel et aL., 1991) Horvever, the precise mecha-
nisms involved in such regulaLion are slill equivocal. This
study has focused on aspccts ofLhe role ofgrowLh lacLols
in modulating some functions of human g-ingival ñbro-
blasls. Specifically, the ability ol PDGF to regulate cell
prolileration and the s-ynthesis of proteogl_ycans and
hyaluronate by human gingrval fibroblasts rvere studied
u,ith the view to shedding sorne light on the possible
mechanisms by rvhich these agenls rnig}.rL augment tissue
repair and regeneraLion

PDGI.'occurs ¡rredominanlly as a dimer of relaled buL
distinct polypeptide chains (Lcrmed A and B) in several
lolrns, including ìronrodimers of A and B chains (PDGF AA
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and PDGF BB) as r.r,ell as helerodimers (PDGF AB)
(Heldin, 1992) Many ol Lhe biological eflecls of PDGF
result from its variety of proccssed lorms and different
localizaf.ions aftcr synLhesis (I{eldin and WesLermark,
1990; Heldin, 1992). Various lorms ol PDGIì can localize
Lo cell surlaccs to acl in an aulocl'ine or juxLacrine man-
ner. All"ernal-ively, PDGF may accumulate in the exLracel-
lular maLrix to become available aL a laLcr stage to induce
ceÌl proliferation and rnigr-ation. Regula[ion oIthe cellular
responses to PDGF is ulo reccptors on lhe the surfaces ol
Largel cells. Several receptors have been idcntified, in-
cluding the a-r-eceptor, rvhich binds bot.h A- arrd B-con-
Laining forms of PDGF, rvliile the B-receptor binds only
PDGF-B (HarLeL ol ,1988). VariabiìiLy in biological re-
sponse Lo Lhe various forms of PDGF rnay be lclatcd Lo

signal Lransduction through the o.- and p-receptors. Iror
examplc, PDGF AA is not as poterìt as PDGF- BB u,ith
respecl Lo rni togenesis ( Bywater et aL., 1988', Ra ines el ¿1.,
1989), and cell migration appear-s to be mediaLed through
tlre p-receplor (Eriksson et aL., 1992).

The mitogenic effect of PDGIì on many diflerenl types
of mesenchymal cells has been recognized lor several
years (Weslermark and WasLeson, 19?5; Ross and Vogel,
1978; Fìoege ct aL., l99l ) Nonelheless, u,hen working in
parlicular modeÌ systems (in this study, ¡reriodontal con-
nectivc tissues), it is essential thaL one confìrm that
agenLs known to operate on cells ola simila¡ nature (e.g ,

ñbroblasLs) but rn lissues ofvastly differenL funclions arc,
indeed, effective on the parl-icularcells being studied(e.g,
gingrvaì ñbroblasts) In this conlexl, the presenl study
has demonstrated that PDGF is, indeed, mitoger-ric for'
human gingival f ibroblasts. Such a ñnding confirms ear-
lier reporls concerning the effects of PDGF on grngrval
ñbroblast prolileration (Nakae et aL.,l99I; Barloìd el al.,
1992) The range of concentrations over which PDGF has
been found to be effeclive on gingival fìbrobìasLs \vas
simiìar Lo that reported for manl'other cclls of mesenchy-
rnal origin t¡ul different locale (Raines and lìoss, 1985).
Although PDGF elicils its rniLogenic response ulo all-ach-
mcnt bo speciñc cell-surface recepLors (Borven-Pope and
Ross. 1982), it is considered onl,v a competence faclor in
that progrcssion fàcLors are requi red for complelion olcel I

division (Stilcs el al , 1979 ) As further conñrnraLion thaL

EI,-FDCT Oþ- PDCF ON I]YALURONA'TE AND PIIOTEOGLYCAN
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connccl"ivc Lissucs suclì as carLilage and bone, u'ilh rela-
tìvely lcw studies concerned witìr thc soll connective
Lissucs. Furlhcrmore, lhere allpc¿ìrs to be onll' onc reporL
considering Lhc cffccL ol PDGI¡ on bolh proLeoglycar-r and
lryaluronale synLhesis (Inrai el aL., 1992), in which PDGF
was lound to inf'lucnce both plolcoglycalr atrd hyaluronaLe
synLhesis by retro ocular- irbrobìasLs derived lrom pa-

Licnts suffering lronr Graves'ophthaìmopathy. The direcl
reìevance of relro-ocular ñbroblasts to gingival ñbro-
blasLs is utrclcar, but it rvould sccnl reasonablc lhat thesc

synthesis, such as TGF-p (\\¡ahl, 1991), and Lhe important
.ãle of proLeoglycans in actir.rg as receplors for grorvLh

lacLors as well as modulators ol grou'tÌr lactor activiLies
(Ruoslaliti and Yamaguchi' 1991).

lound to have liltlc or no efTecL, i¡t uitrc¡, on protcogl-1'can

synthesis by chondrocytes IHanre¡tnatr el o1 , 1986 l, livcr
.ãll.(¡o.d". ctaL.,l98'l ¡.smoolh nlusclt¡ cells(Chencl o1 '

1987), cartilage (Manincl o1., 1991' I-Iarrison et aL', T99I)'
and skin hbroblasts (Savage e't oL., 1987, Westerglen-
Tlrorsson et aI., l99l).

Despilc the negligible eftècL orr proLeo glyca I.r synthesi s,

PDGF ìvas lound m^.k"dl-l'to increase the amount of [:'FI ]-

gìucosamine labeled hvaluronale. Horvever, interpreta
t"ion of such data can be diffrculL, since lhe speciñc activit-r'
of glucosaminc in the nucleotidc sugar precursor pool can

uaTy, r.le¡re,rding upon the ctrlture conditions (Hascall e¿

ol.,-1990) Conicquentl-r'. differenccs i¡r the uptake of

oo

a0

60

20

Fig ?-ElIect of PDGIì on hyaluronate sytrLhcLasc activiLy at

,,^.ìo.i. lin,e poinLs Enzyme activity was assesscd by the irrcor¡roration

oi UDP-D ['iC]-glucuronic acid into h]'aìuronaLc al sclccl'cd Lirnc

int¿n,als in ei¡he1 the presence or absence of 5 nglmL t)DGI'' in DMDM

conlaining0 27o FCS Data representthe mean and standard deviation

of Lhe mea-n olLriplicate cr-rlLures lrom a represenLaLivc cxperimcnt

TABLE

G LYCOSAMINOGLYCAN QUANTITATIO N'

Chondroitin Srrlfate l)ermatan SLrlfate Lleparan Sulfarc'

N{ÐDIA

0.27. FCSr

107o FCSs

PDGF'

CEI,I,I-AYBIì

. 0 27. FCSj

107" FCS'J

PDGF'

29 (t 3)

32 (+ 2)

34 (+ c)

55 (+ 7)

5? (+ 3)

46 (+ 4)

i6 t+ 3)

Ll t+ 3r

20t.r 5t

54(+9r

6ù r+ 5r

5? r+ 6i

2l (.+ 4)

11(+ 7)

1? (+ 5)

25 (+ 4)

29 (r- 5)

26 (+ 3)

rGlycosalninoglycans rvere quanbitatcd alter selec tive degraclatio n s'ith chond roitinasc -'\Cl I I , chondroitinase ABCI, or

nitrous acid foi determination olthe reìative conbribu tions of chondroitin sulfate. dcrnratan sulfate, artd hcparan suìfat r:

respectiveìy. Data are expressed as percerrtages (mcan + s tandard devi ati o n ofthe mcan of t ri pìi czrLe cr pe ri nrcnts ) of th e to la I

radiolabeled rnatcriaì digested ì¡)' each deg'r'adative proce dure
?lìepresents data lor cells cultured in DMEII{ conlaining 0.27, FCS
3Represertls data lor cells cultured in DMEIT{ containing 107o FCS
af{epresenLs data for cells cultured in Dlr{E\{ containing 0 27.FCS and PDGI''
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labeled glucosamine in differing culture conditions (c.9.,
presence or absence oIgrowth faclors) may not reflect Lhe

identical differences noted in amounts of hyaluronate
synthesized. However, by demonstrating that the specific
activities of Iabeled glycosaminoglycans cannot account
[or Lhe increase as well as elevaL€d levels of hyaluronale
synthetase activity, this study provides good evidence for
a stimulabory role of PDGF on hyaluronate synthesis.
Indeed, iL may be that, for the reasons outlined above, of
the few studies which have addressed the effect of PDGF
on hyaluronale synthesis, the conclusions have been var-
ied. Nonetheless, Lhe present study is in agreement with
several obher well-controlled studies concerning the in
ui¿ro effecbs of PDGF on hyaluronate synbhesis in which a
stimulatory effect has been nobed (Heldin eL aI., 1989;
Heldin et aI., 1991).

The hnding that PDGF has no discernible effecl on
proteoglycan synthesis but did stimulate hyaluronate
synthesis is interesting from a number ofaspects: Firsb,
it indicaLes that the synthesis of these two componenLs
is under separate conLrol. Second, it has significant
ramiñcations lor Lhe likely events occurring during
wound healing. With respect to the control of synthesis
of hyaluronate and proleoglycans, it has been reported
that the metabolism of these two componenbs is corre-
laLed in cartilage organ cultures (Morales and Hascalì,
1988). Furthermore, a grou'th factor from cartilage has
been found to enhance hyaluronate synthesis and di-
minish sulfaLed glycosaminoglycan synthesis in
chondrocytes in a manner similar to that used for the
results reported in the present study (Hamerman et ø1.,

1986). The precise mechanisms involved in such control
are not entirely clear, since proteoglycans are synthe-
sized through normal channels associated rvith glyco-
proLein synthesis (Kimura et al., 1984), rvhereas
hyaluronate appears to be synthesized by bhe enzyme
hyaluronate synthetase located on the plasma mem-
brane (Prehm, 1983). Another complicaling factor in
siudies concerning growth factors is the close associa-
tion between cell proliferation and the synthesis of
proteoglycans and hyaluronate. Although confluent cul-
tures were used in order to minimize the effects of cell
proliferation, PDGF has been found to elicit a mitogenic
response in confluent cultures (CIemmons and VanWyck,
1981; Williams ct aL., 1983). Therefore, rvhether the
various responses noted in the present study reflect a
general trend of proiiferating fibroblasts to synthesize
increased proportions of hyaluronate and decreased
levels of proteoglycans (Lembach, 1976; Hopwood and
Dorfman, 19??; Prestonet aL., 1985) needs to be inves-
tigated further.

In conclusion, this study shows that PDGF'has several
biological effects on human gingival hbroblasts *'hich
may be of significance in the complex events associatecl
with repair and regeneration of the periodontal Lissues
damaged by inflammation. Further investigaLions into
these effects are warranLed to determine the effectiveness
ofPDGF and other grorvth factors as potentiaì therapeu-
tic agents. Although extrapolatì,ons from in ui"tro st,udies
to in uiuo studies must be made rvith caution, it is tempt-
ing to specuiate that observations such as increased
hyaluronate synthesis and decreased proteoglycan syn-
thesis closely reflect the events occurring during early
wound healing and repair.
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Growth factors are potent bioactive molecules responsible for the co-ordination of

many cell functions and interactions. Of tlìese agents PDGF and IGF have shown

particular promise as agents which may be used to stimulate periodontal regenen-

iion. In order to further understand the mechanisms by which growth factors may

work, a simple model of in vitro wound healing has been utilized to assess the

effecs of PDGF on human periodontal ligament fibroblasts and its potential to

stimulate wound healing. Human periodonøl ligament fibroblasts were plated into

Zlwell plates and upon reaching confluence were wounded by creating uniform

discoid lesions stripped of cells. The influence of various concentrations of PDGF

on cell proliferation, cell migration and extracellular matrix synthesis was moni-

tored. The results of this study indicated that in tl¡e presence of l0 ng/ml PDGF

and0.27o fetal calf serum, both celt proliferation and cell migration were signifi-

cantly stimulated. tn the wounded cultures, PDGF appeared to cause a moderate

stimulation of proteoglycan synthesis compared to unwounded cultures. In con-

clusion, the model system tested appeafs to be useful for studying fundamental

cellula¡ and biochemical events associated with wound healing. The effects of
PDGF in this system confirrn that it is capable of modulating fibroblasts in a man-

ner compatible with the events associated with wound repair.
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Growth factor modulation of

fibroblasts in simulated wound

healing

Despite intense microbiological, immunological and

biochemical investigations in recent years to deter-

mine the precise aetiological and pathological
events associated with the periodontal diseases,

treatment regimes have not always advanced at a

commensurate rate. once tissue destruction has oc-
curred, the ultimate goal of periodontal therapy
should be regeneration of the affected tissues to re-

store their original architecture and function (1)' To

date, the principal therapy for teeth affected by peri-
odontal destn¡ction has been removal of root surface
deposits and cont¡ol of the bacterial infection. This
may be achieved via conseryative (closed-pocket)

subgingival debridement, open surgical debride-

ment, the prescription of specific antimicrobial
agents, or any combination of all three procedures.

Thus, the elementary procedures of thorough root
surface debridement and removal of soft tissue in-
fection still remain the hub of cunent therapies-

Nonetheless, considerable efforts to develop treat-

ments which will produce satisfactory results have

included advanced surgical procedures (2), the use

of autologous and synthetic bone grafting materi-
als(3), root surface treatment and etching (4-6) and,

more recently, the use of barrier membranes (7). Al-
though the use of barrier membranes demonstrated
good potential for regeneration of the root surface

cementum, alveolar bone and periodontal ligament,
the clinical results using this method are still' to
some extent, unpredictable and variable (8). Proba-

bly the single most important explanation for this

lies in the fact that while the histological events as-

sociated with these processes have been well docu-
mented, fewer studies have addressed the cell bio-
logical and biochemical events associated with peri-

odontal
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a better understanding of the complex events assocl-

processes ma tors origi-
nating from c or inflam-

mation such PolYmor-
phon fibroblasts
(t¡1. s involved,
there n cells of a

varie I release of
cytokines. Thus, dissecting these processes ls essen-

tial not only to better understand the events of tissue

regeneration but also to provide a rationale for aug-

ment healing.
In cation of tissue gowth

facto generation has received

prominent attention (14). Among the'myriad gtowth
iactors currently characterized and available, epi-

tive tissues.
Two of these growth factors, PDGF and IGF-1,

b
oè
p
d
t\vity (2V23). Furthermore, PDGF and IGF-l have

been found to act synergistically to accelerate the

healing of skin wounds (24) as well as to stimulate

metabólism of bone cells and fibroblasts (25,26).
Therefore, in conjunction with the improved perio-

animal studies, these find-
gfowth factors maY be able
ents of periodontal healing

and stimulate periodontal regeneration via the for-
mation of new cementum, periodontal ligament and

bone.
The events associated with periodontal wound

healing will include (i) initial surgical incision, tis-

sue debridement and flap replacement, (ii) appear-

ance of numerous growth factors and cytokines from
the vasculature and extravasated leukocytes, (iii) mi-
gration and proliferation of fibrobloasts induced by
the cytokines and growth factors, and (iv) new ma-

trix synthesis. Thus, creation of a wound is a funda-
mental step in the sequences leading to regeneration.
While numerous models have been developed to

study chemotaxis of periodontal cells to a variety of
compounds (22,27-29), none have considered the

trilogy of events following wound healing; namely
proliferation, migration and matrix synthesis.

In light of the recent reports concerning improved
periodontal wound healing in the presence of vari-
ous growth factors, the aim of this investigation was
to determine the effect of one such growth factor,
platelet derived growth factor (PDGÐ on periodon-
ial ligament fibroblasts in a simple in vitro model of
wound healing.

Materials and methods
Materials

Dulbecco's modification of Eagle's medium
(DMEM), fetal calf serum (FCS), non-essential

amino acids, penicillin and streptomycin were pur-

chased from Flow Laboratories Australasia Pty Ltd,

recombinant human PDGF-BB from Genzyme Cor-
poration, USA. Kodak Dl9 developer and Rapid
Fi* *".e purchased from Kodak Australia, Sydney,

NSW; Ilfórd K2 emulsion was from Ilford Aus-

tralia, Sydney, NSW.

Fibroblast cultures

Thc fìbroblasts used for this cxpcriment were

obtained from the periodontal ligament of premolar

teeth extracted from a young healthy patient for
orthodontic reasons. Fibroblasts were isolated

according to the procedures described by Ragnars-

son et al. (1985). Tissue explants were cultured
using Dulbecco's modified Eagle's medium
(DMEM) with l07o fetal calf serum (FCS) supple-

mented with penicillin (100U/ml), streptomycin
(100U/ml) and fungizone (2.5 p/ml)- Cultures
were incubated at 37'C in a humidified atmosphere

of 57o Co2 and 957o aîr. The media was replaced

every 2 or 3 days until confluency w¿ls reached' At
confluency, the cells were split l:3 and this was

denoted as the first passage. The periodontal liga-
ment fibroblasts used for this study were between



their 5th and lOth passage in culture and for all
experiments cells of the same passage number were

used.

Fibroblast DNA synthesis

To confirm the mitogenicity of PDGF-BB on perio-

dontal ligament fibroblasts, lNA synthesis was

rn"usor"d by the uptake of ¡3Ul-thymidine (27).

pVwell of DMEM alone and incubated for a further

48 h. This medium was then removed and replaced

with the one of the following: DMEM+O7o FCS;

DMEM+O.ZVo FCS; DMEM+107o FCS;

DMEM+PDGF-BB (2.5,5.0 and l0 ng/ml) in0.27o
FCS. After 20 h incubation in the tesimedia, t3gl-
thymidine was added to each well to give a final
concentration of I ¡rCilml. The cells were incubated

for a further 4 h after which the medium was

removed and the cells washed th¡ee times with 500

pl PBS. DNA was then precipitated with 600 Fl
TCA at 4"C for I h. The cell layers were then lysed

with an equal volume of 0.1 m sodium hydroxide
for 30 min at 60"C. The radioactivity in the

extracted material was determined in a Beckman

LS-2800 Liquid Scintillation Counter"

ln vilro wounding

Fibroblasts were plated into 24-well plates at an ini-
tial densiry of 50,000 cells per well in DMEM con-

taining 107o FCS and cultured fot 72 h until
confluent. A sterile 7 mm rubber bung was placed in

the centre of each well and, under slight pressure,

was gently rotated. This served to produce a discoid

shaped lesion void of cells of approximately 8 mm
in diameter. The increase in diameter to 8 mm com-
pared to the 7 mm diameter of the rubber bung was

ãue to some concentric slipping of the bung during
wounding. The slipping could be minimized by

placing a nylon washer 0.5 mm n¿urower than the

ãiameter of the cell culture wells. After wounding
the medium was removed and the remaining cells
washed 3 times with PBS prior to the addition of
fresh media containing various concentrations of
PDGF-BB.

Cell prollferat¡on

For experiments analysing cell proliferation affer in

vifro wounding 8 wells of cells were used for each

Title g

time point and treatment - a total of lM wells. After
wounding, the cells were cultured for varying times
up to 16 days and the rate at which the discoid
wound filled with cells was monitored. In order not
to "saturate" the system with PDGF the cells were

cultured in I ml of test or control media which was

replenished only at d 10 (50:50 v/v) with fresh test

or control media. At each time point the medium
was removed and the cells fixed in gluteraldehyde
and later stained with crystal violet. Following solu-

bilization of the stained cells in acetic acid, the

absorbance of each solute was read at 620 nm- In
this assay dye concentration correlates positively
with cell number (31).

Gell migration

Prior to solubilizing the cells with acetic acid for
absorbance measurements as described above, the

area. This allowed quantifrcation of the rate at

which the wounded areas were filled with migrating
cells.

Proteoglycan sYnthesis

Triplicate cultures of confluent human periodontal

ligâment fibroblasts in 24-well plates were either

wóunded as described and then incubated in various

concentrations of PDGF-BB for 6,24 and 48 h. At 6
h prior to termination of the incubation (i'e 0' l8 and

43 h) 20 pCi/ml Nar[3sSJO+ was added to the cul-
rure medium. The medium was removed from each

well and the cells washed once with PBS. The wash

a¡rd media were pooled. Labelled macromolecules
(proteoglycans) were quantitated by Sepharose G-

25 (PD-10) column chromatography in the presence

of 4 m guanidine HCU0.05 m sodium acetate pH

5.8. Radioactivity in 0.4 ml effluent fractions was

detemmined by liquid scintillation counting. The

amount recovered in the void volume provided a

measure of incorporation of radiolabel into newly
synthesized macromolecules. Recovery from these

columns was approximatelY 857c.

AutoradiograPhY
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¡3Hl-thymidine. The culrures were fixed n ZVo glu-

ieraldeñyde and l7o paraformaldehyde in PBS, pH

1.2 and then washed 5 times with deionized water to

remove most of the uninco¡porated radiolabel and

left to dry thoroughly. The wells were then cut out

from the plates, attåched onto glass slides and then

coated with Ilford K2 emulsion which had been

diluted with deionized water (1:l v/v). The slides

were then dried and exposed for 2 wk at 4"C. The

autoradiographs were developed for 5 min in D-19
developer and fixed with rapid Fix and counter-

stained with Giemsa stain. The labelling indices

were determined by counting the number of labelled
cells in various fields within the culture wells. A cell

was assessed to be actively proliferating if a mini-
mum of 3 silver grains were noted within the

nuclear region. At least 200 cells in each of 3 fields
were counted at sites designated as (i) the wound

edge, (ii) the mid-distance between the wound edge

aná the periphery of the culture and (iii) the periph-

ery of the culture well.

Stat¡stical analYses

All experiments were repeated 3 times and repre-

sentative examples from these replicate experi-
ments are shown in the results section. All data

were subjected to statistical analysis using the

method of analysis of variance. To determine the

interaction between time and treatment on the

dependent variable under question, 2-way

ANOVA was carried out. The data relating to
effects of PDGF-BB on either cell proliferation,
cell migration or bY a

l-way ANOVA. Ycan
synthesis in wou as a

function of time bY a

2-way ANOVA. All statistical analyses were per-

formã¿ using StatView@ v4.02 (Abacus ConceDts,

Inc., Berkley, CA).

Results
Mitogenicity of PDGF-BB

The effect of various concentrations of serum and

PDGF-BB on l3H]-thymidine incorporation into
DNA is shown in Fig. l. The maximal proliferative
response of the cells to various concentrations of
PD-GF-BB was noted in 0.2Va FCS, with reduced

responsiveness noted in the absence of serum or at

high (107o) concentrations of serum (results not

shówn). At all concentrations of PDGF-BB srudied,

a significant (p<0.01) increase in proliferative activ-
ity was noted over the 0.2Vo FCS conuols.

4æm
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"/.FCS in OMEM ng,/ml PDGFea in

(CONTROLS) DMEM + 0'2% FCS

creased (p < 0.05) over the O.2Vo FCS controls.

Cell proliferation, migration and wound closure

The effect of various experimental conditions on the

wounded cultures at the macroscopic level is shown

in Fig. 2. For illustrative purposes this figure shows

a representative appearance at d 6. In the presence

of \Eo FCS the wounded cultures showed very little
wound closure. Indeed, the reason for including 07o

FCS as a control was to observe the rate of migra-

tion in the absence of proliferation since these cells

do not divide in the absence of serum (see Fig' l)'
On the other hand wounded cultures exposed to l0
ng/ml PDGF-BB in0.21o FCS or l07o FCS showed

piogressive wound closure. This is, presumably, a

òombination of both cell migration and prolifera-

tures exposed to 0.27o FCS demonstrated some

migratioñ with little evidence of cell proliferation
and wound closure. By d 4 the culrures exposed to

07o FCS began to detach and die. While the cells

exposed to0.2Vo FCS remained viable, they did not

,nigrut. substantially after d 4. Over the whole of
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well were monitored over the first 3 d (Fig. 6). After
this stage the cell numbers become sufficiently high

to saturate the limits of detection of the dye binding

assay. The correlation between dye and cell number

was routinely checked - a typical standard curve is

described by the formula Y = 2'184x + 19'257 (r :
0.983) where x = cell number and y : absorbance

value at 260 nm and r: the correlation coefficient'

By d2 detectable increases in cell numbers were ev-

ident in the cultures exposed to l}Vc FCS' l0 ng/ml
PDGFBB and 5.0 ng/ml PDGF-BB. As expected the

cell numbers did not change appreciably between d

2 and 3.
More detailed analysis of the wound closure

process was obtained bY of the

ivound area (Fig. 7). From can be

seen that the cells exposed igrated

fastest and filled the wound n other

featments. The cultures exposed to 5'0 and l0 ngi

Fig. 2. Macroscopic appearance of wounded cell cultures

stained with .*.til uiol.t at d 6 post-wounding' (a) 07o FCS;

(b) l0 ng,'mt PDGF-BB: and (c) l07c FCS'

the experimental period the cells cultured in either

l07c FCS or 0.2% FCS and l0 ng/ml PDGF-BB

showed the -sreatest 
and fastest cell migration. By d

12 the cells exposed to l\Vc FCS had reached the

centre of the rvound defect and had almost com-

pletely frlled the entire culture plate (Fig. 5 c' d)'

The cells exposed to PDGF-BB Iag-led behind the

cells exposeà to l07c FCS somewhat and reached

the centre of the Plate bY d 16.

To determine the early proliferative responses to

the various treatments the numbers of cells in each

Fig. J. Microscopic appearance of the wounded culrures stained

*iin ..y.uf violet 2j h after wounding. (a) 07o FCS: (b) 0'27o

fòs; tJl t0 ny'ml PDCF-BB. and (d) loqc FCS' original mag-

nification x 10.
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Fig. .1. Microscopic appearance of wounded cultures stained

with crystal violet 4 d after wounding. (a) 07c FCS; (b) 0.27o

FCS: (c) lO ng/ml PDGF-BB. and (d) l07o FCS. Original mag-

nification xl0.

ml PDGF-BB also filled the wound area over the ex-
perimental period and did so in a faster period than

the controls of 0.2Vc FCS. To avoid confusing Fig' 7

rr'ith error bars the means, standard deviations and

the p-values for all treatments over the time periods

studied are shown in Tables I and2.

Proteoglycan synthesis

Proteo-glycan synthesis was monitored as a measure

of extracellular matrix synthesis durin-g the repara-
tire phase of cell mi-eration, cell proliferation and

uound closure (Fi-s. 8). In the unwounded cultures'
PDGF-BB had a si-enifìcant effect on proteoglycan
synthesis only at the earliest time point studied (6

h). However, in the rvounded cultures, PDGF-BB
did cause a significant (p<0.05) increase in proteo-

-elycan synthesis over the 0.2Vc FCS controls at all
time points. This increase in proteoglycan synthesis

FÍg. 5. Microscopic appearance oi wounded cultures stained

with crystal violet at 8 d (a,b) and 12 d (c,d). (a,c) t0 nglml
PDGF-BB, and (b,d) l07o FCS. Original magnification xl0.
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was in the same order as that observed for cells cul-
tured in the presence of l)Vc FCS. Since similar val-
ues for labelled proteo-elycans were obtained at

various time points for both wounded and

unwounded cultures the effect of growth factors on

proteoglycan synthesis would appear to be greater

than the wounding effect.

Autoradiography

In order to determine whether all cells in the model
system were respondine- to the application of
PDGF-BB, the uptake of ['H]-thymidine was monr-
tored by autoradiography (Table 3). In all cases the

cells in the confluent portion of the cultures had low
labelling indices. Therefore the data recorded relate
to those cells labelled at the periphery of the wound
edge. After 24hthe cells cultured in the presence of
l07o FCS or l0 ng/ml PDGF-BB showed a signifi-
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Fig. 6. Cell proliferation of wounded cultures as assessed by

staining with crystal violet. Confluent monolayers of cells were

wounded and then culrured under a variety of conditions. At
specifred time points the cultures were fixed, stained with Crys-

tal Violet and the amount of dye bound determined by spectro-
photometric analysis. Each experiment was repeated 3 times

and representative data from one of these is shown. Data are

represented as means and standard deviations of the mean. Rep-

resents data which are significantly increased (p < 0.05) over
theO.24o FCS conrrols within each time point grouping.

cant increase in the number of labelled nuclei com-
pared to theÙVo and0.2Vo controls. Cells cultured in
the absence of FCS showed negligible labelling
while those culrured in the presence of 0.27o FCS
had a moderate number (5Vo of total number of
cells) labelled. At this early stage, only those cells

T|I¡E AFTER WOUNDING

Fig. 7. Wound surface area closu¡e of wounded cultu¡es as as-

sessed by image analysis. Each experiment was repeated 3

times and representative data from one of these is shown. The

mean data, standard deviations of the mean and p-values for this

analysis are shown in Tables I and 2.

immediately adjacent to the artificially induced
wound edge showed evidence of thymidine uptake.

Simila¡ results were noted at the 6 d time point.
Cells cultured in the absence of FCS had no cells
labelled with thymidine. In the presence of 0.2Vo

FCS, and where there had been a slight amount of
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Table 1.lùy'ound surface area closure of wounded cultures as assessed bv imase analvsis

Treatment dl d4 d6 dt2 d16

07o FCS
0.27o FCS
l07o FCS
l0 ng PDGF
5 ng PDGF
2.5 ns PDGF

49.8s (15.34)
51.79 (12.59)
54.04 (r4 5 r)
52.8 r (+4.8 1)

s 1.25 (15.48)
s5.00 (14.r3)

3 1.8 (12.62)
35.87 (15.54)
23.75 (+3.20)
27.37 (+2.67)
37.s (t2.45)
2ó.0 (+5.63)

40.25 (+7.44\
24.38 (+1.69)
t3.2s (!2.43)
21.31 (+6.08)
25.60 (r4.41)
23.35 ft4.29\

n.d.
t6.07 (!2.74)
0.00

ú.63 (!2.72)
25.0 (11.5)
25.8 (+ r .96)

n.d.
t4.75 (+2.49)

0.00
0.00
n.d.
n.d.

Values a¡e expressed as means and standard deviation of the mean. n.d.= not determined

Table 2. Assessment of D-values for wound surface a¡ea closure of wounded cultures as determined bv imaee analvsis

Comparison dt d4 d6 dl2 d16

07o FCS.0.27o FCS
07o FCS,l07o FCS
07o FCS,l0 ng PDGF
07o FCS, 5 ng PDGF
07o FCS, 2.5 ng PDGF
0.27o FCS,l07o FCS
0.27o FCS,l0 ng PDGF
0.27o FCS,5 ng PDGF
0.27a FCS, 2.5 ng PDGF
l07o FCS,l0 ng PDGF
l07o FCS,5 ng PDGF
l07o FCS, 2.5 ng PDGF
l0 ng PDGF, 2.5 ng PDGF
l0 ng, PDGF, 5 ng PDGF

o.3'14
0.1 12

0.269
0.077
0.5ó6
0.241
0.ó04
0. r56
0.759
0.607
0.707
0.218
0.49'l
0.410

0.08 r

<0.0001
0.004
0.0004
0.02 r
0.0001
0.001
0.0004
0.570
0.027
0.r36

<0.0001
0.302
0.0004

<0.000 I

<0.000I
<0.0001

0.0003
<0.000I
<0.0001
0.l9l
0.457
0.539
0.003

<0.0001
<0.0001

0.128
0.453
0.3 l8

n.d.
n.d.
n.d.
n.d.
n.d.

<0.0001
0.005

<0.0001
<0.0001
<0.0001

n.d.
<0.0001
<0.0001
<0.0001

0.227

n.d.
n.d.
n.d.
n.d.
n.d.

<0.0001
<0.000 t

n.d.
n.d.

No Diff
n.d.
n.d.
n.d.
n.d.
n.d.5 ng PDGF, 2.5 ns PDGF 0.t44 0.0001

n.d. = not determined; No Diff - no difference detected (wound fully closed).
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Relative interact¡ons of time, type of growth factor and

dependent variable

Since 2 factors (time and type of growth factor) and
I dependent variable (either cell proliferation,
wound closure or proteoglycan synthesis) were
under consideration within specified experiments, 2-
way ANOVA was carried out on all datasets to

determine the interaction terrns. From Table 4 it can

be seen that time and treatment have significant
influences on the variables of wound area closure
and proteoglycan synthesis but not cell prolifera-
tion. Thus, for wound closure and proteoglycan syn-

thesis treatment differences change across time
whereas cell proliferation changes are the same at

each time point. On the basis of these findings' all
I analYses were carried out bY

in each time Point to determine
treatment gouPs and controls.
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Fig. 8. Synthesis of sulphated proteoglycans in wounded cul-

ilres. Cells were wounded at d 0 and then labelled 6 h prior to

the termination of the experiment at the noted time point (6' 24

and 18 h). The amount of labelled proteoglycans released into

the culrure medium u'as de(ermined by PD-10 gel exclusion

chromatography. Each expriment was repeated 3 times and

representative data f¡om one of these is shown. Data are repre-

sented as means and snndard deviations of the mean. Repre-

sents data which are si-enifrcantly increased (p < 0.05) over the

0.27c FCS controls wi¡hin each time point grouping.

cell migration, up to 20Vo of the migrating cells

showed some labelling. In the presence of l0 ng/ml
PDGF-BB approximately 80o/o of the migrating
cells had labelled nuclei while nearly 1007o of the

cells exposed to l0õc FCS were labelled at this time

point.

Discussion

Periodontal wound repair is an extraordinarily com-
plex process requiring the deposition of at least 4
ãistinct connective tissues including gingiva, peri-

odontal ligament, bone and cementum (32). The cel-

lular and biochemical processes by which repair and

regener takes Place are still
largely netheless, it is clear
thai in to Proceed' specific
cells must be recruited to the damaged site, cell pro-

liferation must occur and new extracellular matrix
consistent with the lost tissues must be deposited'
The repair of damaged tissues begins as soon as tis-

sue damage occurs with the release of a multirude of
growth factors, cytokines and other (possibly as yet

unidentified) bioactive agents by the injured cells

and inflammatory cells.
In recent years the use of various growth factors

for enhancing periodontal regeneration has shown

considerable clinical promise (33). Howcver, de-

spite numerous histological srudies detailing the

likely clinical outcomes of the treatments, only a

few itudies have begun to address the cellular and

I to¡¡aræ¡ 'nDW ton rcS

I rn¡ttmr ¡n

Wq +0æ rcs

I zrç¡.uæ¡ u
DM4 r0æ rcS

Table 3. l3lll-Thymidine Iabelling indices of cells in wounded cultures'

UNWOUNDED CONÍnOL WELLS

24h r0d

edge middle oute r edse middle outer

07o FCS

0.2Vc FCS
l07c FCS

PDGF

r.0 (r0.5)
10.5 (+-5.0)

64.5 (120.5)
35.s (+6.5)

2.s ea.z)
5.0 (r0.2)

l6 (+3.5¡
76 (rr7.s) l0 (2.5)

7.5 (+r.5)601+ t4)

I-abelling indices were determined by counting the number of labelled cells in va¡ious fields within the culture wells. A cell was

assessed to be actively proliferating if a minimum of 3 silver grains were noted within the nuclea¡ region. At least 200 cells in each of

3 fields were counted at sires designated as (i) the wound edge, (ii) the mid-distance between the wound edge and the periphery of the

culrure and (iii) the periphery of rhe culture well. Data are expressed as mean percentages (+ standard deviations of the mean)
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Table 4. Two-wav ANOVA of all data to assess the interactions between time and growth factor

DF F-value

Cell proliferation
Time

Treatment

Time & treatment

Wound closure
Time

Treatment

Time & treatment

Proteoglycan sYnthesis - wounded

Time

Treatment

Time & treatment

Proteoglycan synthesis - unwounded

Time

T¡eatment

Time & Eeatment

2

5

t0

4

5

20

2

5

l0

2

5

10

579.9

146.0

28

26.3

29;7

8.t

9.9

8.0

t.4

2r.0
13.4

2.4

0.0004

<0.0001

2.032

<0.oo0l
<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

d.000r

0.022

molecular events associated with the use of such

agents. PDGF has been shown to stimulate peri-

oãontal cell proliferation at concentrations ranging
from 0.1 ng/ml to 50 ngiml with 10 ng/ml being the

optimal dose (20-23, 34, 35). The results of this

srudy confirm this response and, although higher

doses were not studied, indicate that significant pro-

liferative responses can be achieved with doses as

low as 5 and 10 ng/ml PDGF-BB. In addition to
stimulating proliferation, PDGF-BB has been found
to influence hyaluronate synthesis (21) and collagen

synthesis (19,22).In the present study we have ex-

tènded these studies to consider the influence of
PDGF-BB on cell proliferation and proteoglycan

synthcsis under conditions which simulate wound

healing and require cell migration, cell proliferation
and new matrix synthesis.

This study was initiated to provide some under-

standing of the fundamental events associated with
fibroblast activation at wounded sites by the appli-
cation of an exogenous growth factor. In this con-

text, the system was purposely kept very simple by

utilizing an in vitro model of wound healing which
specifically excludes the influence of inflammatory
ind other cells associated with the complex repair
process of the periodontal tissues and by studying
only one growth factor, namely PDGF-BB. We ac-

knowledge the artificial nature of the model and re-

cognize the limitations of extrapolating in vitro con-

ditions to the in vivo situation.
Although several models of mechanical injury of

cultured cells have been described (3G39), the

model system chosen for the present study was a

modification of that developed by Klein-Soyer et al.

(40) and allowed for a uniform discoid shaped

lesion to be made. This lesion had the advantage in
that it was of such a size that it could be followed
over a relat of time in culture

to follow th and migratory be-

haviour. In üre multi-scratch

system the cells divide and migrate so rapidly that

the lesions are "repaired" in a very short period and

thus makes quantitative and qualitative assessment

monolayer (42).In our study it was noted that both

PDGF-Í}B and FCS stimulated the migration of
human periodontal ligament fi
depletion (ÙVo or 0.2Va FCS)
tory capacity of the cells. The
some of the observations of K

our studies were done in the presence of low con-

centrations of FCS whereas Kondo et al. (42) cas-

ried out thei¡ studies in the absence of serum. The

IGF-l) for it to effect its mitogenic capaciry.
Cell proliferation was noted to be an important

part of the reparative process in our in vito system'
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As judged by autoradiographic analysis, the major-
ity of the proliferative activity which resulted in in-
creased cell numbers in the denuded areas came

from the wound edges. Cell proliferation in con-
junction with cell migration led to complete fill of
the denuded areas in the cultures exposed to PDGF-
BB or l07o FCS. Of particular interest here was the

observation that in the cultures exposed to PDGF-
BB, not all cells were labelled. This indicates that a

small proportion of cells were not responding proli-
feratively to this mitogen yet were responding by
migration. Whether this indicates that our cultures
consist of a heterogeneous population of cells with
different capacities to respond to various growth
factors remains to be established. There is, however,
good evidence to suggest that not all cells in a

mixed explant culture (such as used in this study)
will respond to growth factors (43). The signifr-
cance of this to periodontal regeneration is interest-
ing in that it indicates that cell migration may be a
universal phenomenon but the necessary response to
specific growth facton may be more discrete, sensi-
tive and restricted to a smaller subset of cells.

The phenomenon and significance of abundant

cell division occuning during regeneration is an im-
portant consideration. For example. dividing cells
will alter their synthetic capacity quite significantly
during cell division. Indeed, after wounding of the

cultures, an increase in the incorporation of 3sS-sul-

phate into proteoglycans was noted in the present

study. This response is most probably associated
with migratory activity of the cells since cells un-
dergoing active replication do not seem to actively
synthesize proteoglycans (44, 45). Additional evi-
dence which would support the observed increase in
matrix synthesis being associated with cell migra-
tion comes from the observation that the rate of in-
corporation of 3sS-sulphate into proteoglycans was

elevated between 8-16 h after wounding, during
which time the cells had begun to migrate from the

edge to fill the denuded area. Furtherrnore, cell pro-
lifèration, as monitored by ¡3Hl-thymidine uptake
and autoradiography, was maximal by 48 h after
wounding and continued at near maximal levels for
at least 72 h after wounding, during which time the
3sS-sulphate incorporation levels declined.

The significance of proteoglycan production in
the early phases of wound healing should not be

overlooked. Both proteoglycan and hyaluronate
synthesis precede collagen synthesis by several days

in experimental wound healing models in vivo (46)'
The initial newly formed extracellular matrix is an

important regulator of cell migration (47). Cell sur-

face proteoglycans can bind a number of growth or
cell motility factors, while others may be associated
with "de-adhesion" of motile cells (48, 49). Addi-

tional support for a role of proteoglycans in early
cell movement has come from analysis of focal ad-
hesion sites in which significant quantities of both
the proteoglycans and hyaluronate have been noted
(50). While hyaluronate was not monitored in the
present study, this large uronic acid containing
macromolecule will most probably be very impor-
tant in the migratory activity of flbroblasts and re-
quires further investigation. Indeed, hyaluronate ac-
cumulation coincides with the onset of embryonic
cell migration and coincides with the migration of
macrophages and fibroblasts into sites of tissue in-
jury (51,52).

In conclusion this study has utilized a simple
model system for studying cell migration, prolifer-
ation and matrix under in virro conditions simulat-
ing wound healing. By using such a system, particu-
lar events and agents associated with the complex
events of growth factor-mediated periodontal regen-
eration may be analysed. In particular, the events of
initial extracellular matrix production at a wounded
site with proliferating and migrating cells can now
be monitored under well controlled culture condi-
tions. Here we report that the migratory and prolif-
erative response of periodonøl ligament fibroblasts
in response to PDGF-BB is accompanied by modu-
lation of proteoglycan synthesis which is consistent
with the early biochemical events of cell mediated
wound repair and tissue regeneration.
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Connective tissues of the periodontium. Research
and clinical implications
P. Mark Bartold, BDS, BScDent(Hons), PhD*

Key words: Collagen, connective tissues, perio-
dontal diseases, proteoglycans.

Abstract
The periodontium is a complex anatomical site
composed of a variety of hard and soft connective
tissues. The site is subjected to enormous daily
chemical and mechanical abuse, yet, for the most
part remains relatively intact. Nonetheless, when
breakdown does occur, the ability of the periodon-
tium to regenerate is sometimes limited. This review
considers the various components of the periodon-
tium and how they might be involved in not only the
pathology of periodontal diseases but also the
various reparative and regenerative processes
required during wound healing. ln addition, the
importance of external factors such as a variety of
commonly prescribed medications on these events
is discussed.

(Received for publication March 1990. Accepted
August 1990.)

Introduction
The periodontium is a unique anatomical site

which includes four discrete connective tissues,
namely: gingiva, periodontal ligament, cementum
and alveolar bone. By virtue of the constant masti-
catory forces and bacterial presence in the mouth,
these tissues are under continual mechanical and
chemical abuse yet, for the most part) they manage
to maintain their functional and structural integrity.
However, if the delicate balance between host
defence and bacterial virulence is upset then disease
and associated tissue destruction ensues. IJpon
removal of the offending agents, tissue repair follows
and health may be restored to the periodontium.

*Department of Pathology, The University of Adelaide.

Australian Dental Journal 1991;36(4):255-68.

Although the important functional role played by
connective tissues in wound healing and repair has
been recognized for decades, it is only recently that
research into their structure, assembly and
metabolism has been actively pursued. A principal
factor leading to this has been the recognition that
many diseases common in our society are associated
with defects in either the connective tissue matrices)
their resident cells, or both.

The periodontal diseases are classic examples of
chronic inflammatory lesions in which connective
tissue changes are evident. Since the responsiveness
of these diseases to treatment is paramount to the
successful outcome of our various therapies, an
understanding of the basic biology of these systems
(as well as establishing the mechanisms involved in
their failure) will permit us to be better positioned
to influence these adverse processes during clinical
management.

The variety of responses elicited by the perio-
dontal tissues under diflerent conditions is striking
and highlights the variability in connective tissue
responses (Fig. l). For example, what factors are
in play which permit the relative health observed
in an 85-year-old compared with the disfìguring
gingival overgrowth seen in a younger individual.
Furthermore, the effects of medication, uncon-
trolled fìbrosis, genetic factors and immune
defìciency are all accompanied by different changes

Table 1.
matr¡x

Components of the extracellular

Fibrous:

Ground substance:

Collagen
Elastin
Proteoglycans
Glycoproteins
Lipids
Minerals
Water
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Fig. l.-Various manifestations ofconnective tissue changes in the periodontium. (a) Appearance ofgingival tissues of80-year-old female. (b) Plaque-induced

gingival overgrowth in 35-year-old male. (c) Changes in the periodontal support tissues associated with Acquired Immune Defìciency Syndrome. (d) Radio-
graphic changes in alveolar bone associated over a four-year period of rapidly progressing periodontitis.



Fig. 3.-Distribution ofdermatan sulphate proteoglycan in gingival

connective tissue. Note intense staining adjacent to the subepithelial

tissues. Sections were reacted with monoclonal antibody to

chondroitinase-ABC digested dermatân sulphate (9-A-2) and

visualized utilizing immunoperoxidase staining. E, Epithelium;
CT, connective tissue. Orig. x75.

Fig. 2.-Deposition ofelastin in oral tissues. (a) Attached gingiva, and þ) alveolar mucosa.

Note heavy deposits in the alveolar mucosa (black amorphous material between collagen

fìbres) and virtual absence ofmaterial reactive for elastin in attached gingival connective
tissue. Vith Miller's Stain. Orig. x 100.



Table 2. Distribution of maior matrix
components of the Periodontium

Site

Table 3. Properties of extracellular
matrix macromolecules

Collagens Proteoglycans Physiochemical properties Function

Gingiva
Periodontal ligament
Alveolar bone

Cementum

I*, III*, IV, V HA,
I, III*, V HA,
I* HA,
I, III HA,

Osmotic proPerties

Flow resistance

Polyelectrolyte proPerties

Sieve effects

Dissipation of forces

Tissue hydration

Flow barrier

Distribution and activitY of ions

Charge interactions

Distribution of Plasma Proteins
Precipitation of macromolecules
Stabilization of macromolecular

conlormation
Driving force in transPort

Diffusion barriers

Tissue protection

HS, DS*, CS

HS, DS*, CS

HS, DS, CS*
HS, DS, CS*

Abbreviations: HA (hyaluronate); HS (heparan sulphate); DS (dermatan Exclusion proPerties

sulohate); CS (chondroitin sulphate).
*tn¿icates the predominant species present at each site'

in the appearance of the periodontal connective

trssues.

Components of the periodontal connective
tissues

Most connective tissues can be divided into

fìbrous and non-fìbrous elements (Table 1)' Of these

components) the collagens and proteoglycâns have

been reasonably well characterized.l'2

The collagens are a maior constituent of a variety

ofskeletal and soft connective tissues. It has been

esti total Protein in

the fìbrous Proteins
are mâintenance of
the ssues' To date'

eleven different types ofcollagen have been identi-

fied on the basis of their molecular composition'4

Various tissues have diflerences in type, size, distri-

bution and alignment of the collagen fibres and this

is related to the different physical and functional
properties of the tissues. The periodontium is no

ãxcèption in which differences in type and quan-

tity vary depending upon the location (Table 2)'

alveolar mucosa has significant elastin deposits (Fig'

2).

and carbohydrate composition.8 The carbohydrate

components are termed glycosaminoglycans and

may be used as

Thus, on the
content a prote
as a chondroit
heparan sulphate- or keratan sulphate proteoglycan'

As shown in Tabte 3, these large polyanionic macro-

dontium (Table l).

Molecular interactions of the connective
tissues

Although it is important to recognize the

individual components of the extracellular matrix'

it is essential to remember that they do not exist

in isolation. Rather, they are capable of interacting

with each other to contribute to the formation and

organization of a comprehensive network forming

the tissues in question.

have been reported. It is believed that such inter-

actions resuli in a stabilizing effect allowing the

matrix to assemble as a single functional unit'

In addition to macromolecular interactions,

components of the extracellular matrix can interact

ot ,h. surface of cells. Cell surface associated
may act as

ation and loca-

esive recePtors
sulfate Proteo-
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glycan plays a direct role in forming adhesive bonds

between plasma fibronectin while hyaluronate and

chondroitin sulfate proteoglycan facilitate cell
detachment and locomotion.tt

Another important function of extracellular
components with respect to the periodontium is in
relation to calcifìcation. Although this process is still
poorly understood, a role for proteoglycans similar
to those isolated from cementum and alveolar bone

has been proposed for the calcifìcation of growth
plate cartilage.t6

Connective tissue changes with inflammation
One fascinating feature ofthe periodontal diseases

is that they occur in a relatively small and well local-

ized region. As a result' studies of the local reactions

have been easily performed following excisional
biopsy ofthe aflected areas and histological assess-

ment. The general features of normal and inflamed
periodontal tissues have thus been examined and

four stages of periodontal destruction have been

defìned on the basis ofthe histological appearance.lT

The initial, early and established lesions are

representative of the development of gingivitis and

are reversible. The advanced lesion relates to
destruction of the deeper periodontal tissues and

indicates the development of periodontitis.

There is little doubt that the components of the

extracellular matrix of the periodontium are signifi-
cantly affected during inflammation. During the

development of gingivitis the changes are confìned
to the gingiva and include altered histochemical
staining patterns of affected tissuerls depletion of
collagenrtn changes in the arrangement of collagen

fibres2o as well as infiltration of inflammatory cells

such as polymorphonuclear leukocytes' macro-

phages, lymphocytes and plasma cells.tT

With the introduction of biochemical assays,

more precise data concerning these changes were

obtained. Up to 70 per cent ofthe collagen content
of gingiva is lost during the establishment of
gingival inflammation and this is closely associated

with the infiltration of polymorphonuclear leuko-
cytes." In addition, the ratios ofcollagens change

with more Type V becoming evident as well as the

appearance of Type I trimer collagen which is not
present in healthy gingiva't2 Under inflammatory
conditions, changes occur to the proteoglycans as

well. Although few quantitative changes are seen'

subtle variations in the types of proteoglycan
present in inflamed gingiva may be noted with a

decrease in dermatan sulphate proteoglycan and an

increase in chondroitin sulphate proteoglycan
occurring." In addition, there appears to be signifì-
cant degradation of the protein core of proteo-

glycans leading to alterations in both molecular size

and structure of the proteoglycans."''o Hyaluronate
is significantly depolymerized also in inflamed
gingiva.23

\flith development of the advanced lesion indica-

tive of periodontitis, damage to the periodontal

ligament, cementum and alveolar bone becomes

.uid.ttt clinically and radiographically. Although
few studies have addressed the biochemical changes

involved in alveolar bone resorption, it is likely that

alized before removal of the organic components

can occur has been a long standing debate''u'"
Furthermore, although the osteoclast has histori-

resorption.2s'2e

Although the maiority of changes associated with
inflammation of the periodontal connective tissues

can be accounted for by enzymatic degradation, the

precise so since

Ùoth endo ss the

ability to ion''o
However, likelY

that endoge (derived from PolY-
morphonuc macroPhages and

fibròblasts ble for collagen
destruction3 erial and endogenous

enzymes are responsible for proteoglycan destruc-

tion.33'3a Furthermore, oxygen-derived free radicals

which are highly reactive metabolic products

released by activated polymorphonuclear leukoc¡es
may also contribute to the tissue disruption.t'

In addition to changes in the matrix itself, signifì-

cant changes are brought about by inflammatory
mediated eflects on the resident hbroblasts' Studies

asts isolated from normal and
tissues indicate good correlation
and Proteoglycan types synthe-

S

i
a

progress to develop into periodontitis. This indi
cates that) in gingivitis, a balance exists between

destruction and replacement of the matrix. If'
however this balance is disrupted then periodon-
titis develops and advanced tissue destruction of
both the hard and soft tissues becomes evident
which, for the most part, is not reversible.

Australian Dental Journal 1991;36:4.
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Po lym orph on ucl ear
Leukocytes (oxygen-derived
frêe rad¡cals, enzymes, prostaglandins)

Macrophages
(lL-1, enzymes, prostaglandins,
TNÐ

Lymphocytes
(Lymphokines, tL-1)

Prostaglandins, lL-1,
enzymes, proliferation,
TGF, matrix synthesis

Fig. 4.-Factors capable of modulating fibroblasr funcrion

In addition ro enzymatic degradation of the
extracellular matrix) interactions between the
various cells in inflamed tissues are of central impor_
tance to understanding both the destructive and
reparative phases. These include modulation of

rs released by
otoxicity and
tion by fìbro-
Iistic in its

Although rhese seem to be basic biological
phenomena the fact that these reactions o;cur
within a specialized environment, namely the
extracellular matrix of the periodontal connèctive
tissues, is often overlooked. Indeed, all materials
passing to and from cells, as well as the movement
of cells themselves, must occur within the extracel-
lular matrix. Therefore, any changes in the
composition and architecture of the matrix would
be expected to have a profound influence on both
the resident cells and the tissue as a whole.

Role of the extracellular matrix in wound
repair and regeneration

A major biologic response critical to survival of
the dentition is repair of damaged tissue. In the case
of gingivitis, this is achieved easily. However, once
the destructive phase reaches the deeper periodontal
st-ructures) then repair in the form of regeneration
of destroyed components is less likely to occur

predictably.at This is a feature not restricted to the
periodontium since mammals in general evidence
little regeneration of organs or appendages in
response to tissue destruction. Commonly, the
repair process in humans, where severe tissue
damage problems
of scarr ontium is
differen ly similar
counterpart skin, since scarring of the gingival
tissues is a very rare occurrence following surgical
excision (Fig. 5).

Obtaining anatomical repair and tcgeneration of
the deeper periodontal tissues (periodontal liga-
ment, bone and cementum) is now a fundamental
aim of both periodontal therapy and research. At
present, signifìcant advances are being made leading
to\¡¿ards treatments which will permit repair and
regeneration of pathologically damaged periodontal
structures.

Connective tissue newly synthesized at the repair
site is composed of cells, vasculature and mairix.
The synthetic phase of healing is preceded by an
inflammatory response which occurs as a resuit of
injury (mechanical or infective) and is necessary for
the protection of the host. In this phase, -.serr-
chymal cells (fibroblasts) produce new connective
tissue components and organize them into new
matrix (Fig. 6).

In the case of the periodontium, a principal nega-
tive factor in repair and regeneration is the rapid
re-epithelialization of the damaged interfáce
between the root surface and the gingival connec-
tive tissue.a3 Following recognition of this response,
a new treatement philosophy evolved and the term
'guided tissue regeneration' was introduced for a

FIBROBLAST
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procedure in which epithelium is physically kept
distant to the healing connective tissues by inser-
tion of a membrane barrier between the root surface
and the healing periodontal tissues.aa As shown in
Fig. 7 all of the necessary ingredients for tissue
repair appear to be present in this procedure - a

distant epithelium, inflammatory cells and matrix
producing fibroblasts.

Currently, the histological events ofguided tissue
regeneration are well documented and it is now
timely that the biochemical events of periodontal
regeneration should be dissected. A signifìcant
disadvantage of current guided tissue regeneration
procedures is the need for a staggered two-step
surgical procedure. rù(/ith adequate understanding
of the biochemistry and cell biology of the events
involved it is likely that biodegradable membranes
will be developed in the future. This should lead
to a more streamlined procedure and better clin-
ical results based upon sound biological principles.
In addition to this, the role of'growth factors'
released at the site of wound healing and tissue
regeneration such as Transforming Growth Factor

P (TGFB), Platelet Derived Growth Factor
(PDGF), Platelet Factor 4 (PF4) and Fibroblast
Growth Factor (FGF) are likely to take prominence
as agents of importance. These are not only mito-
genic but also chemo-attractants capable of
recruiting leukocytes (mainly monocytes) and
fìbroblasts to the healing site.4' Considerable
interest in the properties of these agents had led
some to predict that future periodontal therapy may
include their use to aid periodontal repair and
regeneration.46

Connective tissue elements as diagnostic
markers

At present, there are no reliable diagnostic tests
that accurately measure periodontal destruction
with active periodontitis.aT Possible parameters
which could provide this information would include
ongoing loss of attachment or loss of alveolar bone.
The gingival crevicular fluid contains many compo-
nents ofbreakdown products from the periodontium
arising from periodontal disease. As a result many
studies have focused on analysing components of
this inflammatory exudate in the hope of fìnding
an indicator of active periodontal breakdown.
Specihcally, plasma proteins, bacterial and leuko-
cytic enzymes, and inflammatory mediators have
been amongst the many components studied in
detail.as Unfortunately, one serious drawback of
each of these'potential markers'is that they reflect
the processes occurring in the gingiva. Thus, no
distinction can be made between gingivitis and

periodontitis. However, it is now apparent that
there is some site specificity of various connective
tissue extracellular matrix components within the
periodontium. Therefore, the development of an
assay which could detect components unrque to
either bone or periodontal ligament only would be
of signifìcant use.an In the long term, such studies
may help us determine whether we are dealing with
active or remissive periodontitis.

Effects of medications on the periodontal
connective tissues

Regardless of the development of the above tests)
one of the greatest aids in assessing periodontal
status will still be an accurate compilation of the
medical history of our patients. Indeed, although
the developments of new treatment regimes and
diagnostic tests based upon biological principles are
exciting developments, another area which will
become increasingly relevant in the fìeld of perio-
dontics is that of medication-related periodontal
responses. Although only three ofthe most common
reactions will be presented here (Fig. 8), the dentist
must be cognizant of the fact that any agent which
has the ability to alter fundamental host responses
can potentiâlly cause side effects at sites unrelated
to the organ being targetted. Due to their high meta-
bolic activity and susceptibility to acute and chronic
inflammation the connective tissues of the perio-
dontium are likely targets for the manifestation of
many drug-related effects.

Hormonal effects

A close correlation between normal physiological
changes in the sex hormone levels and periodontal
changes has been well documented. For example,
gingivitis is a frequent frnding during puberty and
pregnancy.to Indeed, the potential for the sex

steroids to exert potent effects on the gingival
tissues is high since gingival fìbroblasts possess

receptors for testosteronest and oestrogen.s2 In addi
tion, the sex hormones are actively metabolized in
gingival tissues with chronically inflamed gingiva
accumulating greater amounts of progesterone and
androgen metabolites compared with normal
gingiva.tt'sn These agents have been shown to aflect
the cellularity, vascularity, as well as the collagen
and proteoglycan content of connective tissues
significantly.ss-s7 In addition to changing the make
up of the extracellular matrix, the sex hormones can
be effectively utilized as growth factors by several
of the putative periodontal pathogens.ss'se The
steroid hormones of the adrenal cortex also may be
correlated with changes in the periodontium. Their
adverse effècts on connective tissues are decreased
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fibroblast proliferation, as well as akered collagen
and proteoglycan synthesis.6o It is, therefore, not
surprising to fìnd that both the sex and adrenal
hormones signifìcantly affect wound healing.s' The
effects ofvarious hormones are not restricted to the
soft connective tissues of the periodontium. For
example, osteoporosis of the jaws, retarded forma-
tion of the periodontal bone and reduction in
cementum formation have been recognized as being
associated with altered levels of sex and adrenal
hormones for a long time.6' Although other
hormones such as insulin, thyroid hormones and
pituatory hormones also produce changes in
connective tissues, prescription of these as medi-
cations is usually restricted to specific medical
problems and they are not as widely prescribed as

the steroid hormones. However, the prescription
ofsteroids and their analogues is very prevalent in
western society for a wide range of treatments (for
example, oral contraceptives) osteoporosis,
menopausal therapy, as well as anti-inflammatory
agents), and therefore the possibility ofside effecrs
from these medications manifesting in the periodon-
tium is high. These may range from mild gingivitis
and stomatitis to'pregnancy' epulis and granuloma
formation as well as gingival overgrowth.

Gingiøal ov)ergrowth

This is frequently reported as a side effect of
many medications commonly prescribed. Of these,
phenytoin has been the most widely recognized and
studied.6'? The effects of this drug on connective
tissue metabolism are well documented. It has been
suggested that phenytoin can selectively allow a

subpopulation of gingival fìbroblasts to proliferate
which are capable of high protein and collagen
metabolism.6' This may lead to uncontrolled

F BROALASTS

Collagsn

EPITHELIUH

Fomodelling

HEALED WOUND

Fig. 6.-Factors involved in the connective rissues during wound healing.

deposition of extracellular matrix and resultant
tissue overgrowth. Until recently) phenytoin was
the only well recognized agent associated with
causing gingival overgrowth. However, in the last
ten years there has been an 'explosion' of agents
reported in the literature to have similar effects in
relation to gingival overgrowth. A current listing
of such drugs is shown in Table 4; however, it is
very likely that with the development of new drugs
further additions will be necessary. Despite the
experimental observations of altered fibroblast func-
tion associated with both phen¡oin and cyclosporin
gingival overgro'ùfthrs3'64 the fact that not all patients
taking these medications develop gingival over-
growth, and that the lesions are usually confìned
to particular areas of the mouth) indicates that addi-
tional, unrecognized factors are involved. From
several reports it seems that a crucial factor in the
development of gingival overgrowth is the presence
of dental plaque, since most lesions are reversible
upon restoration of adequate plaque control.uo-oo
This being the case, it is interesting to note a

similarity between plaque-induced gingival over-
growth and drug-induced gingival overgrowth. One
of the presumed pathogenic components of plaque,
bacterial lipopolysaccharide, is capable of altering
cell membrane permeability to ions. Thus, whether
the drugs which induce gingival overgrowth act to
exacerbate localized plaque-induced gingival over-
growth needs to be assessed.

Non-s teroidal anti-inflammatoryt drugs (N SAIDS)
These are very commonly prescribed agents

which have potent anti-inflammatory and anti-
analgesic properties. They are commonly prescribed
for patients with long-standing chronic inflammatory

Australian Dental Journal 1991 ;36:4. 263



a

ú.

rtr:
I

ì-

.ù-
t

c

-åkli::'

t
-.^--ã-L'--àlþ.'

.f ::
. to -. -¿ìfli-"---'. j.-

f t¡*- :' rl,. r-
4

Fig. 7.-Connective tissue elements associated with membrane used for'guided tissue regeneralion'. The membrane was removed 6 weeks after placement. Three separate
Portions were sectioned: (a) coronal portion conteining the open microstructure collar; (b) middle ponion which was adjacent ro a furcarion deiect; and (c) apical pãrtion

inflamed and repairing tissue containing polymorphonuclear leukoc¡es (PM$ ãnd fibrous connective tiìsue (F).



'.lrElìJof,, 8n-¡p f¡otewruegut-ttue leproJâls-uou qlt¡r\-pãlerf,osse (speãrlÀ\orJe qrr.r pa¡:e,¡) uorlf,Bãr ¡earãurg (c) .q*ro:fraao 
¡earlurã pâJnpur



Table 4 Medications capable of inducing gingival overgrowth
Generic name Proprietary name Treatment Mode of action

Phenytoin

Sodium valproate

Nitrendipine

Nifedipine

Dilantin
Epilim
Bayotensin

Adalat
Anpine
Procardia

Verapamil

Anti-convulsant

Anti-convulsant

Anti-hypertensive

Anti-hypertensive
Anti-arrhythmic
Anti-angina

Anti-arrhythmic
Anti-hypertensive
Anti-angina

Angina
Atherosclerosis

Organ transplants
Arthritis
Vasodilator

Verapamil

Diltiazem

Cyclosporin

Oxodipine

Cardizem

Sandimmum

Affects Nat ion efllux
Diminishes transmittors
Ca** ion influx inhibitor
Ca.* ion influx inhibitor

Ca*' ion influx inhibitor

Ca.. ion influx inhibitor

Immunosuppressant
(Depresses T cell function)
Ca.* ion influx inhibitor

disorders (for example) rheumatoid arthriris,
osteoarthritis) as well as for postoperâtive pain
control. More recenrly the use of NSAIDs in the
treatment of chronic inflammatory periodontal
diseases has been advocated.6T Howevei, as will be
evident below, their use in these circumstances

enchymal cell function by disturbing the metabolism
of collagens, proteoglycans and other structural
proteins.6e Thus, the potential for NSAIDs to cause
compromised tissue status exists and this may lead
to poor resistance to chemical and mechanical abuse
cgmmon of the gingival tissues. In a recent report)70
the incidence of oral reacions to NSAIDì was
found to be between l-2.5 per cent of all adverse
reactions reporred (Table 5). Given the ever-
increasing wide prescription of these drugs, as well
as an expected number of similar new products
entering the market, it can be predicted the number
of patients presenring wirh NSAID-relared gingival
problems will become increasingly prevalent.

Conclusion
In this review an arrempt to highlight rhe over-

riding importance of the periodontal connective
tissues in pathology and
responses of ases. From a large
body offund research it is now

Table 5. Oral reactions to non-stero¡dal
ant¡-¡nf lammatory drugs *

Drug 7o adverse reactions
manifesting in mouth

Phenylbutazone
Ibuprofen
Indomethacin
Naproxen
Sulindac
Piroxicam
Diflusinol
Diclofenac

t.7
1.0
0.7
1.8
1.5
2.5
2.4
1.8

*Adapted from reference 70

apparent that all reactions (pathological, reparative
and regenerative) occur within a complex environ-
ment which is exquisitely sensirive to disruption as
a result of matrix destruction or interference of
fibroblast metabolic activiry. The fundamental
responses of treatment rely on a sound under-
standing of these responses and allow us to
recognize what constitutes an acceptable clinical
result.
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MODULATION OF GINGIVAL
FIBROBLAST FUNCTION BY

LIPOPOLYSACCHARIDES

P. M. Børtold

INTRODUCTION

A close interplay between host defense tnechanisms and bacterial plaque during the

initiation of gingivitis and periodontitis is now well established (Slots and Genco, 1984).

Due to the apparent requirement of the presence of dental plaque for development of the

various periodontal diseases, attention has focused upon the potential pathogenic features

of the microflora which comprise dental plaque. '$øith the development of suitable

microbiological techniques, studies on the anaerobic micro-organisms residing within
periodontal pockets were carried out and several groups of organisms were identified as

being closely associated with different forms of periodontal disease. Amongst these, many

Gram-negative anaerobic bacteriahave been classified as potential periodontal pathogens.

As a result of these identifications, there has followed an analysis of the many toxic and

pathogenic factors synthesized by (and associated with) these l>acteria which could be

implicated in the pathogenesis of the periodontal diseases. Amongst these factors,

lipopolysaccharide (LPS), peptidoglycan, outer membrane polypeptides, various enzymes

and a leukotoxin have received prominent attention (Daly, Seymour and Kieser, 1980;

Hunter, 1984; DeRienzo, Nakamura and Inouye, 7978; Tipler and Embery, 1,985;

Taichman, Dean and Sanderson, 1980). Although their specific effects appear to be related

to impairment of cellular function and disruption to the extracellular tnatrix of the gingivae,

these components should not be considered in isolation but rather part of a group of
potential pathogenic mechanisms. Nonetheless, the identification and elucidation of their

individual biological activities is fundamental to understanding the potential pathways for
development of periodontal destruction.

Since LPS appears to be a common factor to all gram negative l¡acteria and it has well
documented biological effects, it has received prominent attention. This chapter aims to
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review the role that LPS tnoclulation of fibroblast function migl-rt play in the infectior-rs

ltet'ioclon ta I clisca.scs.

LPOPOLYSACCHARIDE STRUCTURE

General Structure

LPS consists prirnarily of covalently bound lipids and polysaccl-rarides and a srnall amount
of non-covalently bound protein. The lipid moiety, known as lipid A, contains fatty acids
wlricl'r range in length frorn C,o to C,, and are responsible for the expression of tl-re

molecttle's enclotoxicity. fthydroxylnyristic acid is ustrally present in the I'righest concen-
tration and is considered unique to LPS. The polysaccharide porrion can be clivided into
two portiolls, the O- and R-polysaccharides. The O-polysaccharide, which determines the
antigenic specificity of bacteria, is conposed of repeating sequences of neutral sugars
wlriclr rnay be either linear or branched and variable in their length. The composítion anci
structural arrangements of these sLrgars is very diverse and is considered unique for a given
LPS as well as the parentall¡actertal strain (Lüderitz et al., 1982). The R-polysaccharide
links the lipid moiety to the O-polysaccharide portion and is subdivided into the O-chain
proximal outer and the lipid A proximal inner core. The O-chain is composed of variable
proportions of 5 basal sugars, phosphate and O-phosphoryletl-ranolamine (Elin and Wolf,
197Ð. Of tl-re core sugars in the R-chain, ketodeoxyoctonate (KDO) is a very coffìmon
component(yet not always present)which is specific to LPS and links the R-chain ro Lipid
A.

Oral Bacterial Lipopolys accharide Structures

Given the potential for significant strllctural and compositional diversity between bacterial
species, it has been proposed that many of the differences in bacterial pathogenicity could
be attributed to differences in LPS composition (Kotani and Takad^, 1990). Thus many
investigations have studied the LPS composition of oral bacteria. Indeed, one of the earliest
studies concerning LPS from oral bacteria demonstrated variability in both LPS composition
and biological activity (Mergenhagen, Hampp and Scherp, 796I). More recenrly,
investigators have analyzed, in detail, the chemical composition of LPS molecules from
periodontal pathogens and found them to be very heterogeneous (Mashimo, etal.,I9BÐ.

\Øhen compared to Enterobacteriaceae, LPS from Potph.yromonas (Bacteroides)
gingiualishas been reponed to be unique in that it lacks heptose and þhydroxytetradecanoic
acid (Mansheim, Onderdonk and Kasper, 1978; Nair etaI.,I9BÐ and has variable amounts
of KDO present (Mansheim et al., 1,978; Koga et al., I9B4; Bramanti et al., I9B9;Johne,
Olsen and Bryn,1988). Such differences have bee n related to the low level of endotoxicity
associated with various Bacteroides species (Sveen, 1977; Natr et al., 198Ð. In addition
intra-species differences are evident since electrophoretic differences have been noted for
LPS isolated from the virulent and avirulent strains of P. gingiualis (Bramanti et aI.,1989).
The complexity of differences in LPS structure within the samê species has been
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highlighted further by the isolation of two chernically distinct LPS rnolecules from the same
strain of Bacteroicles gingiualis wl-rich possess different biological activities (Millar et al.,
1986 ).

For Actinobacillus actinomycetemcomitans, the sugar and fatty acid cornpositions of
its LPS are immunochemically and biochemically of th,e Enterobacteriaceae type, con-
taining þhydroxymyristic acid, heptose and KDO (Killey and Holt, 1980; Dahlén and
Mattsby-Baltzer, 7983; Hofstad, 1984; Nishihara, et a).., 1986). Nevertheless, some
intraspecies heterogeneity with respect to molecular size and structure has been noted
(Hoover, 1988).

Similar findings of species specific features of LPS, together with some intra-species
heterogeneity, have also been reported for Eikenella con'odensand Wolinella recta(Kato,
Okuda and Takazoe, 7987; Gillespie et al., 1988).

BIOLOGICAL PROPERTIES OF LPS

\When injected into experimental animals, LPS elicits a r^nge of non-specific pathological
reactions manifesting at both the systemic and local level. Some of the systemic effects
include fever, changes in leukoc¡e counts, stimulation of the hypothalamic-pituatory
system, hypotension, and if administered in high doses, shock or even death. Vhile these
represent significant effects on lhe animal as a whole, their significance to periodontal
disease is equivocal. Rather, it would seem more likely that the abiliry of LPS to induce
specific local reactions is of more significance to the pathological changes associated with
periodontal disease.

The effect of LPS on neutrophils is of central concern to the immediate host response
to periodontal infections. Thus many investigators have studied the interaction berween
LPS and neutrophils (\üØilson, 1985). A principal mode of action is believed to be via
binding of LPS to neutrophil membrane (Springer and Adye, 197Ð which results in altered
neutrophil adhesion, aggregation and locomotion (Dahinden, Galanos and Fehr, 1983). In
addition, LPS may induce lysosomal degradation as well as altered production of reactive
oxygen species and bactericidal properties of the neutrophil (Modrzakowski and
Spitznagel, L979; Proctor, 1979; Cybulsþ, Chan and Movat, 1988).

LPS influences the immune system locally by virtue of its strong antigenicity as well
as being a strong B-cell mitogen causing polyclonal B-cell activation (Anderson, Coutinho
and Melchers,7977; Morrison and Ryan, 797Ð. Since B-cells and plasma cells are the major
inflammatory cell types present in periodontal lesions a role for them in destruction of
periodontal support has been proposed (Tew, Engel and Mangan, 7989). Thus the
presence of bacterial LPS in gingival tissues could lead to polyclonal B-cell activation which
in turn may result in release of lymphokines such as interleukin- 1 , autoantibodies , immune
complexes and complement activation (Allison, Schorlemmer and Bitter-Suermann, 7976;

Hanazawa et al., 1985; Bramanti et aI., 1.989).

In addition to the above, other local effects of LPS are mediated by activation of
monocytes/macrophages resulting in the release of many inflammatory mediators such as

prostaglandins, interleukin-1 and tumor necrosis factor (Ohmori et al., 1988; Koga et al.,
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1985; Brarr-ranti et aI., 1.989). The relevance of these inflarnar-rlrnatory rnecliators to local
tissue destruction has been extensively str-rdiecl since they l-rave potent effects on both
osteoclasts and fibroblasts n-recliating the procluction of a q'icle r,:rriety of e nzymes capable
of inducing connective tissue degradation (Miekle, I-Ieatl-r ancl Reynolcls, 1986),

LPS ASSOCIATED WITH THE DENTAL TISSUES

Tl-re likely presence of large quantities of LPS associated witl-r tl're periodontal tissues is of
significance with respect to the pathogenesis of periodontal disease. Incleecl, if LpS is
capable of gaining access to the gingival tissues, tl-len a strong correlation between disease
progression and presence of LPS could exist. The pl'esence of LPS at various perioclontal
sites will thus be considered..

LPS in dental plaque

A potential role for LPS in tl-re pathogenesis of periodontal disease would be supportecl
by its presence in dental plaque. Following the initíal obseruarion of Mergenhagen et al.
(196r) regarding the presence of LPS in oral bacteria, toxic factors found in plaque extracts
were attributed to LPS (Hattfield and Baumharnmers, I97I). Such an association was
subsequently confìrmecl by Selvig, Hofstad and Kristofferson (I977)who demonsrrared rhe
electronmicroscopic locahzation of bacterial LPS in dental plaque marrix. According to this
study, the LPS had a morphology similar to LPS from other gram-negative bacteria
appearing as either short rods or circular particles comprised of an outer electron dense
zone surrounding an electron lucent inner portion. Later, using the Limulr-rs Ameboc¡e
Lysate test the presence of LPS in dental plaque was confirmed (Fine et aI., I97Ba).

Today, LPS has been isolated from a wide variety of oral gre;m-negative anaerobic
bacteria andappears to be an ubiquitous component of these bacteria. As cliscussed above,
there are fine structural and quantitative differences between different bacteria isolated
from periodontal pockets which may account for differences in virulence.

The presence of LPS has been noted in gingival crevicular fluid (Simon et al., 196Ð.
This most likely has origins within the subgingival microflora being released from
autolysed bacteria or even secreted by living microbes. Following this initial observation,
it was established that the concentration of LPS in gingival crevicular fluid correlated
positively with the severity of gingival inflammation both clinically and histologically
(Simon eL al., 7970, 1977). A further positive correlation between the development of
dental plaque from a gram-positive to gram-negative flora over 2-3 days and an increase
in crevicular fluid content of LPS has been reported (Tzamouranis et al., 1979).

Few quantitative studies concerning the LPS content of dental plaque have been
carried out. Sonicated supragingival plaque has been reported in one study to contain
between 0.2-8.2 pg/mg plaque (Shapiro er al., 7972), while in another Çohnson et al.,
7976), approximately 0.010/o of the dry weight of plaqr-re (i.e. 10 ¡tg/mg) was reporred to
be accounted for by tPS. From other studies it appears that the highest concentrations of
LPS are found in subgingival loosely adherent plaque (Fine er al., 7978 a & b) which may
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facilitate diffusion of LPS into the gingival tissues. \ùØl'ren tl-re LPS content of saliva, crevicular
fluid, gingival tissues and plaque was studied and correlated with gingival inflammation,
tl'rat of plaque contained the highest concentration of LPS.

LPS in gingival tissues

The finding of detectable levels of LPS (0.001-0.1 ¡t"g/mg) in gingival rissues, which
increased with the severity of gingival inflammation, provided early evidence that LPS

could, indeed, penetrate the gingival tissues (Shapiro et al., 1972). Despite this, the
question of LPS access to gingival tissues has been one of sonle controversy. The principal
concern with this concept has been whether LPS can penetrate an intact sulcular epithelial
barrier and thus be responsible for the initiation of gingival inflammation. Using the
localized Schwartzman reaction, it has been demonstrated that LPS at low concentrations
does not diffuse through intact sulcular epithelium but LPS is capable of passing through
damaged sulcular epithelium (Rizzo, 7968, 1970). Furthermore, using immunofluores-
cence techniques, the O-antigen of LPS has been demonstrated in gingival connective
tissues (Courant and Bader, 7966).

Subsequent to these studies, LPS was found to penetrate through intact sulcular
epithelium of dog gingiva showing a higher penetration in the more coronal regions of the
sulcular epithelium (Schwartz, Stinson and Parker, 7972). Additional evidence of LPS

penetration through healthy sulcular epithelium was presented by Ranney and Montgom-
ery (797Ð in which vascular leakage was noted within gingivae following topical
application of LPS within the gingival sulcus.

Regardless of the above findings, the arguments regarding the integrity of the sulcular
epithelium may be mute since there exists within the gingival sulcular environment ample
enzymattc and cellular events which, with time, have the potential to significantly disrupt
tissues and alter tissue permeability and thus provide adequate avenues of access to the
gingival connective tissues for LPS.

LPS associated wíth cementum

Although an alteration occurring within cementum exposed to the periodontal pocket
environment has always been considered to be important to the disease process of
periodontitis, it was not until relatively recently that the toxic nature of elements associated
with such cementum has been addressed. The first suggestion that cementum toxicity to
the periodontal tissues could be related to the presence of LPS was forwarded by Hatfield
and Baumhammers (1971). Following this, numerous studies tested for the presence of
LPS within cementum from periodontally healthy and diseased root surfaces (Aleo et al.,
7974; Aleo, De Renzis and Farber ,7975) and resulted in general acceptance of the presence
of LPS in cementum exposed to periodontal pockets (Ruben and Shapiro,7978). A specific
role for LPS removal by root planing was thus advocated for restoration of periodontal
health Çones and O'Leary,1978; McCoy er al., 198Ð.

Despite these studies, some doubts existed over the presence and toxiciry of LPS in
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cetllentum. For exatnple, not only wzrs LPS recovered flon diseased cementrull in very low
quarrt"ities (ltc¡ et al., 1985) blrr te.sts basecl on the Lirnulus ar-nebocyte lysate assay l-rzrcl

lirliitations which did not allow specific identification. In fact, in tl-re early strdies, LpS was
only assutnecl to be present in the extracts based Lrpon the supposecl preferential specificity
for LPS lty tl-re Lirnulus amebocyte lysate assay (F-ine et al., 19g0). Furthermore, solrte
studies I'rad suggested tl-rat gingival fibroblasts attachecl ancl grew on root s¡rfaces
irrespective of root surface detoxification (Adelson et al., 19gO).

Nevertheless, in recent times, convincing evidence has accruecl to support the concept
of a close relationship between root surface cernentur-n and LPS. Histochemical ancl
immunohistochetnical techniques have clearly demonstratecl the presence of LpS on the
srrrface of cementurn (Nakib et al., I9B2; Daly et al., I9g2). Althor_rgh these stuclies
clemonstrated little penetration of cernentuít-t by tl're LPS, they did, l-rowever, raise the
qllestion of whether LPS was firrnly bound or merely associatecl ioosely with the celnentum
strrface (Daly el al., 1982). In view of the identification of most of rhe clerectable LpS being
present in ioosely adherent piaque on the root surface (Fine et al., 19g0), and the relative
ease with which LPS can be retnoved from the cementurn surface (Moore, IùØilson ancl
Kieser, 1986; Blomlöf et al,, 1989), it would appear tl-rat LPS is nor finnly bound ro the roor
surface. The LPS content of cementum has been studied and variable levels have been
reported. For example, Jones and O'Lea ry (1978) reported an extraction recove ry of I4g
ng LPS/periondontally involved tooth compared to 0.25 ng LPS/uninvolved tooth. In rhis
stLldy, root planing was for-rnd to reduce the LPS content of root surfaces close to tl-rose of
uninvolved teeth. In rnore recent studies, the level of LPS associatecl with periodontally
involved roots was reported to range between 19-394 ngltooth (Maidwell-Smith, \Wilson
and Kieser,1,987) to as high as 4.3x703 -1.0.4x 103 ngltoorh (Moore et al. 1986; 'w'ilson,

Moore and Kieser,7986). Although this appears to be a significant increase over the earlier
report, several methodological differences most likely accoLlnt for the differences. For
example, in the latter studies no prior washing of the teeth was done and the whole root
surface was asses.sed which together would account for a significant increase in recovery
compared to the washed and selected root area studied byJones and O'Leary (1978).
\ùØashing of the teeth prior to extraction procedures would have a marked effect since as
much as 39o/o may be removed by gentle rinsing of the teeth, while a further 600/o may be.
removed by light rotary brushing of the root surface (Moore et al., 19g6). The remaining
1%o most likely remains embedded within the cementum since bacterial product penetra-
tion of up to 10 ¡rm into cementum has been previously reported (Daly et al., I9B2). The
association of LPS with the surface of the root surface has been furlher confirmed by both
light and electronmicroscopic immunohistochemisrry (Hughes and smales, 1.9g6;Hughes,
Auger and Smales, 1988).

EFFECT OF LPS ON GINGIVAL FIBROBLASTS

The effect of plaque or bacterial extracts on mammalian cells in vitro has been the subject
of numerous studies over the past20 years (Levine and De Luca, 197g; Duguid, Al-Makadsi
and Cowley, 1980; Shenker, Kushner and Tsai, 7982; Stevens and Hammond, 1988).
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Unfortunately, many of these have been merely observational str,rdies concerned with
obvious cytotoxic effects on cells without addressing the chemical nature of tl-re toxic

colnponent(s). Nonetheless, some biologically active components associated with oral

bacteria have been identified of which various enzymes (Tipler and Embery, 1985), a

leukotoxin (Taichman et al., 1980) and LPS (Daly et al., 1980) appe^r to be the most

prominent. Although tl-re leukotoxin and various enzymes are important modifiers of
biological events their potential effects on fibroblast activity appear to be rninimal
(Taichman et al., 1980; Cogen and Taubman, 1982). On the other hand, LPS demonstrates

numerous potent effects towards fibroblasts which require further discussion.

LPS and gingival fìbroblast proliferation

Although not positively identified, LPS associated with periodontally involved root surfaces

was first implicated as an ageírt which could alter mitotic rates of mammalian cells in 1971'

(Hatfield and Baumhammers, 1971). Following this initial observation, several studies

reported the extraction of LPS from human teeth and dental plaque and its inhibitory effect

on fibroblast proliferation (Aleo etal',7974,7975; Singer and Buckner, 1980; olson, Adams

and Layman, 1985). By measuring the incorporation of 3H-thymidine into the DNA of
human gingival fibroblasts, E coli LPS was reported to suppress proliferation up to 49o/o

while extracts from periodontally diseased root surfaces (which tested positively for LPS)

suppressed proliferation up to 58% (Olson et al,, 798Ð. Although suLrstances other than

LPS were extracted from the root surfaces, strong circumstantial evidence was accruing to

indicate a strong biological effect of LPS against fibroblasts, \øith the identification of the

so-called periodontal pathogens, and the development of successful culturing methods,

a crude LPS preparation from P. gingiualiswas subsequently prepared and found to cause

inhibition of human gingival fibroblast proliferation similar to a native extract of the whole

bacteria (Larjava et al., 798Ð. In addition, LPS purified from P. gingiualis and Preuotella

(Bacteroides) it¿termediawere also found to inhibit gingival fibroblast proliferation up to

5Oo/o (Layman and Diedrich, 198Ð. Subsequently similar findings have been reported for
other LPS preparations from A. actinomyceterncomitans and P. gingiualls (Banold and

Millar, 1988; Laymanand Landreneau, 1989).

LPS and cell morphology

Apart from inhibiting cellular proliferation, LPS may also induce morphological changes

which could impair normal cellular functions. One of the earliest studies to address

morphological and functional status of gingival fibroblasts following exposure to oral

l>acteria (Actinomyces uiscosus) noted that although the cells appeared to have engulfed

the bacterial substances, little cyopathic changes were noted (Engel, Schroeder and Page

1978). In addition, some binding of the bacteria to the cell surfaces was noted. In this study

the contribution of LPS, or other bacterial components, to the observed changes was not

determined.
However, given the potential of fibroblasts to engulf LPS particles, and the documented
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effect of LPS on lysosomal enzyme leakage (McGivney ancl tsraclley, I97B), mitochonclrial
respiration f'SØhite et al., 1977;Ktlpatrick-Sn-rith and Ericinska, 1993), ancl othcr ccllular
organelles (Llrcas, Chen anclAleo, 7979),a great potential exists for LPS-inclucecl cellular
changes. Indeed, tl-re ingestion of LPS by fibroblasts iras been stucliecl and,Iocalization of
LPS to tl-re cell ntlclei q,as noteclwitl-r the nuclear chromatin ancl nuclcoli being tl-re pri'cipal
sites of location (Lucas, Subramoniam and Aleo, 1,98Ð. Despite LpS affecting othe r cellular
organelles (De Renzis and Chen, 7983), it does not appear to localize to rl-re mitochonclria,
lysosomes, Golgi, encloplasmic reticulum or ribosomes. Tl're entry to the nuclear
compaftment is very rapid (approximately 2 minutes). The specific localization to r-ruclear
chromatin indicates that the primary effect of LPS n'ray be relarecl ro an alteration of the
transcription and translarion of DNA ancl RNA.

LPS and cell attachment

An irnportant event in periodontal repair is the attachment of fibroblasts to the root suiface.
From the above discussion it is clear that not only is there an abundance of LpS associatecl
witl'r roots of periodontally involved teeth, but also a strong indication that LpS could affect
the mechanisms of fibroblast attachment. Early studies addressing this issue demonstrated
that introduction of LPS to fibroblasts cultured on glass surfaces resulted in detachment
(Neiders and \ùZeiss, 7973). Although the precise mechanisms involved wele not
elucidated, it was suggested that the evoked cell detachment was not related to toxicity
of LPS towards the cells.

The presence of inhibitors of attachment for fibroblasts cultured on human root
surfaces was first demonsrrated by Aleo et aI. (I97Ð. Although LpS was nor idenrified in
these studies, it was suggested as a possible candidate for inhibition of fibroblast
attachment. Further observations that fibroblasts could attach to "clean" root surfaces,
while little or no attachment occurred on root surfaces previously exposed to the oral
environment and not cleaned, have corroborated the likely presence of attachment
inhibitors such as LPS on periodontally involved teeth. However, in contrast, some studies
have been unable to demonsiu:ate any difference in fibroblast attachment or cytotoxicity
on instrumented or non-instn-lmented root surfaces (Virthlin and Hancock, 1980; Cogen,
Garrison and veathertord, 1993; GilmanandMaxey, 19g6). Since all of these studies were
done on heat sterilized surfaces to prevent bacterial contamination the interpretation of
the results is difficult and their ultimate clinical applicabiliry is doubtful. The complexity
of such interactions has been highlighted by two recent investigations. Although initial
attachment of fibroblasts to diseased and non-diseased root surfaces is similar (Fardal et
al., 7986),longer term culture assays indìcate that in the presence of LpS not all initial
attachment events lead to long terrn adhesion of cells to root surfaces nor permit adequate
growth and proliferarion (Pitaru er al., 198Ð.

LPS AND THE EXTRACELLINA.R MATRD(

Regardless of the above findings, whether the attachment of fibroblasts to diseased or non-
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diseased root surfaces is similar may have no bearing on the ability of the cells to initiate
connective tissue regeneration. Indeed, it would seem probable that events occurring after
attachment of the cells to the root surface will be responsible for dictating regenerative
responses. Furthermore, altered synthetic activity of the fibroblasts residing within thc
periodontally affected tissues will be of importance with respect to botl-r the pathogenesis
of periodontal disease as well as the controlling mechanisms involved in periodontal
wound repair.

Collagen

Surprisingly, the effect of LPS on collagen synthesis by human gingival fibroblasts has

received little attention and thus much of the information related to this topic has been
obtained from other systems or inferential data. Vhile culture filtrates of various bacteria
have been studied and found to have some effect on general protein synthesis, these

studies have not provided specific details of the agent(s) involved or lypes of proteins
affected (Touw et al., 7982; Van Kampen et aL., 7984; Larjava and Jalkanen, 1984).

Studies which have directly assessed the effect of LPS on collagen synthesis by
fibroblasts have provided conflicting results. Vhile one report describes stimulation of
total protein as well as collagen synthesis byfibroblasts exposed to LPS (Aleo, 1980), others
have reported an inhibitory effect (Singer and Dutton ,7979). Similar inhibitory effects have
been reported for protein synthesis by chondrocytes (Morales, Vahl and Hascall,1984)
and bone (Millar et al., 1,986). In addition, in bone, LPS may selectively inhibit collagen
up to 400/o yet a 25o/o increase in collagen synthesis in wounds exposed to LPS has been
reported (Kanta et aI.,1981). More recently, although IPS has been found to inhibit total
protein synthesis by human gingival fibroblasts approximately 40-5Oo/o (Bartold and Millar,
1988), little effect has been noted on collagen synthesis by similar cells exposed to LPS

(Kamin et al., 1986). These apparently discordant findings may highlight differences
between types of cells studied as well as source of LPS and purity of LPS preparations used.

In addition to modulation of collagen synthesis, a potential role for LPS in modulating
collagen fibrillogenesis has also been proposed (Sauk, Johnson and Rozkowski, 1982). In
view of the relative importance of collagen to the structural integrity of the periodontal
tissues as well as its role in periodontal regeneration the influence of LPS on collagen
synthesis has been a poorly studied area.

Proteoglycans and hyaluronic acid

Despite collagen being regarded as the major structural component of the extracellular
matrix of the periodontal tissues, the proteoglycans and hyaluronic acid are the major
macromolecular components of the ground substance andare responsible for maintaining
a suitable environment for cellular metabolism and molecular interactions. Thus several
studies have investigated the effects of LPS on proteoglycan and hyaluronic acid synthesis.

Early studies using bacterial culture supernatants and plaque extracts indicated that the
in uitro synthesis of both glycosaminoglycans and proteoglycans could be altered by
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unidentifiecl agents (Van Kmapen et al., 7984; Larjava et erl., r9g3; Larjava, 79g4). In
particttlar, hyaluronic acicl synthesis by gingival fibroblasts has been demonstr.atecl to l.re

stirnulated by components in dental plaque whilc proteoglycan synthesis by clronclrocytes
appeal-s to be decreasecl in the presence of P. girtgiualis cuhvre slrpernatants. Although
LPS was not positively identified in these studies as being rhe responsible agent, its
participation cannot be discounted. In tl-ris regard, the observation that LpS stirnulates
hyaluronic acid synthesis by synovial cells has been of particular significance (Buckingham,
Castor and Hoag, 1972).

Modulatory effects of LPS on hyaluronic acid ancl proteoglycan synthesis on human
gingival fibroblasts has been demonstrated recently . LPS from several oral ancl non-oral
sources appear to inhibit proteoglycan synthesis yet stirnulate hyaluronic acid synthesis Lry
fibroblasts in vitro (Bartold and Millar, 1988; Barrolcl, 1990, unpublished observations).
Although these appear to be opposite findings, it is irnpc)rtanr to note that these
macromolecules have different biosynthetic pathways and probably serve different cellular
functions. Thus they may represent different responses by the cells to LpS cxposlrre.

CONCLUDING REMARI$

\Øhile it may be recognized now that LPS can act directly upon gingival fibroblasts as
discussed above, we must also be cogmzantof the fact that such a bioactive molecule will
also affect many other cellular systems. Indeed, LPS is a multipotential initiator of
inflammation. In addition to modulation of fibroblasts, rhese macromolecules also
influence platelets, neutrophils, mast cells, macrophages, lymphoc¡es and endothelial
cells. Furthermore, at least 2 major humoral systems (cornplement and coagulation) are
activated by LPS. As a result of the multiple cell systems which arc act:ated by LpS,
endogenous mediators are overproduced. Of these, prostaglandins, interleukin-1 and
tlrmor necrosis factor have received prominent attention because of their ability to
modulate fibroblast proliferative behavior, extracellular matrix synthesis as well as release
of matrix degrading enzymes such as collagenase and stromelysin (Miekle et al., 19g6).
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6

The Biochemistry and Physiology
of the Feriodontium

Connective Tissue

Biochemistry of Matrix Constituents

The periodontium comprises the supporting tissues
around the teeth, consisting of gingiva, periodontal lig-
ament, cementum, and alveolar bone.t Although it is
not strictly a connective tissue, due to its unique rela-
tionship and functional demands the epithelium (iunc-
tional, sulcular, and oral epithelia in normal periodon-
tium and pocket epithelium in diseased tissue) must be

considered as a periodontal component; however it will
not be discussed in this section.

Several features distinguish the periodontium from
other organs. It is constantly subjected to mechanical
and bacterial stress, yet it is remarkably efficient in
maintaining its structure and functional integrity; thÍs is
due to the fast turnover and efficient remodeling of its
component structures. The periodontium functions as a
single unit, even though each of its components has a
distinct composition and connective-tissue architecture.
Recent research has revealed that matrix constituents of
one periodontal structure can influence the cellular

activities of adjacent structures.' Finally, the periodon-

tium's unique composition dictates that its mainte-
nance, repair, and regeneration require a variety of
complex processes coordinating the synthesis of soft
and hard tissues.

The connective tissues of the periodontium consist

of fibrous and nonfibrous molecular constituents.
Fibrous components are collagens and elastin, and non-

fibrous constituents are fibronectin, laminin, tenascin

and other proteins, proteoglycans, hyaluronate, and

lipid. In addition, calcified structures also contain
osteopontin, bone sialoprotein-II (BSP-Il), and minerals.

The objective of this chapter is to summarize currently
available information on periodontal connective-tissue

matrix in health and disease. To provide a perspective

of matrix structure and function, first the biochemistry
of matrix macromolecules is reviewed. Emphasis is on

collagens, as these are the major constituents of all
periodontal structures. This is followed by a description
of connective-tissue architecture in the normal peri-

odontium (pages 76 to 81) and how it is affected by
inflammation and fibrotic diseases. Factors that cause

pathologic connective-tissue alterations are outlined
and, finally, emerging biologic principles of wound
healing relevant to periodontal therapy are discussed.
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Collagens. Collagens are the most abundant proteins
in the animal kingdom. The word collagen is derived
from the French collogene (from the Greek kolla-glue +
gen-birth) to designate connective-tissue constituents
that produce glue. The collagen molecule is rigid and
resists stretching; therefore, it is utilized in tissues such
as tendon, skin, and periodontal ligament where mech-
anical force must be transmitted without loss. The
organization of collagen depends upon the specific
functional requirements in various tissues. For exam-
ple, it forms branching and anastomosing fibers in skin,
thick fibers oriented parallel to the long axis in tendon,
and laminated sheets in corneal tissue.,

Stnrcnlre and. types. Several unique structural proper-
ties distinguish the collagen molecule from other pro-
teins. l) Three polypeptide chains called cr cl¿alru form
the collagen molecule. The a chains are left-handed
helices that assemble into a 'triple helix" with a right-
handed twist, and the molecule may be a homotrimer
or a heterotrimer made up of same or different cr

chains, respectively.,t 2) A repeating gly-X-y amino
acid sequence, in which X and Y are usually amino
acids other than glycine, forms the triple helix. In fibrit-
forming collagens, the helical domain is flanked at both
ends by short, nonhelical telopeptides., Short gly-X-y
repetition is also present in complement component
Clq, lung surfactant protein, and several other pro-
teins; however, they are not considered collagens
because they do not form part of the extracellular
matrix. 3) Collagen contains two unique amino acids,
hydroxyproline (hyp) and hydroxylysine (hyl). In vefe-
brate collagens, these amino acids are present in the
"Y" position.'z 4) Collagen molecules are covalently
linked through lysine-derived intra- and interchain
crosslinks. The hierarchical organization of collagen
molecules into banded fibrils is schematically illustrat-
ed in Fig 6-1.

More than fifteen different collagen types have been
described so far.'These are divided into three groups.
The first group includes those collagens that form
banded fibrils in tissues; type I, II, ilI, V, and XI colla-
gens belong to this group. In these collagens, called fb-
ril-forming collogerc, the triple-helical domain contains
an unintemrpted stretch of 338-343 gly-X-y triplets in
each chain, and the molecule has the dimension l5 Å x
3,000 r4,. The second group of collagens associate with
the first Broup, forming connective-tissue elements
between banded fibrils and other components. This
group is called ¡tbnl-associ.ated collogens with interrupt-
ed triple helices (FACITS), and includes types IX, XII,
and XIV. Nonfibrillar collagens form the rhird group.
Molecules belonging to this family form sheets or pro-

tein membranes enclosing tissues and organisms.
Examples are type IV (basement membranes), type VIII
(Descemet's membrane), type VI (microfibrils), type VII
(anchoring fibrils), and invertebrate collagens (these

form the cuticle of worms).
Tissues contain a mixture of collagen types. Type I

collagen is the predominant type in all connective tis-
sues except cartilage and accounts for 65% to 95% of
total collagens. Type III is the second largest species,

accounting Íor 5% to 30% of adult-tissue collagen. The
percentage of type III may be much higher in fetal and
granulation tissues.6 These two collagens are co-distrib-
uted with types V, VI, and XII. In cartilage, type II is

the major fibril-forming collagen and it is present with
FÁCIT types IX, XI, and XII. Type X is a short collagen
with 1,380-Å helix, and its distribution is limited to
growing bones in the zone of hypertrophic chondro-
cytes.s

In type IV collagen, which is found only in basement
membranes, triple-helical domains are interrupted by
short nonhelical sequences. This collagen forms a fine
spiderlike network of cords, and this structure is creat-
ed by head-to-head assembly of N-terminal ends of four
type IV molecules and tail-tail assembly of two nonheli-
cal C-terminal ends. The type IV collagen binds to
anchoring fibrils, which are structures attached by their
extremities to epithelial basement membranes on one
end and to anchoring plaques on the other end. The
anchoring fibril consists of type VII collagen that con-
tains a 4,240- Ã-long triple-helical region.

The features of various vertebrate collagen types and
their tissue distribution are summarized in Table 6-1.

Biosynthesis of collagens. The collagen molecule is
insoluble under physiological conditions. It contains
several modified amino acids; the amino-acid modifica-
tions can occur only on free-cr chains because the
enzymes responsible cannot act on the triple-helical
molecule. For these and other reasons, collagen is first
synthesized as a precursor in which the cr chains have
extra amino acid sequences at N- and C-terminal ends.
These "pro-c" chains undergo a series of well-coordi-
nated biosynthetic reactions in the nucleus, cytoplasm,
and extracellular space (reviewed in Byerso). These
reactions have been characterized for type I collagen
and most of them apply to other collagens as well. The
biosynthetic events can be divided roughly into three
groups associated with l) gene expression, 2) transla-
tion and posttranslational cytoplasmic events, and 3)
extracellular reactions.

Gene expression. The genes for collagens are large,
ranging in size from 5 kb for COLIOAI to 100 kb for
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Fig.6-1 Structure of collagen fibrils formed from the basic gly_X_y
triple-helical unit. Three "a" chains with this amino acid ,uq"run."
assemble into the triple helix. Each triple-helical collagen moiecule,
represented as a line, is of size 3000 x 15 Ä. The molecules aggre_
gate with a quarter stagger, which results in hole anA ovéitap
zones. These zones are alternating regions where there is gaþ
between ends of molecules and nã gãps, respectively, and äre
responsible for the characteristic banding pattern in collagen
fibers Thetands-of a typìcal collagen fiber hãve a periodic ,puõinf
of 670 A. (Figs G'l and È2 from Byers., Redrawn with permiisionj

Amino Acid
Sequence -Gly-Pro-Hyp-Gly- Pro-Hyl-Gly-X-Y-

Triple
Helix

Moleculo r-- 3000,Ä ----
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Packing
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' collagen moleflle æns¡sts of thræ polyp€ptid€s €lled 'c' chains. Each chain is ¡dent¡fied by th€ arabic number that follows. The co¡lagen molecule may bo mmpoæd of same (homotrimors) or difforent (hoterotrimers) "q., chains. Roman numorals indiæt€ tho collag€n type. Thus, lal flt13lrepresents type ll ællag€n æmpos€d of throe cl lll) chains.
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Composition'

COL9AI (see the footnote in Table 6_l for terminology),
and are approximately ten times the size of functional
messenger ribonucleic acid (mRNA)., More than 27
genes have been described for collagen types I to XVII
and their location identified in human chromosomes.
Although differences exist among various collagen
genes, those for fibril-forming collagens have a similar
arrangement of coding sequences (exons). These genes
contain approximately 40 exons, which are separated

by introns (non-coding sequences) g0 to 2,000 nucleo-
tides long. The exons for the triple-helical domain are
of 54-bp size or its integral multiples, and all these
exons start with an intact codon for glycine. This orga_
nization is conserved independent of the species or
type of fibrillar collagen.s

However, the organization of other collagen genes
varies. For example, exons for the basement mernbrane
(type IV) collagen gene do not conform to the 54-bp
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Fig 6-2 Structure of fibrillar-collagen genes ation of the prototype fibrillar
collagen genes that encode for pro-al (l) and exons are designatäd by solid
boxes or vertical lines. Exons 7 to 48 encode and these start-with a gtycine
codon and end with the codon for the "y" amino acid. (Al to (G) designate various polypie'pt¡¿e
domains in the molecule: (A) signal peptide; (Bl Nrerminal globular domain; (C) triple_heiicaídomain
of Npropeptide; (D) N-terminal telopeptide; (E) triple helix; iFl C-terminal teiopeptide; (G) C-terminal
propeptide.

rule; they are multiples of 9 bp, and frequently these
exons staft with split codon for glycine. In type IX col-
lagen, the sizes of exons range in size from 21 to 400
bp depending upon their location. Type VI collagen
gene is composed of 34 exons. Exons for these colla_
gens are also multiples of 9 bp. The type X collagen
gene is unique because its triple-helical domain consists
of a single exon of 2,lJ6bp.,

The gene structure for type I collagen is schematical_
ly shown in Fig 6-2.

Tr ans lation ond po sttranslational ev ent s. Collagen
mRNAs are transcribed as precursors and undergo usual
processing reactions of intron removal by splicing, cap_
ping, and polyadenylation. These are nuclear events;
the product is then t¡anslocated to the cytoplasm where
collagen mRNA binds to ribosomes and is translated.
The t¡anslated product is one and one half times as long
as a chains and has approximately 1,500 amino acids.
The additional sequences are present at both N_ and C-
terminal ends. Signal sequences are cleaved from these
"prepro-c," chains during chain elongation as they are
transported through the membrane into the lumen of
the rough endoplasmic reticulum (RER). As the pro-a
(prepro-a minus signal peptides) chains are being trans_
lated, certain prolyl and lysyl residues at .,y,, position
are oxidized to hyp and hyl, respectively, by enzymes
prolyl hydroxylase and lysyl hydroxylase. The hydroxy_
lation occurs predominantly at C-4 position of proline
by prolyl-4-hydroxylase; however, it also occurs at C-3.

The latter reaction is catalyzed by a separate enzyme,
prolyl-3-hydroxylase.

Hydroxylation of both prolyl and lysyl residues re-
quires molecular 02, Fe* *, cr-ketoglutarate, and ascor-
bic acid as cofactors. Only nascent pro-cr chains, not
triple-helical molecules, are substrates for the hydroxy-
lation reaction, and the minimum sequence require-
ment for prolyl hydroxylation is -X-pro-gly. Not all pro-
lyl and lysyl residues are hydroxylated, and the extent
of hydroxylation depends upon availability of substrate,
tissue, and other factors. Fully hydroxylated triple helix
has a T- (melting temperature, temperature at which
the triple helix is denatured to individual a chains) of
39oC, while unhydroxylated molecules melt at 25"C;o
therefore, prolyl hydroxylation is an essential step in
collagen biosynthesis because underhydroxylation
results in denaturation and subsequent degradation of
the collagen molecule. The role of 3-hyp is unknown,
however. Prolyl-4-hydroxylase is a tetramer consÍsting
of two cr and p subunits each, which have molecular
size of 64 kDa and 60 kDa, respectively. Lysyl hydroxy-
lase is a homodimer of 85-kDa subunits. The relative
rates of hydroxylation vary with collagen types; for
example, type IV collagen has a higher degree of 3-pro-
lyl hydroxylation and up to 90% lysyl hydroxylation
relative to types I and III.

The pro-a chains are also glycosylated during trans-
lation at hyl and asparagine residues. Glycosylation of
peptidyl hyl occurs on oxygen at C-5 and is carried out
by enzymes hydroxylysylgalactosyl transferase and gal-
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actosylhydroxylysylglucosyl transferase. These en-

zymes transfer uridine-5'-pyrophosphate (UDP)-galac-

tose and UDP-glucose, respectively. This reaction, like
hydroxylation, occurs on non-triple-helical structures.

Glycosylation occurs in the RER-lumen and continues
in the Golgi.

As soon as synthesis of pro-a chains is completed,
globular domains at their C-terminal end fold and are

stabilized by intrachain disulfide bonds of cysteines.
Then, two pro-crl and one pro-a2 chains in type I, and
three pro-al chains in type II and III collagens, associ-

ate at the C-terminal ends aided by interchain disulfide
bonds. Triple-helix formation is thus initiated and pro-

ceeds to the N-terminal end.
The assembled procollagen molecule is then trans-

located to the Golgi where additional glycosylation, sul-
fation, and phosphorylation occur. Sulfation occurs in
some collagens, notably in type V, at tyrosyl residues of
amino terminal propeptide, and phosphorylation occurs
at serine. Completed molecules are packaged into vesi-
cles, which fuse with the cell membrane and release

their content into extracellular space.

Extracellular events. Three key events occur in the
extracellular space that convert procollagen into func-
tional molecules. First, procollagen is converted to col-
lagen. This is done by removal of propeptide sequences
at the N- and C-terminal ends. The enzymes responsi-
ble are N- and C-procollagen peptidases. The N-propep-
tidase cleaves pro-gln bond in pro-al(I) and pro-al-
(III) chains and ala-gln in pro-a2(I). This enzyme
requires a triple-helical substrate and removes pro-N-
domains en îKrsse. At the carboxy end, cleavage occurs
at ala-asp bond in both pro-crl(I) and pro-a2(l) chains.
While removal of propeptides is necessary for type I, II,
and III collagens, other collagens may not be processed

similarly and some not at all. The "collagen" molecules
formed then aggregate spontaneously into ordered fib-
rils, dictated by the charged and hydrophobic regions
on the molecule. Aggregation occurs in an ordered par-
allel, overlapping lateral array such that adjacent mole-
cules are staggered by approximately t/t of the length of
the molecule (670 .Ä) (see Fig 6-l). Although the aggre-
gation is nonenzymatic, the rate of fiber formation and
diameter of the fibrils appear to be regulated by type V
and III collagens and by other macromolecules (decorin
proteoglycan, for example). Removal of propeptide
extensions is necessary for ordered fibril formation, and
their retention, especially the N-terminus, results in
poor fibril organization in an inherited disease, der-
matosparaxis, in cattle, sheep, and cats. Absence of this
step is believed to be the reason type IV collagen does
not form fibrils in basement membranes.

The collagen fibrillar array is then stabilized by

crosslinking, which is initiated by the enzyme lysyl oxi-

dase. This enzyme requires Cu+ + and pyridoxal phos-

phate as cofactors.'o'" Lysyl oxidase oxidatively deami-

nates e-amino groups to aldehydes converting lysyl and

hydroxylysyl residues to allysine and hydroxyallysine,
respectively. In collagen types I, II, and III, four cross-

linking loci exist, one lys at the N-terminal telopeptide,

two hyl in the triple helix, and one hyl at C-terminal

telopeptide. Aldehyde residues in allysines and hydroxy-
allysines condense spontaneously with each other or
with unmodified lys or hyl residues in adjacent ø
chains, forming divalent crosslinks norleucine, hydroxy-
norleucine, and aldol condensation products. More
complex crosslinks, merodesmosines and hydroxy-
pyridiniums, are formed as adducts with additional
residues" (Fig 6-3).

The reactions involved in collagen biosynthesis are

summa¡ized in Fig 6-4.

Regulttion of collogen brosynrhesrs. Collagen synthe-

sis is tightly regulated during normal development and

homeostasis in a cell- and tissue-specific manner.
Regulation is effected by several mediators. These sub-

stances affect collagen gene transcription either directly
or through other factors capable of interacting with
gene sequences. Growth factors and cytokines are key

regulators of collagen production during inflammation
and wound repair,u'" and aberrations in the regulation
lead to connective-tissue alterations during pathological
conditions.

Regulation of collagen synthesis can occur at the

Ievel of gene transcription or posttranslational modifi-
cation. The most significant point of regulation is that
of gene transcription, and changes in its rate are reflect-

ed in mRNA levels. The latter is also affected by the

stability of mRNA. Posttranslationally, collagen produc-

tion may be affected by the extent of prolyl hydroxyla-
tion because underhydroxylation results in decreased

stability of the collagen molecule, which is degraded.

The prolyl hydroxylation is impaired in scurvy due to
deficiency of vitamin C, which is a cofactor for prolyl
hydroxylase. Because the N-propeptide, released by
pro-N-peptidase action, inhibits protein translation, it
may also inhibit collagen systhesis''; however whether

this inhibition occurs physiologically or not is not clear.

The biosynthetic steps at which regulation of collagen

biosynthesis may occur are indicated in Fig 6-4.

The collagen genes, like other protein genes, contain
promoters and enhancers of transcription. The first
intron of COLIA2 contains short promoter and enhan-

cer sequences, which act in concert, and at least three

sequence domains bind to transacting factors (these are
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proteins that interact with specific DNA sequences). In
the mouse COLlA2, these sequences are Iocated
between -84 and -80 (CCAAT Motif), -250 and -247
(CAGA), and between -315 and -29S (GCCAAG) reta-
tive to the transcription initiation site.,..¡s The Iast
sequence represents a binding site for the nuclear factor
NFl, which is an intracellula¡ mediator for DNA repli
cation and a transcription factor. l'ransforming growth
factor-B (TGF-P) activates collagen gene transcription
through this sequence.'6 In the human COLI,{I gene,
the first intron contains a negative regulatory-sequence
domain. This is located at + 820 to + 1093 and contains
a binding motif for the transcription factor Spl (GCCC-
CGCCCC) and a viral core enhancer sequence (GTGGT-
TAGC;."'''

The manner in which collagen genes are regulated
differs for different collagen types. For example, in type
IV collagen, genes for COtlAl and COL4A2 are arrang-
ed head to head, separated by a 130-bp segment. At the
center of the intervening region is a binding site for
SPl. The 130-bp sequence interacts with enhancer and
negative regulatory elements located in COL4AI and
COIAA2 genes, respectively, and regulates the expres-
sion of both c¿l(IV) and a2(lV) genes.,'

Developmental expression of collagens is regulated
in temporal, tissue, and cell type-specific manner. For
example, intermption of the first intron of the COLIAI
gene in the mouse germ line by integration of the
MoMLV viral gene results in transcriptional inactivation
of the COLIAI gene and, as a result, type I collagen is
not made. The embryos die between 12 and 14 days.
However, tooth rudiments synthesize normal amounts
of type I collagen, indicating that in odontoblasts,
unlike fibroblasts, this collagen is regulated by a site
different from intron l.t, Thus, collagen synthesis
appe¿us to be regulated differently in skin and teeth. In
type IX collagen, tissue-specific expression appears to
be achieved by utilizing different transcription-initiation
sites, which are located 20 kb apart. In cartilage,
COL9AI transcription starts in exon l. In cornea, how-
ever, it starts downstream at the 3, end of intron 6;
after splicing, in corneal COLgAl, exons up to Z are
skipped. As a result, the corneal al (lX) chain is shorter
than cartilage crl (lX).,0

A variety of growth factors and cytokines regulates
collagen production during development, inflammation,
and wound repairo',, and, in virtually all cases, this is
reflected in mRNA levels. The collagen mRNA levels
may also increase or decrease due to a change in either
the rate of collagen gene transcription or in mRNA sta-
bility. Among the various mediators that affect collagen
synthesis, TGF-P is an important mediator as it en-
hances the synthesis of collagen and other matrix com-

ponents. This polypeptide is believed to play a major
role in wound repair and fibrosis.,. In contrast, tumor
necrosis factor-a (TNF-cr) and interferon-y (lFN-y) sup-
press collagen gene expression.lt'r23 During inflam¡na-
tion and wound healing, these substances are secreted
by platelets, macrophages, and other inflammatory
cells. The action of some of these mediators on collagen
synthesis is summarized in Table 6-2.

Inflammatory mediators may also regulate matrix
composition through their effect of matrix degrading
enzymes.

Degradttion and remodelíng of collogens. Collagen
undergoes degradation and remodeling during develop-
ment, inflammation, and wound repair, and dur.ing
resorption in bone. Collagen degradation requires spe-
cial enzymes because the crosslinked molecules in
fibers are resistant to most common proteinases. These
enzymes, called "collagenases," initiate collagen degra-
dation by cleaving gly-ileu and gly-leu bonds in al (t)
and o2(l), respectively. These peptide bonds are locat-
ed approximately one quarter of the length from the C-
terminus, thus fragments of % and % size are released.
The released fragments have a lower T- than that of
the native molecule, and thus become denatured and
further degraded by other common tissue proteinases.
Alternatively, collagens may be ingested by phagocyto-
sis by macrophages and fibroblasts and hydrolyzed by
lysosomal enzymes.

The enzymes responsible for degradation of collagen
and other matrix molecules are a family of nine or
more metal-dependant enzymes called matrix metallo-

Table 6-2 Some Mediators Affecting Collagen

Synthesis

Mediator Effect

TGF-p' 1

lFNl J

TNF-n J

Glucocorticoids+ J

Vitamin D J

' Alrc decroases MMP synth€sis ond increases TlMp and protooglycan
producl¡on

t Enhanæs matrix d€916dat¡on by st¡mulat¡ng MMp synthesis
+ lncreases elastin and fibronect¡n synthesis.
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Table 6-3 Matrìx Metalloproteinases

Enzyme MMP' Subslrates

lnterst¡tial collagenases
Fibroblast type
PMN type

Gelatinases/type lV

collagenases
72 kDa

92 kDa

Stromelysins
Stromelysin 1

Stromelysin 2
Stromelysin 3

Other enrymes
Putative metalloproteinase

(PUMP-1)

Telopeptidase

Collagen types I to lll, Vll, Vlll
Same as MMP-1

Gelatin, collagen types lV to Vll
X, Xl. elastin

Same as MMP-2

Proteoglycan core proteins,
laminin, collagen types lV, V, lX, X

Same as MMP-3
Fibronectin. gelatins, types ll, lll,

V collagens

Fibronectin, laminin, type lV
collagen, gelat¡n

Collagen C-propeptide

MMP-1
MMP-8

MMP-2

MMP-9

MMP-3

MMP-10
MMP-1 1

MMP-7

MMP-4

' Classifiæt¡on based on Nagase et al'¡ Also soe B¡rkedal-Hansen €t El.ñ

proteinases (MMPs). The MMPs have a highly con-
served and related gene structure and broad specifici-
ty.:'2s These enzymes are divided into four groups. The
first group, interstitial collagenases, includes fibroblast-
(MMP-l) and PMN-type (MMP-8) collagenases. Col-
lagen types I, II, III, VII, VIII, and X and gelatin are sub-
strates for these enzymes. The fibroblast enzyme
hydrolyzes type III fibers faster than type I, while the
PMN enzyme hydrolyzes type I faster. The second
group includes 72-kDa (MMP-2) and 92-kDa (MMP-9)
gelatinases (also called type IV collagenases). These
enzymes have a high affinity for gelatin, and degrade
gelatin, collagen types IV, V, VII, X, and XI, and elastin.
They cleave gly-X-peptide bond where X - val, leu,
glu, asn, or ser. Stromelysins I and 2 (MMP-3 and 10,
respectively), form the third group, and these enzymes
hydrolyze core protein of proteoglycans, type IV, V, IX,
and X collagens and elastin. The last group includes
other enzymes such as putative metalloproteinase I
(PUMP-1, MMP-7) (Table 6-3). Fibroblasts, keratino-
cytes, monocytes/macrophages, and several other cells
produce MMP, although MMP-2 has not been detected
in PMN. The fibroblast and keratinocyte enzymes are
regulated transcriptionally and synthesized in response
to external stimuli, therefore there is a time lag
between exposure to an agent and release of active
enzyme. Many irrflammatory mediators and bacterial
substances influence the MMP production by these
cells.'¿s In contrast, the PMN enzyme is released readily
on demand as it is stored in storage granules.

MMP activity is controlled in vivo in three ways.2s

First, the MMPs are synthesized and secreted as inac-
tive precursors and conversion to active form requires
activation by plasmin, trypsin, or other proteinases.
Second, production of MMP is regulated by several
growth factors and cytokines. Interleukin-l (lL-1) and
TGF-P are key regulators of MMP production in in-
flamed tissues. The IL-l increases and TGF-p decreases
MMP synthesis. Finally, activity of MMPs is neutralized
by serum and tissue inhibitors. A major serum inhibitor
is u2-macroglobulin, which covalently crosslinks with
susceptible proteolytic enzymes and inactivates them.
The a2-macroglobulin is a potent inhibitor because it
binds to MMP-I with even gxeater avidity than its sub-
strate, collagen.2ó Tissues contain another group of pro-
tein inhibitors to MMP. Two such inhibitors, tissue
inhibitor of metalloproteinases I and 2 (TIMP-I and
TIMP-2), have been characterized. These inhibitors act
by inactivating active-MMPs and by preventing their
conversion to active forms from precursors. The TIMP-
I and TIMP-2 are more effective towards interstitial col-
lagenases and gelatinases, respectively.'? The TIMPs are
distributed widely in many tissues and fluids.

Unlike vertebrate collagenases, collagenases from
bacteria can degrade native collagen molecules to small
peptides.

Ddse¿ses associated with collogen alteratíons.
Alterations either in the molecular structure or compo-
sition of collagens lead to functional abnormality of
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connective tissues. Collagen molecular structure is
affected by mutations in both the collagen gene and
genes of posttranslational processing enzymes. Such
mutations could arise by nucleotide substitution, dele-
[ion, or insertion. The severity of diseases caused by
collagen molecular defects will depend on several fac-
tors. Mutations that affect the structure of pro-al(l)
genes are often lethal, whereas those affecting pro-cr2

chains are not; this is because when a2(l) cannot be
produced due to a defect in its primary structure,
homotrimers of crl (I) can form and these are stable.
However, homotrimers of s2(l) chains are not stable
and they cannot assemble into functional trimers with-
out al(I). Therefore, large deletions, insertions, and
mutations near C-terminus of pro-crl(l), which affect
the assembly of pro-a chains, are lethal. For example,
in osteogenesis imperfecta{I (OI-II), alUl glycinegss is
converted to cysteine; the mutated molecules cannot
form trimers, therefore it is lethal.a The OI-II is often
associated with dentinogenesis imperfecta because
dentin contains type I collagen as a major component.
In contrast to those of collagen genes, mutations of pro-
cessing enzymes are usually not lethal, even though
they could result in functional abnormalities of con-
stituent tissues. Thus, defective lysyl oxidase and lysyt
hydroxylation lead to loss of tensile strength of connec-
tive tissues and hypermobility of joints, respectively, in
cutis laxa and Ehlers-Danlos syndrome..

While diseases due to collagen molecular defects are
inherited and rare, acquired diseases are much more
common. The acquired diseases include chronic inflam-
matory diseases and fibroses. Many of these, especially
systemic diseases affecting connective tissues, have
manifestations in the periodontium (Crohn's disease
and progressive systemic sclerosis, for example).
Connective-tissue alterations in acquired diseases differ
from inherited diseases in several respects. For in-
stance, in acquired diseases gene expression is affected,
not gene structure. The underlying cause of these dis-
eases is often unknown and it is multifactorial, with
changes occurring in virtually all matrix components,
including proteoglycans.6 Proportions of collagen types
may be affected in these diseases; for example, in ath-
erosclerosis, type V collagen is enriched, and in peri-
odontal disease type I and III collagens decrease, and
type V increases (see pages 81 and 82).

Connective-tissue alterations in acquired diseases
are brought about by the interaction of connective-tis-
sue cells, chiefly fibroblasts, with numerous inflamma-
tory mediators and cytokines present at the site of
injury. These substances are released from damaged
tissue and inflammatory cells.o2. Important among these
are platelet-derived growth factor (PDGF) and TGF-p,

which enhance cell growth and matrix synthesis
respectively, and IFN-1, TNF-cr, and PGE2, which sup-

press collagen synthesis.o '' These substances may affect

the synthesis activities of all resident cells. Altern-
atively, they may interact with a subpopulation of resi-
dent cells and selectively enrich this subpopulation.
Presence of such cells is believed to be one reason for
the alterations of matrix constituents during wound
repair in periodontal diseases and in scleroderma.o
These mechanisms are discussed in the section of this
chapter on periodontal connective tissue, under "Repair
and regeneration."

Noncollagenous proteins. The extracellular matrices
of the periodontium and other connective tissues con-
tain elastin, fibronectin, Iaminin, tenascin, throm-
bospondin, entactin, and other noncollagenous pro-
teins. Quantitatively the noncollagenous proteins are
minor constituents relative to collagens, nevertheless
they play a significant role in connective-tissue integrity
and function. Many of these proteins share several
common features. For example, they are large mole-
cules composed of multiple functional domains with
distinct binding properties; they influence a variety of
cellular activities, and they exist in multiple forms.

Elostin. Elastin is a unique, rubber-like protein that is
present, in vertebrates, in virtually every organ of the
body. It is a major component of large arteries, vocal
cords, elastic cartilage, and lungs, and in nuchal liga-
ments in cows. Ultrastructurally, elastin fibers are com-
posed of two morphological components-an amor-
phous elastin component constituting 90% of the
mature fiber, and a 10- to 12-nm diameter microfibrillar
component. The latter is located around the periphery
of the amorphous component.ze

Elastin is the most insoluble protein known. Glycine
comprises approximately 33 % of the amino acid in
elastin, but is not found regularly (as every third amino
acid) as in collagen. Elastin molecules are organized in
such a manner that crosslink regions alternate between
hydrophobic regions. The pentapeptide val-pro-gly-val-
gly and hexapeptide pro-gly-val-gly-val-ala repeat sever-

al times in the hydrophobic regions. In the crosslink
regions lysine residues occur in sequences lys-ala-ala-
ala-lys and lys-ala-ala-lys."

Like collagen, elastin is first synthesized as an
uncrosslinked precursor, tropoelastin. The elastin gene

is -40-kb long and contains 34 to 36 exons.3o while
organization of the exons may differ, there is consider-
able homology between human, porcine, bovine, and
chicken genes. The tropoelastin mRNA is 3.5-kb long,
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and the overall size of tropoelastin is approximately
750 amino acids.

Elastin crosslinking is mediated by the enzyme lysyl
oxidase, the same enzyme that acts on collagens.'0'"
The enzyme prefers the insoluble form of substrates
and it oxidatively deaminates lysines to allysiness'; the

latter spontaneously condenses to crosslinks.'r Elastin

does not have hydroxylysine- and histidine-derived
crosslinks, but contains other crosslinks found in colla-
gens. In addition, it has two unique crosslinks derived
from four lysines each, desmosine and isodesmosine.
The desmosines connect two peptide chains each. The
synthesis of elastin is regulated primarily at the tran-
scriptional Ievel.

Fibronectin. Fibronectin is a multifunctional adhesive
glycoprotein that is co-distributed with type I and III col-
lagens in fibers. It is present in the extracellular matrix
and various body fluids. It binds to fibroblasts and
many other cell types and mediates their attachment,
spreading, and migration. It also binds to collagens,
heparin, fibrin, DNA, and bacteria. These properties
allow fibronectin to participate in many biological
processes during growth, development, and repair.
Fibronectin plays a prominent role in phagocytosis,
hemostasis, thrombosis, and oncogenic transformation.3'z

Fibronectin is a large 540-kDa dimer of two similar
230- to 270-kDa polypeptide subunits, which are con-
nected by disulfide bonds at the C-terminus. Two forms
of fibronectins, plasma (pFN) and cellular (cFN), have
been characterized. Both are heterogenous mixtures of
molecules, cFN assembled from eight different sub-
units, and pFN from four. While pFN is a major blood
protein synthesized by hepatocytes, cFN is produced by
many cell types and incorporated into extracellular
matrices.'2

The fibronectin gene and protein structures are high-
ly conserved among species. The rnolecule is made up
of three internally homologous repeats known as type I,
II, and III, which are assembled into globular domains
with distinct biological activities. The fibronectin gene

ranges between 48 and 70 kb in size in different species
and generates an 8-kb mRNA.r' The gene contains 48
exons of similar size. The protein contains 12 type I
repeats of approximately 45 amino acids coded by 12

exons. These repeats make up the fibrin-binding
regions present at both N- and C-termini of the
fibronectin molecule, and two repeats code for part of
the gelatin/collagen-binding domain. These repeats
contain four cysteines each. However, no intrachain
disulfide-bonds are present in the type III repeats.
There are 15-17 type III repeats, each with approxi-
mately 90 amino acids and coded by two exons. This

domain contains binding sites for cells, heparin, and

DN,¡t and is highly conserved.
Fibronectin subunit variation is due to alternative

mRNA splicing. Three variants in rat and five in human

fibronectin arise due to a novel pattern of alternative
splicing from a single exon in the "V" segment. This
segment, which contains two splice sites, resides within
the type III domain. This region is structurally different

from other domains in amino acid distribution, and

contains glycosylation sites and an arg-gly-asp (RGD in

one-letter amino acid code) recognition sequence for

cell attachment. Subunits also arise by alternative splic-

ing at another type III repeat site designated as EIIIa

and EIIIb; iu this case an extra domain is either exclud-

ed or included in the fibronectin molecule. The inclu-
sion occurs only in cFN."

Vítronectin. Vitronectin is a glycoprotein found in both
serum and the extracellular matrix.*rs It is present on

elastin fibers and in the matrix of loose connective tis-

sues of several organs in a fibrillar pattern. However, it
is not considered an integral matrix constituent as it is

a serum protein produced in the liver. Vitronectin is a

70- to 78-kDa protein and has multiple functional
domains. It attaches cell surfaces at focal adhesion sites

and sites of intracellular cytoskeletal elements, indicat-
ing a mode of transmembrane signalling to the cellular
cytoskeleton.r6'37 The protein has a heparin binding site,
but this is a cryptic site, hidden within a fold of the
protein. Vit¡onectin facilitates the binding of bacteria to
host cells and phagocytosis, and inhibits complement-
mediated cell lysis. It also binds plasminogen activator-
inhibitor, and may be involved in the regulation of this
protease.rrs

Thrombospondûu. Thrombospondins are a family of
large multidomain glycoproteins produced in platelets

and by urany cell types. The thrombospondiu molecule
participates in platelet aggregation and it affects the
migration, adhesion, and growth of many cells, espe-

cially the PMN and macrophages.36'3e It regulates angio-
genesis and is expressed during wound healing. It inter-
acts with several extracellular matrix components and
cell surfaces. Four different thrombospondin genes

have been distinguished and described.

Tennscin. Tenascin (also called cytotactin and hexa-
brachion) is a glycoprotein that consists of six disulfide-
linked subunits assembled into a "star-shaped" com-
plex.'o It has EGF- and fibronectin-type-lll-like
sequences and binds to cells and matrix constituents.
During development, tenascin is expressed selectively
at mesenchyme condensations at sites of mesenchymal-

70



Connective Tissue

VitronectinÞscr"0s

ICAM.1 ICAM-2

b

þz þzoz

0ro¿

0r%

Fibronectin

Same as above

Fibrinogen, vitronectin, f ibronectin,
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Table 6-4 lntegrin Receptors that Bind to Matrìx Proteins and
Serum Proteins

Binds tonClass

epithelial interaction, and its presence almost always
correlates with morphogenetic events.lr The distribution
of tenascin becomes restdcted in adult tissues, but it is
actively expressed during wound healing and tumorige-
nesis." This molecule can promote as well as inhibit
cell adhesion. It interacts specifically with some proteo-
glycans and fibronectin and is believed to influence
cell-fibronectin interactiorìs..o,i!'{ A strong relationship
between tenascin expression and epithelial-mesenchy-
mal interactions has been noted during tooth morpho-
genesis.'s

IaminûL L,aminin is a large 900-kDa glycoprotein that
is present only in basement membranes. It is composed
of one heavy (a00 kDa) and two light (200 kDa) chains.
The laminin molecule has a crosslike structure with
three short arms and one long arm, which are formed
by N- and C-termini of subunits, respectively. Five
laminin subunits have been described; these include
two heavy chains, A and merosin M, and three light
chains, Bl,B,2, a¡d S. Unlike fibronectin, which results
from alternative splicing to form multiple variants,
laminin variants appear to be the result of assembly of
different gene products to form a single heterogeneous
family of molecules. taminin mediates many biological
functions associated with basement membranes, includ-
ing cell attachment, migration, and differentiation. It is
expressed early in embryogenesis, indicating its impor_
tance in development. Like fibronectin, laminin inter-
acts with other matrix components and cell surface mol-

ecules. The laminin molecule has different domains
with distinct functions, and these domains bind to cells,
heparin, collagen, entactin, and growth factors.tr.o'

Ento.ctin. Entactin (nidogen) is a glycoprotein of
approximately 150 kDa. It is ubiquitously expressed in
basement membranes, where it is present as a nonco-
valent complex with laminin. Structurally, entactin has
been described as having a "dumb-bell" appearance
with two globular domains separated by a linear,
cysteine-rich domain." In addition to binding with
laminin, entactin can interact with cell surfaces via
RGD sequences near its carboxy terminus.{' Entactin,
alone and as a complex with laminin, binds to type IV
collagen within basement membranes, and contributes
to the "sieve-like network" in these membranes.so

Cell-surface/matrit interactiotu ond. integrírc. Within
the primary structure of matrix proteins, the arg-gly-asp
(RGD) amino acid sequence appears to be responsible
for many attachment interactions.s' Attachment to the
RGD recognition sequence is mediated by specific cell-
surface receptors called lnfegnns. This term was first
proposed in 1986 to describe those molecules on cell
surfaces intimately involved in linking the extracellular
matrix with the cytoskeleton. Integrins are het-
erodimers of cr and B subunits and are classified on the
basis of their p-subunit composition" (Table 6-4). Each
chain is composed of three domains: a large extracellu-
lar domain, a membrane-spanning domain, and a short
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cytoplasmic domain. The amino acid sequence of the
extracellular domain of a subunits contains Ca+ + (or
Mg * * ) binding sites that are homologous to similar
sites in calmodulin (Fig 6-5). To date at least 11 cr sub-
units and 6 B subunits have been described. Binding of
integrins to matrix proteins is specific and dictated by
the a- and p-subunit composition (see Table 64), and
depends on divalent cations. The binding induces a
series of signalling events such as activation of protein
kinases, which are believed to mediate cell migration,
attachment, growth, and other functions. The integrins
provide a valuable link between the extracellular matrix
and the cytoskeleton, and are implicated in white
blood-cell diapedesis, leukocyte migration, T-cell-
macrophage interactions, clot formation, epithelial cell
migration, and fibroblast migration. Integrins are ex-
pressed actively during wound healing, angiogenesis,
and tumorigenesis.srr

While the presence of the RGD sequence is neces-
sary for many cell/matrix interactions, hundreds of
molecules that contain RGD sequences play no signifi-
cant role in cell adhesion. RGD-containing domains
have also been identified in bone-matrix proteins,
osteopontin, and bone sialoprotein-Il (Bsp-ll), which
presumably function in regulating osteoblast adhesion.
These proteins are discussed in the section on bone.

Proteoglycans. Proteoglycans are highly anionic com-
plexes in which one or more hexosamine-containing
polysaccharides called glycosaminoglycans (GAGs) are
covalently attached to a protein core.ss They are ubiqui-
tous to all connective tissues, and are located within
the matrix as integral components, on cell surfaces and
within cell organelles.s. By virtue of their high charge,

Fig 6-5 Structure of integrin a and B sub-
units showing the distribution of key
sequence domains.

they have been ascribed a variety of functions, includ-
ing tissue hydration, retention and regulation of water
flow, lubrication of synovial and mesothelial surfaces,
regulation of collagen-fiber formation, growth-factor
binding, and cell adhesion and growth."-uo These
macromolecules were first described in the late 1950s,
and later called mucopolysocchori.d,es6''û; the term pro-
teoglycan was introduced in 1967.63

Glycosa.mínoglycøns. The GAGs are composed of
repeating, unbranched disaccharide units of uronic acid
(either D-glucuronic acid or L-iduronic acid), and D-
galactose or a hexosamine (either D-glucosamine or D-
galactosamine) (Table 6-5). The GAG types include
hyaluronic acid, chondroitin sulfates, dermatan sulfate,
keratan sulfate, heparan sulfate, and heparin.* Hyalu-
ronic acid, which is the only nonsulfated GAG, is a
large molecule varying in size from 105 daltons to 106

daltons, and it consists of N-acetylglucosamine and D-
glucuronic acid. Chondroitin sulfate consists of D-gtu-
curonic acid and N-aceteylgalactosamine, it is sulfated
at C-4 or C-6, and it is found in most tissues, especially
cartilage. Dermatan sulfate is made up of D-glucuronic
acid, L-iduronic acid, and N-acetylgalactosamine, and it
is a component of fibrous tissues including gingiva and
periodontal ligament. Heparan sulfate is a component
of basement membranes and epithelium. It is composed
of D-glucuronic acid, L-iduronic acid, and N-acetylglu-
cosamine, and it is N- and O-sulfated. Heparin has a
structure similar to heparan sulfate and is present in
mast cells. Keratan sulfate is the only GAG in which D-
galactose replaces uronic acid in the repeating disac-
charide unit. It has a limited distribution, being present
in cornea and skeletal tissues.
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D-glucuronic acid/L-iduronic acid
Dalucosamine

NOHeparin

D-glucuronic acid/L-iduronic acid,

D-galactosamine

Dermatan sulfate o-

Table 6-5 Disaccharide Composition of Glycosaminoglycans

NoneD-glucuronic acid, DglucosamineHyaluronic acid

Glycosaminoq lvca n Sulfate'Disaccharide subunit

Core proteíns. The exceptional diversity of proteogly-
cans is due to the number and posttranslational modifi-
cations of the core proteins, which covalently bind to
CAG units. These polypeptides range in size from l0 to
300 kDaus and are rich in amino acids serine, glycine,
proline, and glutamic acid.6.6' In early studies to charac-
terize these proteins, conventional protein sequencing
was difficult to perform due to their complex structure;
however, recent advances in molecular biology have
made it possible to deduce their amino acid sequences.
Various hydrophobic, hydrophilic, and globular do-
mains have been identified within the molecules and
these correlate closely with the tissue location and
function of proteoglycans.6T-70 However, they do not
appear to form a single supergene family.

Glycopeptídc linkoges. The attachment of GAG chains
to protein cores is relatively consistent among most of
the proteoglycarrs. Attachment of a trisaccharide se-
quence xyl-gal-gal to serine is usually via an O-glycosidic
link.7' Such a linkage sequence has been identified for
chondroitin sulfate-4 and -6, dermatan sulfate, and
heparan sulfate. The linkage of keratan sulfate to core
proteins appears to be unique. Corneal keratan sulfate
links to its protein via a N-glycosidic bond between N-
acetylglucosamine and asparagine,T, while skeletal ker-
atan sulfate binds through an O-glycosidic bond between
N-acetylglucosamine and either serine or threonine.Ti

In addition to GAG chains, most proteoglycans
contain variable proportions of N- or O-linked oligosac-
charides.T' In this case, the O-linked oligosaccharide
linkage is between a glycoside bond of terminal
N-acetylglucosamine and the hydroxyl group of serine
or threonine. The Nlinked oligosaccharides attach by

N-glucosamine bonds to asparagine residues. The func-
tion of these oligosaccharides is not entirely clear.

Proteoglycatt synthesrs. Like all proteins, the core pro-
teins of proteoglycans are synthesized in the RER. All of
them have a hydrophobic signal sequence at the N-ter-
minal, which is removed as the protein is being translat-
ed. The addition of sulfated GAGs to the core protein
occurs in the Golgi and is initiated by xylosyltransferase;
this enzyme adds xylose to hydroxyl groups in acceptor
serines. For GAG chain elongation to occur, up to 6 glu-
cosyltransferases and 2 sulfotransferases are required.t
First xylose is added to the serine residue; this may
occur either late in the RER or early in the Golgi. This is
followed by sequential addition of galactose, glucuronic
acid, and N-acetylglucosamine. Then the uronic acid
and hexosamine are added sequentially to the nonre-
ducing end of the growing chain. Sulfate esters are then
added as the chain elongates. Additional modifications
occur to dermatan sulfate, heparin, and heparan sulfate,
either during or immediately after chain elongation.Ts'76

The modifications include epimerization of D-glucuronic
acid to L-iduronic acid, 2-O-sulfation of L-iduronic acid,
and N-deacetylation and N-sulfation of heparin and
heparan sulfate.

Proteoglycan f¡pes. Historically, the proteoglycans had
been designated by their GAG content and size, and
called by names such as "small dermatan sulfate pro-
teoglycans" and "large aggregating chondroitin sulfate
proteoglycans." However, in recent years the nomen-
clature is based on core proteins, amino acid sequence,
and tissue location. Irrespective of the individual
names, it is still convenient to classify proteoglycans
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Table 6-6 Compositíon and Distribution of Some Proteoglycans

Proteoglycan GAG* Tissues lnteracts with

Extracellular
proteoglycans

Aggrecan
Versican

CS KS

CS

Cartilage
Soft connective tissues, fibroblasts,

gingiva, periodontal ligament,
cementum

Basement membranes
Soft connective tissues, bone,

gingiva, per¡odontal ligament,
cementum

Soft connective tissues, bone

HA
HA

Perlecan
Decorin

HS bFGF

Collagens types l, ll,
TGF-p, FN

DS/CS

Biglycan DS/CS Matrix components, not
collagen, cell surface

Centoglycan

Cell surface
proteoglycans

Syndecan-'l
Syndecan-2
Syndecan-3
Syndecan4

cs Striated muscle, fibroblasts, bone

CS/HS Epithelium
Fibroblasts
Schwann cells, cartilage
Fibroblasts, endothelial and
epithelial cells

Lymphoc¡e homing factor
Cell surfaces

Various growth factors (bFGF, EGF)

Various growth factors (bFGF, EGF)

Various growth factors (bFGF, EGF)

Various growth factors (bFGF, EGF)

HS

HS

HS

cD44
Betaglycan

CS/HS

HS/CS

HA)
TGF-p receptor

Proteoglycans in

hemopoietic cells
Serglycine CS Mast cell granules lntracellular enrymes

' CS, chondroitin sulfato; KS, keratan sulfale; Hd hyalurorric scid; DS. dermatan sulfate; HS, heparan sulfate; FN, f¡bronectin; bFGF, bas¡c fibroblast
groMh factor; EGF, epidemal growth factor

into three separate g¡oups based on their location as: 1)

extracellular proteoglycans, which are matrix organiz-
ers and tissue-space fillers; 2) cell-surface proteogly-
cans; and 3) intracellular proteoglycans of the hemato-
poietic cells (Table 6-6). The following is a brief
overyiew of those proteoglycans that are relevant to
periodontal tissues. A schematic representation of the
structures of proteoglycans is provided in Fig 6-6.

h.trocellulnr prcteoglycans. These may be further sub-
divided into large and small species. Large proteogly-
cans include aggrecan, versican, and perlecan.
Aggrecan is a large cartilage-specific proteoglycan
bound to hyaluronic acid,z'76 and it consists of approxi-
mately 100 chondroitin-sulfate chains and approximate-
ly 100 keratan-sulfate chains, together with numerous
N- and O-linked oligosaccharides. Versican is the
fibroblast equivalent of aggrecan, but it does not con-
tain keratan sulfate. The protein core of this proteogly-
can has a multidomain structure with EGF-like repeats,
a lectin domain, a complement-regulatory domain, and

a hyaluronate-binding region.n Perlecan is a basement-
membrane proteoglycan containing heparan sulfate as

the GAG. It has structural homology to neural cell
adhesion molecule, "4" chain of laminin and other
components, and it can aggregate with type IV collagen
and laminin.æ

Biglycan, decorin, and centoglycan are small extra-
cellular proteoglycans. Biglycan is a small dermatan
sulfate-containing proteoglycan.s' It has two sites for
GAG attachment and it is found in developing bone and
cartilage. It is localized in close association with ker-
atinocytes and fibroblasts, and it binds to some matrix
molecules, but not to collagens. The production of
biglycan is modulated by TGF-p1 and growth hormone.
Decorin is similar to biglycan in structure except that it
has only one attachment site for GAG chain6'; this pro-

teoglycan shows a close association with collagen fibers
and localizes in the gap region of collagen fibrils.
Centoglycan (PG-100) is synthesized by osteoblasts and
fibroblasts, and it contains N- and O-linked oligosac-
charides and a single chondroitin-6-sulfate chain.æ
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Fíg 6-6 Composition of various proteogly-
cans. Each proteoglycan consists of a core
protein (horizontal lines) covalently linked to
GAG chains (vertical lines). (KS) keratan sul-
fate; (CS) chondroitin sulfares; (DSl der-
matan sulfate; (HS) heparan sulfate.

CeIl- surfore proteoglycatu. These proteoglycans contain
heparan sulfate GAG. Cell-surface proteoglycans are
ubiquitous cell-surface components of all mammalian
cells," and they are present on cell surfaces as integral
components of membrane proteins spanning the lipid
bilayer, by partial insertion into the lipid bilayer of a

phosphatidyl inositol component of the proteoglycan,
or by binding of a GAG side chain to specific plasma
membrane receptors.s'e

Among cell-surface proteoglycans, the syndecans are
the best studied. These molecules have a unique pro-
tein core composed of both hydrophobic and hydro-
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philic domains and substituted with either heparan sul-

fate or chondroitin sulfate, or both.Es To date four syn-

decans have been identified on the basis of their cDNA-

derived amino acid sequence. Syndecan-l is present in
many cells including epithelial cells, lyrnphocytes, and
embryonic dental and lung mesenchyme.* Syndecan-2
(fibroglycan) is like syndecan-l, and it can form large
dimers or multimers.'TSyndecan-3 (N-Syndecan) shares

several structural features with syndecan-l and fibro-
glycan, but differs in extracellular domain in both
amino acid sequence and location of the GÂG attach-
ment sites.* It is expressed in high amounts during
chondrogenesis and in neonatal rat brain, heart, and
Schwann cells. Syndecan-3 has numerous potential
sites for mediating cell/matrix/cytoskeleton interac-
tions. Syndecan-4 (r¡rdocan/amphiglycan) is an impor-
tant component of most endothelial cells, epithelial
cells, and fibroblasts, and it has three putative GAG

attachment sites.tt'*
The syndecans have several functions. By virtue of

their strategic location on the cell surface, they are
believed to influence cell/cell, cell adhesion, and
cell/matrix interactions.e' The heparan-sulfate chains
interact with growth factors, cytokines, extracellular
matrix components, and protease inhibitors, and they
even self-aggregate.Tó The syndecans are differentially
expressed during development and wound healing.'¿"

Other cell-surface proteoglycans include thrombo-
modulin, a transmembrane protein, which may be sub-
stituted with a single chondroitin-sulfate chain and has
anticoagulation properties"; CD44, the lymphocyte
homing factor, which is expressed on most cell types
and may exist in a proteoglycan form containing either
chondroitin sulfate, heparan sulfate, or both GAGs's;
epican, a specialized form of CD44, containing both
chondroitin-sulfate and heparan-sulfate chains and
expressed on keratinocytes*; glypican, which is inter-
calated through the cell membrane via a glycosylphos-
phatidylinositol membrane anchor'7; and betaglycan,
which is a specific cell-surface proteoglycan that binds
to TGF-p."

Intracellulor proteoglycans of hemopoietic cells. These
proteoglycans are often found in secretory granules and

are distinct frorn those residing in the matrix or cell sur-
face."''æ Serglycine is the major proteoglycan of this
type. It has a unique repeat sequence of serine and
glycine residues in its protein core and is located in the
secretory granules of mast cells, basophils, neutrophils,
platelets, lymphocytes, and natural killer (NK) cells. It
is resistant to protease attack and is released in respon-
se to specific stimuli. The functions of proteoglycans
belonging to this group remain largely unknown,

although it has been speculated that they may be

involved in enzyme packaging or in the mediation of

cellular activity."

HyøIuronic acid. AIso called hyaluaroTlan or hyolu'
ronate, this acid has two distinguishing features: it is

the only nonsulfated GAG, and it does not covalently
associate with a protein to form proteoglycan.'0r'r''Z Still'

it is considered part of the proteoglycan family by

virtue of its ability to interact with the core proteins of
several proteoglycans to form large aggregates'
Hyaluronic acid also differs from proteo3lycans in that

it is synthesized in the plasma membrane by the addi-

tion of sugars to the reducing end of the molecule, with
the reducing end projecting into the pericellular envi-
ronment.r's Hyaluronic acid is ubiquitous to all tissues

and is synthesized by most cells. Its functions are many
and varied, being most importantly associated with tis-

sue hydration, cell-surface matrix interactions, cell
migration, tissue development, and aggregation with
aggrecan, CD44, and other matrix components.r0r'rß

Períodontol Connectiv e Ttssues

Like all other connective tissues, the extracellular
matrix of periodontal structures is made up of colla-
gens, noncollagenous proteins, and proteoglycans.''u
However, the proportion of various matrix constituents,

especially collagen types, and their organization differs
in each periodontal component. These differences
determine the characteristic structure and function of
each component and of the periodontium as a whole.

The integrity of the periodontium must be main-
tained during tooth eruption and mesial drift, and to
combat occlusal forces and microbial challenge; this is

achieved by the high turnover rate of connective-tissue
constituents. Experiments using marmoset and rat mod-

els have shown that the periodontal ligament and gingi-
va have a high collagen turnover rate, much higher
than the rate in skin and other connective tissues.r's''ffi

The primary cells responsible for synthesizing collagen
and other matrix components a¡e fibroblasts in soft tis-

sues and osteoblasts in mineralized structures. Biosyn-

thesis of collagens and proteoglycans by gingival and
periodontal-ligament fibroblasts have been studied
extensively, and these cells have served as a model to

examine mechanisms of connective-tissue alterations in
periodontal diseases and other acquired disease.ó

Recent ultrastructural studies by electron microscopy
and immunocytochemistry have revealed that connec-
tive tissues are organized into distinct architectural pat-

terns in the gingiva, periodontal ligament, and cemen-
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Fig 6-7 Collagen fiber groups in gingiva showing the origin, traverse, and insertion of
intergingival fibers (lGF), transgingival fibers fiGF), transseptal fibers [ISF), and semicircu-
lar fibers (SCF). (From Schluger et al.' Reproduced with permission.)

tum. The dist¡ibution and organization of matrix con-
stituents in these structures are outlined in this section.

Gingiva. In the gingiva, collagen fibers form various
groups that a¡e classified by location, origin, and inser-
tion.' The dentogingival fibers a¡ise from the cementum
immediately apical to the base of epithelial attachment
and splay out into gingiva, while the d.entoperiosteal
fibers bend apically over the alveolar crest and insert
into the buccal and lingual periosteum. The o.lveolo-
giryivoJ fibers originate from the alveolar crest, course
coronally, and terminate in the free and papillary gingi-
va, whereas t\e citailn¡ fiber group passes circumferen-
tially around the cervical region of teeth in the free
gtngva.The semicirculn¡ fibers traverse from the cemen-
tum at the proximal root surface, extend into the free
marginal gingrva, and insert into a corresponding posi-
tion on the opposite side of the tooth. The tansgingívat
fibers traverse between the cemento-enamel junction to
the free marginal gingiva of the adjacent tooth, and the
interyùryival fibers extend along facial and lingual mar-
ginal gingiva from tooth to tooth. Transseptol fibers arise
from the cemental surface just apical to the base of
epithelial attachment, baverse the interdental bone, and
insert into a comparable position on the opposite tooth.
These various fiber groups are interdependent for func-
tion, and their anatomical relationship is believed to
determine the pattern of spread of inflammatory peri-
odontal diseases.' The organization of some of these
fiber groups is schematic¿lly illustrated in Fig 6-2.

Like other connective tissues, the gingiva contains a

heterotypic mixture of collagen types, with type I being
the major_ species.. The ultrastructural distribution of
collagen types has been studied using collagen-type-
specific antibodies and by electron microscopy. Type I
collagen is the main collagen species in all layers of
gingival corium.roT-tß In the gingiva, collagen fibers are
arranged in two patterns of organization; one consists
of large, dense bundles of thick fibers, and the other is
a loose pattern of short, thin fibers mixed with a fine
reticular networkt'o (FiS 6-8). These fibers contain both
type I and III collagens, and the type I is preferentially
organized into denser fibrils in the lamina propria.
Although it is not restricted to any particular region, the
type III appears to be localized mostly as thinner fibers
in a reticular pattern near the basement membrane at
the epithelial iunction'''"' (Fig 6-9a). The type III is a
component of Sharpey's fibers (Fig 6-9b).

Immunostaining data have revealed that type V col-
lagen has a parallel filamentous pattern, and it appears
to coat dense fibers composed of type I and III colla-
gens.ræ'rr¿ The gingival connective tissue also contains
type VI collagen, which is present as diffuse microfib-
rils in lamina propria, around blood vessels and near
epithelial basement membrane and neryes."' In the gin-
giva, basement membrane is present at the epithelial
junction, rete pegs, neryes, and around blood vessels
and, like other basement-membrane structures, con-
tains type IV collagen, laminin, and heparan sulfate
proteoglycan.roe'rr0'r12 The collagen-type composition of
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Figs Ê8a and b Distribution of dense (6G to 7GnM, Pl) and thinner (40- to 6GnM, P2l
collagen fibers at gingival lamina propria (a) and near a blood vessel (b), respectively,
viewed by electron microscopy (x 10,000). The P2, which is a loose pattern of organiza-
tion mixed with nonstriated fibrillar mater¡al, is found near basement membranes. (EC)

epithelial cell; (SMC) smooth muscle cell; (Fl fibroblast. The inset in "a" shows P2 magni-
fied 20,000 times. (From Chavrier et al.'r0 Reproduced with permission.)

' ln all structurss, typ€ I collagen is the major species accounting for 8O%-€5% in the gingiva to 99yo in bone Typ€
lll ¡s tho s@nd most pr€dom¡nant collagen ¡n g¡ng¡va and p€r¡odontôl ligament, loming - 1syo of th6 total. ln
alveolar bon€ and com€ntum, the typ€ lll is r€stricted to Sharpoy's libors. Th€ trt€nt of sll other ællagons
togother ¡n healthy t¡ssues ¡s <1 .

Same as healthy gingiva

lat 1t¡.¡

I tvaEdentulous

Lamina propria

Same as hea

Same as

lnflamed gingiva Same as healthy gingiva

V

I

Sharpey's fibers

Bone matrix, Sharpey's fibersAlveolar bone

V

ICementum

Collagen fibers

fibers, fibrillar cementum

fibersPeriodontal ligament I

Microfibrils

Principal,

Basement membranesIV

Table 6-7 Distribution of Collagen Types in the Periodontium

Collaoen Tvoe'

Lamina

LocationTissue
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Figs 6-9a to d Distribution of type lll
collagen in the periodontium as reveal-
ed by an anti-type lll collagen antibody:
(a) section of gingival papilla in which
the antibody strongly stains areas adja-
cent to epithelium (arrows) and rete peg
junctions, and blood vessel wall
(crossed arrows). (E) epithelium that is
unstained; (Pl papilla; (R) reticular pat-
tern of staining. (b) Junction between
cementum (C) and lamina propria (LP)

of gingiva; cementum is unstained, and
strongly staining material (arrows) is
Sharpey's fibers. (cl Alveolar bone and
periodontal ligament. (B) alveolar bone;
(PL) periodontal ligament; (C) cemen-
tum; (D) dentin; (ESl endosteal spaces.
Cementum and alveolar bone are larg+
ly unstained except at Sharpey's fibers
(arrows). (d) Higher magnification of
Sharpey's fibers (arrows). (From Wang
et al."' Reproduced with permission.l
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gingiva and other periodontal structures is summarizcd
in Table 6-7.

The gingiva also contains fibronectin, which is local-
ized over collagen fibers,tæ'tt: osteonectin,tt. tenascin,rrs
and elastin."ó Tenascin is present diffusely in the gingi-
val connective tissue, and prominently near subepithe-
Iial basement membrane in the upper connective tissue
and capillary blood vessels."s''t7 Although elastin is a
minor constituent of gingival connective tissue, it is rel-
atively more prominent in the submucosal tissues of the
more movable and fledble alveolar mucosar'ó (Fig 6-10).

The uronic acid content of the gingiva is approxi-
mately 0.3 % of total dry weight. Dermatan sulfate is the
major GAG in gingival connective tissue, accounting for
60% of. total GAGs, and heparan sulfate forms 5%.
Heparan sulfate is the predominant species in gingival

B

C

cpithelium. Hyaluronic acid and chondroitin sulfate are

other GAG species in these structures. The molecular
size of sulfated gingival GAGs range from 15,000 for
heparan sulfate to 27,00O for dermatan sulfate, while
hyaluronan is the largest with molecular weight of
340,000.r'''t'e Gingival proteoglycans have been identi-
fied as decorin, biglycan, versican, and syndecan.
Immunohistochemical studies have shown that der-
matan sulfate GAG and decorin proteoglycan are pre-
sent within the gingival tissues closely associated with
collagen fibers, especially in the subepithelial region
(Fig 6-11). Biglycan is a relatively minor constituent of
the gingiva, but it appears to be localized in the matrix
near the oral epithelium.r20-r22 In the gingiva, the GACs
are largely made by fibroblasts, which may synthesize
up to six different proteoglycans, including decorin,

d dc
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Figs 6-10a and b Elastin in human oral tissues. (a) attached gingiva; (b) alveolar mucosa. Note
heavy deposits in the alveolar mucosa between collagen fibers and its virtual absence in attached
gingival connective tissue. The tissue was treated with an antibody to tropoelastin and visualized by
silver-intensified protein Agold immunohistochemistry. (x 1001 (Figs &10 and G1 1 from Bartold."6
Reproduced with permission.)

Fig 6-11 Distribution of dermatan sulfate proteoglycans ¡n
human gingival tissue. The tissue was reacted with a mono-
clonal antibody to dermatan sulfate and visualized by immuno-
peroxide procedure. Note intense staining in the immediate
subepithelial connective tissue. (El epithelium; (Cl cònnective
tissue. (x 75)

biglycan, versican, and syndecan.t2r-r2s The spectrum of
the proteoglycan molecules synthesized by gingival
fibroblasts resembles those identified in gingival tissues.

Periodontal ligament. In mature periodontal ligament,
collagen fibers are distinguished as principol ftbers and

second,ory fibers. The principal fibers are dense bundles
that traverse the periodontal space obliquely and insert
into the cementum and alveolar bone as Sharpey's
fibers. In zones where extensive mesiodistal tooth
movement has occurred, the Sharpey's fibers may con-
tinue from one tooth to another through interproximal
bone. The secondary fibers a¡e randomly odented fib-
rils located between the principal fibers.

The principal collagen species in Sharpey's and
other collagen fibers of the periodontal ligament is type
I, and this collagen also constitutes the fibrous compo-
nent of endosteal spaces.'6 Type III collagen appears to
coat Sharpey's fibers (see Figs 6-9b to 6-9d). These two
collagen types are co-distributed with types V and XII,r':ó

and fibronectin. Blood vessels contain type I, III, IV,
and V collagens. The periodontal ligament also contains
small amounts of elastin and tenascin, which is present
in connective tissue and in zones along cementum and
bone.ttt

The distribution of proteoglycans in periodontal liga-
ment is similar to that in gingival tissue. GAG com-
ponents present are hyaluronate, heparan sulfate,
dermatan sulfate, and chondroitin sulfate, of which der-
matan sulfate is the principal species.'2r'rz7 The finding
that dermatan sulfate is the principal GAG is consistent
with the highly collagenous nature of the periodontal
ligament. Periodontal ligament GAGs have a molecular
size in the order of 18,000 to 20,000, making them
slightly smaller than their counterparts in the gingival
connective tissue. Two principal proteoglycans in the
periodbntal ligament are versican and decorin.
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. GAG. glyco*minoglyæns; DS. dematan sulfate; cs, chondfo¡tin sulfate; HS, h€paran sullate; PG. pfot€ogV-

€n.
lThelæslizatìonolproteoglyænsisasfollows:CS.PG,generalmatr¡x¡nsoftÎ¡Ssu€sandmalrixandladnae

of bono and cemontum; DgpG and decorin, sub€pithelial matr¡x ¡n the g¡ngiva; docorin. predom¡nantlY at the
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+ Ma¡or spocies ln the g¡ngiva DS is tho maior specios in connective lissue'

I HS ¡s th€ major GAG sp€cies in the gingival epith€lium

Alveolar bone

DST, HA, CS, HSq

ProteoqlycanstGAG

Table 6-8 Periodontium

CS+, DS, HA, HS CS-PG

and ProteoglYcans ¡n the

Gingiva

Tissue
CS-PG, DS-PG, decorin, biglYcan

versican, CD44

Cementum. Collagen fibers are present as fine, ran-

domly oriented fibrils embedded in Sranular matrix in

primary cementum, which is devoid of cells. Secondary

cementum contains cells, coarse collagen fibrils orient-

ed parallel to the root surface, and Sharpey's fibers at

right angles. Recently, the presence and organization of

collagen fibers have formed the basis for new classifica-

tion of cementum.r26'r:e Thus, t!r.e ace\lular ofibrillar
cementum located at the dentinoenamel junction does

not contain collagen fibers or cells. ,Acellular extrinsic

¡tber cementum also does not have cells, but it contains

Iarge numbers of Sharpey's fibers. It is present in cervi-

cal to midroot areas and anchors teeth. Cellul¿¡ cemen-

tum located at apical and interradicular root surfaces

contains both extrinsic (Sharpey's) and intrinsic colla-

gen fibers, while repair ccmcntum has only the intrinsic

fiber system. Intrinsic and extrinsic fibers differ in their

orientation, the former occurring randomly and parallel

to the root surface, the latter embedded at right angles.

The Sharpey's fibers of cementum and alveolar bone

are largely responsible for tooth anchorage.

Approximately 50% of the inorganic matrix in the

cementum is hydroxyapatite, whereas the organic

matrix is composed of predominantly type I and III col-

lagens.'3. The type III is associated with Sharpey's fibers

(see Fig 6-9b). A variety of nonfibrous proteins are also

present in cementum; these include BSP-II, osteopon-

tin, tenascin, fibronectin, osteonectin, and proteogly-

cans.r¡r-r3r Cementum contains hyaluronate, dermatan

sulfate, and chondroitin sulfate, and chondroitin sulfate

is thè predominant GAG. These GAGs, closely associat-

ed with cementoblasts, are lightly distributed through-

out the matrix."n'"t A variety of biologically active

polypeptides are also present in cementum as minor

biochemical components, and these are discussed later'

Alveolar bone. Collagens are major constituents of the

alveolar bone matrix.rß'rrr The bone is attached to prin-

cipal fibers of periodontal ligament through Sharpey's

fibers. As in the cementum, chondroitin sulfate is the

major GAG species in the alveolar bone, and it is pre-

sent along with heparan sulfate, dermatan sulfate, and

hyaluronate.r'u Immunohistochemical localization stud-

ies have shown that these molecules are distributed on

cells in their lacunae and in the mineralized matrix'

Analysis of alveolar bone proteoglycans have identified

a chondroitin-sulfate-rich proteoglycan as the major

species,t'u'"t which may be a mixture of decorin and

biglycan.
For a summary of the constituent collagen and pro-

teoglycan types and their locations in various periodon-

tal components, see Tables 6-7 and 6-8.

Connectíve Tßsue in
Periodantal Dßease

The periodontium is the primary location of several dis-

eases, and many systemic and drug-induced diseases

have manifestations in the periodontium, especially in

the gingiva.' Gingivitis is one of the most common

human afflictions. In this lesion, gingival connective

tissues are destroyed within three to four days after
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ity of PMN. This lesion may remain established for

years or decades and may be reversible."u Gingivitis is

a frequent occurrence during pregnancy because sex

hormones affect the inflammatory response and cellular

metabolism during wound healing.

Chronic periodontitis leads to extensive destruction

of gingival connective tissue, periodontal ligament, and

alveolar bone, and it sometimes affects the root sur-

faces. Although plasma cells and lymphocytes are pre-

sent in this Iesion, macrophages and PMN are the

major destructive cells. Large numbers of PMN may

cause recurring destruction during times of cyclic dis-

ease. The collagen level is reduced, and fibrosis and

scarring of the gingival tissue may also occur at foci of

inflammation. As the disease progresses' destruction

may expand to alveolar bone housing and tooth roots;

this causes the teeth to become loose and may lead to

tooth loss. Gingival fibrosis, manifested by scarring of

gingival tissues, is seen in slowly progressive human

periodontitis and it is common in baboons and chim-

panzees; however, this is not seen in dogs, rodents,

minks, and marmosets.r'r,e These changes are described

in detail in Chapter 4.

Quantitative and qualitative changes occur in the

gingival collagens of patients with the above diseases'ó

In the gingiva, collagen becomes more soluble, indicat-

ing active synthesis of new collagen and/or impaired

crosslinking. The ratios of collagen types are altered;

the amount of type V collagen increases and may

exceed type III, and a new collagen, type I trimer, may

appearo'''.'* (Fig 6-12). Type I trimer is a homotrimer of

crl(I) chains, which accumulates in certain hereditary

collagen molecular diseases and in embryonic tissues

and tumors. The amount of type V collagen, which

coats collagen fibrils composed of type I and III colla-

gens, increases, and this collagen may be present in

greater proportion than type III.'oe''m Changes also occur

in noncollagenous gingival constituents; in beagle dogs,

noncollagenous proteins are lost from diseased gingiva.ó

Changes in the gingival proteoglycans are fewer than

those noted for collagens. Matrix proteoglycans are lost

from the center of inflammatory foci but appear to be

present in higher concentrations around the periphery'

In inflamed gingival tissues, the amount of dermatan

sulfate decreases while the content of chondroitin suì-

fate increases. Degradation of both proteoglycan core

proteins and hyaluronic acid are characteristic features

of inflamed gingival connective tissues.'o' The principal

proteoglycan synthesized by inflammatory cells is

chondroitin sulfate'o'; therefore, in inflamed tissues

chondroitin-sulfate levels increase at the expense of

dermatan sulfate, which is lost along with collagenous

components.
Excessive accumulation of connective-tissue elements

is a feature of drug-induced gingival hyperplasia and

component, age, and inflammation as additional fac-

tors. In these lesions, the gingival margin and interden-

tal papillae overgrow; the overgrowth may become so

extensive that teeth are displaced and their crowns cov-

ered with overgrown gingival tissues' Clinically these

lesions have a cauliflower-like appearance with en-

larged epithelium and foci of infiltrating leukocytes'

Although during early stages these lesions are highly

cellular, in mature lesions the matrix-to-cell ratio is

close to normal.ttt't*
The amount of noncollagenous proteins increases in

phenytoin-induced gingival hyperplasia''os Collagen

content increases, and the type I/l[ ratio changes with

loss of type I and increased type III''6 Interestingly' the

collagen composition of edentulous ridge resembles

skin more than gingiva, in collagen type ratios and in

idioPathic, Progressive,
, which is inherited as

maY be focal or general-

ized and, unlike drug-induced gingival hyperplasia'

does not have an inflammatory component'

Attempts have been made to utilize connective-tissue

alterations as indicators of periodontal disease' The gin-

gival crevicular fluid (GCF) contains many breakdown

products arising from inflammation, therefore studies

have focused on measuring the levels of plasma pro-

teins, bacterial and host enzymes, and collagen degrada-

tion products such as hydroxyproline and al(I)-N-
propeptide in the GCF.I" However, differences between

healthy and diseased tissues are subtle and do not

appear to correlate well with the severity of disease'

Biochemistry of tissue alterations. The biochemical

composition of diseased connective tissues is deter-

mined'by various degradation and synthesis processes

associated with inflammation and healing response'

The hallmark of inflammatory periodontal disease is

connective-tissue destruction. During inflammation'

PMN and macrophages bring forth matrix degradation'

and the degradation can occur either through phagocy-
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Figs 6-12a to d Distribution of type I and lll collagens in normal and inflamed human gingiva. The
collagens were visualized by indirect immunofluorescence using antibodies to these cóltaóens. (a)

(b) inflamed gingiva, anti-type I collagen antibody; (c)
(d) inflamed gingiva, anti-type lll antibody; (Ep) epithe-
nd (d) indicating loss of collagens. (From Narayanan et

t.I

'F .<-

tosis or by MMP released by these cells. (Enzymes
involved in these processes are discussed on pages 62
and 68.) Interstitial collagenases MMp-l and MMp_8
and gelatinases MMP-2 and MMp-9 are important in
this regard.'€ The pMN is capable of secreting large
quantities of these enzymes from granules during acute
inflammation, presumably causing extensive destruc-
tion in a short time. Differences in susceptibility of dif_
ferent collagen types may be one reason that differ-
ences occur in collagen type ratios in diseased gingiva.
For example, greater susceptibility of type III and resis_
tance of type V and type I trimer to proteinases may

t*-1..J

help explain why the amounts of these collagens vary
in inflamed tissues.ó

Collagenase and gelatinase activities have been iden-
tified in GCF and saliva of patients with natural and
experimental periodontitis.tle'rs0 The major enzyme
species present in the GCF are MMp-8 and MMp-9;
however, neither 72-kDa gelatinase nor stromelysin-1
has been identified. The activities of MMps in GCF are
inhibited by tetracycline, indicating that they are
derived from PMN and leukocytes, and not from fibro-
blasts. Fibroblast enzymes are not inhibited by this
drug."'''s' The collagenases of GCF from patients with

b

c
d
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adult- and diabetes-associated periodontitis are suscep-

tibìe to tetracycline, while those from localized juvenile

periodontitis are relatively more resistant.rs' Attempts
have been made to correlate GCF-collagenase activities
to disease severity. However, although the overall
activity is higher in periodontitis and it decreases with
treatment, there appears to be no clear correlation with
individual sites, disease severity, or bone loss.rl8'rs3-rsó

Collagenases in inflamed gingiva may also be deri-
ved from fibroblasts and epithelial cells.'* Immunolo-
calization studies have shown that these cells express

collagenases; however these appear to be involved in
remodeling rather than disease."o Nevertheless, in the

context of periodontal disease, enzyme production by
these cells could be activated by inflammatory media-

tors and products of plaque bacteria (see Birkedal-
Hansen'* for a review). MMP expression is induced by
IL-l, TNF-cr, con A, cyclic AMP, and prostaglandin E2

(PGE2), whereas it is repressed by TGF-p, steroids, and

IFN-1. These mediators can affect MMP activity through
TIMPs as well; for example, TGF-P and IL-l induce
TIMP-1 expression, while TGF-p suppresses TIMP-2.r*''sz

Osteoclasts do not express MMP, and during bone
resorption these cells appear to utilize acid hydrolases
(cathepsins) for matrix degradation.

Many other hydrolytic enzymes have been identified
in inflamed periodontal tissues. The most notable
among these enzymes are p-glucuronidase, aryl sulfa-
tase, and hyaluronidase.rseróo The substrates for such
enzymes would clearly be the carbohydrate compo-
nents of the proteoglycans as well as hyaluronate.
However, in light of current biochemical analysis of
inflamed tissues, there is little evidence to support a

primary role for these enzymes in matrix degradation.
More likely, these enzymes are involved in a secondary
capacity, in the breakdown of GAG chains after initial
proteolytic cleavage of proteoglycans.

Another important source of matrix-degrading
enzymes in inflamed gingiva is the microbial plaque. In
particular, the black-pigmented Bacteroides species syn-
thesize numerous proteases capable of disrupting peri-

odontal extracellular matrix.r6r'ró2 For example, Porplry-
tomorlas gingivolß, Clostridium hßtolyticus and some
facultative Bocillus species from dental plaque secrete

collagen-degrading enzymes.'ó3rr Other enzymes with
trypsin-like activities have been described in Porplry-
romonas gingívalis, Treponema denticola, Bacteroides

forsythus; these enzymes degrade type I collagen and
fibronectin.'ut''6 Bacterial enzymes could also facilitate
MMP activity by activating their inactive precursors
and by degrading MMP-inhibitors. Alternatively, they
can act as antigens stimulating the cytokine production
by host inflammatory cells. Although these mecha-

nisms are a possibility, bacterial enzymes have not

been detected in the GCF.'"
The bacterial enzymes can also degrade proteogly-

cans. Oral bacteria synthesize hyaluronidase, neutral
proteinases, heparinase, chondrosulfatase, and chon-

droitinase.'u'-'' All of these enzymes have the potential

to degrade periodontal proteoglycans and to influence

the matrix indirectly through activation of interleukins
and by affecting fibroblast function. For instance, the

enzyme released by P. gingivalis has been found to
have a significant effect on proteoglycan synthesis by
periodontal ligament fibroblasts.'*

Although they have not been investigated actively,
products of normal cell metabolism could also be

agents of tissue destruction."o''t' Oxygen-derived free

radicals such as hydroxyl- and superoxide radicals are

integral reaction products of normal cellular metabo-

lism, but these are active in cells undergoing respirato-

ry bursts at inflammatory sites. These highly reactive

molecules can damage bacteria, degrade macromole-
cules such as collagen, proteoglycans, and hyaluronic
acid, promote degradation of polyunsaturated fatty
acids, and ultimately cause damage of structural mem-

branes."' In addition, free radicals can also inhibit the

action of anti-proteases, and stimulate the production
from the plasma of a factor chemotactic for neutrophils
and prostaglandin synthesis. The role of these free radi-

cals in periodontal tissue destruction has been largely

overlooked in favor of the more commonly cited enzy-

matic degradation. However, given their highly reactive

nature and abundance in inflamed periodontal tissues,

their role in inflammation-mediated tissue destruction
should not be discounted. Studies on the effect of oxy-
gen-derived free radicals on gingival proteoglycans and

hyaluronate have demonstrated a susceptibility of these

molecules to depolymerization by such reactive molec-

ular species in vitro."'

Interaction between connective-tissue cells and
mediators. Fibroblasts play a maior role in normal
connective-tissue turnover and during wound repair
and regeneration. In inflamed gingival tissues, fibro-
blasts interact with numerous cytokines and growth
factors derived from inflammatory cells, plasma serum,

and local environment.u These factors can affect the

growth and synthesis activities of resident cells, thereby

affecting the quantity and type of molecules produced

in diseased gingiva.6'73 The effect may be on all cells or

only on one or more subpopulations. In the latter case,

growth and products of a subpopulation of cells are

affected.u This appears to be one mechanism contribut-
ing to enhanced matrix accumulation in drug-induced
gingival hyperplasia.u
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Repair and regeneration. Repair of damaged tissues is

a major biological response of all animals. However,
the nature of the repair process may often lead to com-
promised function. In this respect the periodontium is

no exception. Tissues affected by gingivitis usually
regenerate to their complete form and function; howev-
er, this may not be the case with periodontitis. Once

the destructive phase reaches the deeper periodontal
structures, regeneration is less likely to happen on a
clinically predictable basis. The major goal of periodon-
tal therapy is to re-establish soft-tissue attachment and
to restore lost bone. Accomplishment of this goal
requires matrix synthesis and regeneration of gingival
connective tissues, formation of new cementum and
bone, and attachment of connective-tissue fibers to dis-
eased root surfaces. t'e''t'''7s

Experiments in wound models of the periodontium
and other tissues indicate that inflammation is the key
component of healing response. Typically, a wound-
healing response is initiated by inflammation when
PMNs migrate into the wound site filled with fibrin
clot. The PMNs, and later monocyte/macrophages,
remove damaged tissue and foreign matter; this "demo-
lition" phase is carried out through phagocytosis and
by enzymes secreted by these cells. "Organization" of
granulation tissue follows when endothelial cells active-
ly divide, forming capillaries and myofibroblasts, and
fibroblasts begin to synthesize matrix components. The
granulation tissue is eventually remodeled and replaced
by a permanent repair tissue.

These processes require the participation of a variety
of cell types and molecules. PMNs are the major cell
type present during the acute inflammation phase,
while monocyte-macrophages predominate during the
later stages. In soft tissues, fibroblasts are largely
responsible for the synthesis of collagen and other con-
nective-tissue matrix constituents. During healing and
repair, matrix synthesis begins when fibroblasts move
into the wound site; the synthesis becomes significant
at approximately 7 days, peaks at 3 weeks, and may
continue for months until tensile strength of the tissue
is restored. Healing takes place through a similar
sequence of events in bone, although in this tissue
fibrous and bony calluses form the intermediate stage
instead of a granulation tissue.

The course of wound-healing events is regulated by
soluble mediators present at the site of injury. These
molecules include degradation products of fibrin clot
and host tissue, and growth factors, cytokines, and
Iymphokines secreted by platelets, macrophages, and
other cells.:5 Prominent among these are PDGF, TGF-p,
IL-I, IFN-y, and TNF-c¿. A family of at least eight
polypeptides, collectively called bone morphogenetic
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Fig 6-13 A scheme showing possible interactions between
polypeptide mediators and resident cells during inflammation
and wound repair. MMP and other hydrolytic enzymes released
by inflammatory cells, and presumably by fibroblasts and epithe-
lial cells through activation by bacterial substances, degrade the
matrix. Cytokines, growth factors, and other molecules secreted
by inflammatory cells and matrix degradation products affect the
growlh and synthesis activities of resident cells. These sub-
stances influence all the resident cells, or they may interact with
and select one or more subpopulations and enrich these cells.
lnterference wllh any of these processes is likely to lead to aber-
rant healing or pathological alterations.6

proteins (BMPs) or osteogenic proteins (OPs), partici-
pate in the healing of bone; these molecules are stored
in the extracellular matrix of bone along with several
growth factors, and are released when the matrix is

degraded during inflammation.'76''77

Inflammatory mediators affect cells in a number of
ways. These molecules influence cell migration, attach-

ment, and growth, and their synthesis activities.'zs''78

PDGF, which may be a homo- or heterodimer of A- and
B-chain subunits, is the major mitogen for mesenchy-

mal cells. TGF-p activates the synthesis of collagen and

other matrix components, while IFN-1 and TNF-a have

the opposite effect. IL-1, as described previously, medi-
ates matrix degradation through activation MMP syn-

thesis (Fig 6-13; see also Table 6-2). In contrast to these

molecules, the BMPs are unique in that they trigger
inflammatory and wound-healing responses in injured
bone and accomplish total healing of the injury.''r'"

The effect of these molecules may be broad and

directed to all connective-tissue cells, or they may be

specific to certain cell types or subtypes. The latter type
of interaction can result in selective proliferation and
enrichment of certain cell populations (see Fig 6-13).
By these activities, chemical mediators are believed to

dictate the type and sequence of healing responses, and

aberrations in any of these processes are likely to lead

to pathological connective-tissue alterations.':
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Whether healing occurs by regeneration (new tissue
is identical to old tissue) or repair (wound is replaced
by a scar) depends mostly on the participating cell
type, and to a lesser extent on the matrix scaffolding
remaining after injury. Regeneration occurs when the
Inbile cells carry out the healing. These are undifferenti-
ated uni- or pluripotent cells, which have unlimited
division potential. In contrast, repair occurs when fully
differentiated permonent cells with no division capacity
a¡e to be replaced. Repair is carried out by stable cells.
Mesenchymal cells such as fibroblasts, osteoblasts, and
glial cells form the stable cell pool; these cells have a

limited division potential, they normally remain quies-
cent, and they divide on demand in response to media-
tors such as PDGF.

Presumably, several cell types are necessary for peri-
odontal regeneration. These include fibroblasts for soft
connective tissues, cementoblasts for cementogenesis,
osteoblasts for bone, and endothelial cells for angiogen-
esis.'" Where the regenerating cells are located is not
clear, and this is especially true for the cementoblasts.
Experiments in mice models indicate these cells may be
derived from precursor cells located paravascularly in
periodontal ligament and in endosteal spaces of alveo-
lar bone.'e'63 Recent studies using cultured fibroblasts
have indicated that in humans such cells may be pre-
sent as fibroblast subpopulations in the periodontal lig-
ament and gingiva.rTe'rs-r6ó lrrespective of their location,
for regeneration to occur the cells responsible must par-
ticipate in the right location and temporal sequence.
More importantly, for regeneration to succeed, certain
cells, especially the epithelial cells, have to be excluded
from the healing site.

Recently, attempts have been made to exploit some
of these principles in periodontal therapy. In one
approach, conditions were created to select the cells
responsible for regeneration. Early attempts utilized
root-surface condttioning either by demineralization or
by coating with chemical agents such as fibronectin, or
both. Demineralization was intended to neutralize peri-
odontitis-induced hypermineralization, and to expose
collagen fibers. Exposed collagen fibers were believed
to discourage the attachment of unwanted epithelial
cells, but to favor fibroblasts to attach and help 'splice"
new with old collagen fibers. However, this procedure
did not yield predictable regeneration, and may cause
ankylosis and root resorption as side effects.rTl'r7s,ts7'I68

The advantage of using fibronectin root surface coat-
ing'" was also uncertain because serum contains high
fibronectin levels and providing additional protein is
unlikely to have a beneficial effect.

More recently, a novel procedure has been utilized
in which a physical barrier was introduced by surgical-

ly placing a membrane between connective tissue of
periodontal flap and curetted root surface. The mem-

brane was expected to prevent apical migration of gin-
gival epithelial cells onto the root surface, exclude
unwanted gingival connective tissues, and facilitate the

repopulation of the wound site with periodontal liga-
ment cells.'{-'' This guiled tßsue regeneration was the

first procedure to demonstrate good potential for regen-

eration of root cementum, alveolar bone, and periodon-

tal ligament, and for increasing the incidence of new
attachment formation. Although the clinical results of
this procedure are stiìl variable, it has gained wide
acceptance,tTl'r7s're2 altd resorbable membranes are cur-
rently being evaluated as physical barriers.

In another approach, polypeptide growth factors
have been locally applied to facilitate the cascade of
wound-healing events that lead to new cementum and
connective-tissue formation. Among the myriad growth
factors currently characterized and available, epidermal
growth factor (EGF), fibroblast growth factor (FGF),

insulin-like growth factor (lGF), PDGF, and TGFs have
been proposed for their regulatory effects on immune
function, epithelium, bone, and soft connective tissues.

Two of these growth factors, PDGF and IGF, have
recently been shown to enhance regeneration in beagle
dogs with artificially induced periodontal disease."'
More recently, a combination of PDGF and dexametha-
sone has also been shown to enhance periodontal
regeneration in monkeys,"' and it is expected that
BMPs will also have potent effects."'

RoIe of cementlam. An essential requirement for peri-

odontal regeneration is the formation of new cementum
into which new periodontal ligament fibers are to be

inserted."'This is necessary to replace the diseased
root, which is contaminated with bacterial endotoxins
(the endotoxins inhibit attachment and growth of peri-

odontal cells"o), and which is removed during ther-
apy.'e'Although some information is available on the
biology of cementogenesis in mice during develop-
ment,res'rry how cementum formation is regulated in
adult humans is not clear. Recent studies indicate that
the connective-tissue matrix of cementum contains
fibroblast growth factor and a battery of other growth
factors, osteopontin, BSP-ll, and an as yet unidentified
polypeptide, which mediate cell adhesion and spread-

ing.r3r-r$'zm-:03 These molecules affect the migration,
attachment, and proliferation of periodontal cells and
their matrix slnthesisr32:u and, more importantly, they
manifest cell specificity and tissue specificity among the
same cell typs.:os-uor In addition to these soluble poly-
peptides, the extracellular matrix of cementum can also
regulate the differentiation of precursor cells into
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cementoblasts. Thus, cementum appears capable of
providing informational signals for the recruitment,
proliferation, and differentiation of periodontal cells,
and for regulating the regeneration of cementum as

well as adjacent periodontal components.

New perspectives. Significant information has been
gathered on the biochemistry of normal and diseased
periodontal structures. These studies are being pursued
and they continue to provide a more complete picture
of the periodontium at the ultrastructural level. How-
ever, sufficient information on cementogenesis and the
biochemical constituents of cementum is lacking.
Efforts to characterize cementum components at pro-
tein and gene levels have just begun; these efforts are
likely to open new avenues and make it possible to
apply modern biotechnological approaches to future
periodontal research. So far, satisfactory in vitro sys-
tems have not been available to study cementogenesis
and to evaluate the function of cementum components;
the availability of cultured cells from cementum tu-
mors,'* although they are far from ideal, may be useful
in this regard.

Although wound-healing models for other organs
provide a wealth of information, the intricacies of peri-
odontium may be unique in having to coordinate and
integrate the processes involved in soft- and hard-tissue
healing. Specifically, the cell types and subtypes neces-
sary for the regeneration of periodontal components
need to be identified.",

Along with tissue regeneration, the control of tissue
destruction is an important therapeutic goal in peri-
odontitis. Whether degradation of periodontal tissues in
advancing or ¡ggressive periodontal diseases is caused
by accelerated breakdown or a failure in normal regula-
tion remains to be established. Recently, advances have
been made in developing agents to block the activities
of enzymes, cytokines, and other inflammatory agents
such as prostaglandirìs.¿oe-2rr These advances have sig-
nificant clinical ramifications.

To understand the rational basis for therapeutic pro-
cedures, information is needed on the variety of molec-
ula¡ and cellular processes associated with the forma-
tion of each periodontal component. Molecules partici-
pating in these processes must be identified, and the
determination made how they interact with target cells
and what signals are needed to trigger their biological
actions"

The Physiology of Bone

Bone Structure ond" Remodeling

Bone is a metabolically active organ, composed of both
mineral and organic phases. It is exquisitely designed
for its role as the load-bearing structure of the body. To
accomplish its task, it is formed from a combination of
dense, compact bone and cancellous (trabecular) bone
that is reinforced at points of stress. The mineral phase
of the skeleton contributes about two thirds of its
weight, while the remaining one third is organic matrix
primarily consisting of collagen and small amounts of
proteoglycan, lipid, and several noncollagenous pro-
teins, such as osteopontin, osteonectin, osteocalcin
(bone gla-protein), and matrix gla-protein.

Two major cell types are found in bone. The first is
the osteoblast, whose function is to synthesize the
organic matrix components and direct the events result-
ing in mineralization. The second cell type is the osteo-
clast, whose function is to resorb both the mineral and
organic phases of the bone. In concert, osteoclast and
osteoblast, in a process known as coupling, remodel
and maintain the skeleton throughout the life of the
organism.

The bone consists of two macroscopically different
envelopes: cortical bone, which is predominantly found
in the long bones of the extremities, and cancellous
bone, which is predominantly found in the vertebral
column and the pelvis. Both types of bone are found in
the maxilla and the mandible, although cortical bone is
more prominent in the mandible. Cortical bone makes
up 80% of the bone in the body and cancellous bone
20%. However, because cancellous bone is metaboli-
cally more active, skeletal metabolism is approximately
equal between the two envelopes. The two envelopes
are regulated and respond differently to different hor-
mones, factors, and treatment modalities.

When studying bone under polarized light, a clear
Iamellar pattern is visible in both cortical and cancel-
lous bone. However, if bone turnover is very high or
disturbed-or during healing when primary bone is
formed-the lamellar pattern disappears and woven
bone is formed.

Cortical bone is made up of the Haversian system
(cortical osteon), which is found around central blood
vessels and which may branch within the cortex of the
bone. Spatially, the cells in the Haversian system cover
a relatively small surface area, while cells in cancellous
bone occupy a large portion of the surface. This obser-
vation may explain why cortical bone exhibits lower
metabolic activity than cancellous bone.,,,
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Cortical bone is delimited by the periosteum on the
outside and the end"osteum on the inside. The inner cor-
tical bone, the endosteal surface, exhibits pronounced
osteoclastic and osteoblastic activity. The periosteum is
important during growth, fracture repair, and healing
around implants. During growth, the periosteum is
important for bone mndeling. Modeling is the process
by which bone reshapes itself to create an organ with
maximal compressive strength. Usually at the periosteal
surface, bone formation exceeds bone resorption, creat-
ing a net increase in the outer diameter of bone with
age. However, at the endosteum, modeling as well as
remodeling occurs, and resorption generally exceeds
bone formation, resulting in a net expansion of marrow
capacity with age. Importantly, this endocortical forma-
tion may become especially pronounced during states
of high turnover, such as thyrotoxicosis and post-meno-
pausal syndrome.

Cancellous bone consists of trabeculae with thick-
nesses ranging from 50 to 400 pm. The trabeculae are
interconnected in a honeycomb pattern, maximizing
the mechanical properties of the bone.

In bone, there is a constant process of modeling and
remodeling. In this process, a constant resorption of the
bone occurs on a particular bony surface, followed by a
phase of bone formation (Fig 6-14). In normal adults,
there is a balance between the amount of bone resorb-
ed by osteoclasts and the amount of bone formed by
osteoblasts.'r' Bone remodeling must be distinguished
from bone modeling, which is the process associated

Fig 6-14 Modeling of bone by the concerted
action of osteoclasts and osteoblasts. Bone
is removed by osteoclasts and new bone
synlhesized by osteoblasts. The process is
delicately balanced and regulated by local
factors and hormones that act on the cells to
assure that bone resorption and formation
are coupled with each other.

with the formation and growth of bones in childhood
and adolescence.''3 Bone modeling consists primarily of
processes at the periosteum and endosteum, leading to
changes in the shape of growing bone. During model-
ing, resorption and formation are spatially related and
sometimes proceed in an uncoupled fashion. Moreover,
modeling is continuous and covers a large surface,
while remodeling is cyclical and usually only covers a
small atea.2t'

The current concept of bone remodeling is based on
the hypothesis that osteoclastic precursors become acti-
vated and differentiate into osteoclasts, which begin the
process of bone resorption. This phase is followed by a
bone-formation phase. The number of sites entering the
bone-formation phase, or ottivotion frequenqt, together
with the individual rates of the two processes, deter-
mine the rate of tissue tumover.2r':rs While resorption
depth and mean wall thickness may vary by only l0%
to 20% of normal in different diseases, activation fre-
quency may vary by 5O% to 100%. Thus, in most dis-
eases, the activation frequency is the most important
regulator of bone turnover and changes in bone mass."o

The termination of bone resorption and the initiation
of bone formation in the resorption lacuna occurs
through a coupling mechanism.2'ó The coupling process

ensures that the amount of bone removed is similar to
the bone laid down during the subsequent bone-forma-
tion phase. The detailed nature of the activation and
coupling mechanism is still unknown, although some
growth factors, such as various lymphokines, fibroblast
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growth factor (FGF), transforming growth factor-beta
(TGF-P), and prostaglandins, have been proposed."'
Whether the activation of osteoblasts begins simultane-
ously with osteoclastic recruitment or at some later
stage during lacunar development is still unsettled.

During aging, bone undergoes changes in its three-
dimensional structure that have a profound impact
on its physical characteristics. This process starts at ap-
proximately 25 to 30 years of age, when maximal bone
formation is achieved. From that age, a steady decline
in bone mass begins around 30 years of age for both
men and women."E2'e The decrease in bone mass leads
to thinning of cortical bone due to tunneling, or trabec-
ulation, of the endosteal cortical envelope, with expan-
sion of the marrow cavity accompanied by some gain
in bone diameter.2'o

Changes in cortical bone mass are sex-dependent.
Men exhibit an age-dependent increase in resorptive
activity, leading to increased osteon diameter. Mean
thickness of the bone formed in the osteon, however,
remains constant with age. Thus, a trend toward a
more negative balance between resorption and forma-
tion is reflected in increased Haversian canal diame-
ter.2¿r In contrast, women generally show reduced
resorptive activity. This is reflected in decreases in
osteon diameter with age, but unlike men, mean thick-
ness of bone decreases with age, leading to a pro-
nounced negative balance and increase in Haversian
canal diameter.z"

In cancellous bone of 20- to 8O-year-old individuals,
there is a decrease of about 45% in the fractional vol-
ume of trabecular bone; this is accompanied by a
decrease in mean thickness of the horizontal trabeculae
with no significant change in mean thickness of the
vertically oriented trabeculae.:r2 Furthermore, an in-
crease in the distance between horizontal trabeculae
during aging has been observed for both men and
women, but the change is slightly greater for women.
Histomorphometry of histologic sections of vertebra has
shown an age-related decrease in mean trabecular bone
thickness, with a decrease in trabecular volume.
Moreover, a pronounced age-related increase in mar-
row space volume was also demonstrated, which was
significantly gleater for women than men.¿3

The Osteoblast

Cells of the osteoblast lineage occupy a central position
in bone metabolism. Osteoblasls are cells with a num-
ber of functions. They are well-known for synthesizing
the organic matrix of bone and participating in its min-
eralization" In addition, they respond to circulating hor-

mones, growth factors, and cytokines produced by
themselves or other cells of the marrow, which play a

major role in cell-to-cell communication and mainte-
nance of bone. The formation of a structurally sound
skeleton, with its strength and integrity conserved by
constant remodeling, is the result of many direct and

indirect influences on the osteoblast.

Types and functions. The word osteoblast has been
traditionally used to describe those cells in bone
responsible for bone formation. Now, however, it is
recognized that cells of the osteoblast lineage are also
involved in a much larger number of functions. These
include playing a role in the production of paracrine
and autocrine factors (cytokines, growth factors),
which profoundly influence bone resorption as well as

bone formation. Osteoblasts also produce proteases,
which are involved in matrix degradation and matrix
maturation.

It is possible to separate mature osteoblasts into sev-
eral main subpopulations: those that synthesize bone
matrix; those that line trabeculae and endosteal sur-
faces; those that are called osteocytes and are buried in
their lacunae, communicating with other osteocytes;
and those cells on the surface of the bone.

Osteoblasts have been found to have gap junctions
that connect them with neighboring osteoblasts and
adjacent bone-lining cells,"o providing an important
mechanism for intercellular communication. Osteoblasts
also communicate with osteocytes, below the bone sur-
face, through a network of canalicular connections.

The osteoblast is an active cell, with a very promi-
nent Golgi apparatus and extensive endoplasmic reticu-
lum, reflecting its capacity for protein synthesis. It pro-
duces a bone-matrix-containing type I collagen as well
as noncollagenous proteins, such as osteonectin, osteo-
pontin, osteocalcin, and various proteoglycans. Osteo-
blasts control the process of bone mineralization at
three levels: l) in its initial phase, by production of an
extracellular organelle called the matrix vesicle, whìch
has a major role in primary calcification; 2) at a later
stage, by controlling the ongoing process of mineraliza-
tion by modifying the matrix through the release of dif-
ferent enzymes; and 3) by regulating the amount of
ions available for mineral deposition in the matrix.

Primary mineralization of bone occurs through a

complex series of synthetic and regulatory events under
the control of osteoblasts. This type of mineralized tis-
sue is formed during embryonic and fetal bone devel-
opment, and postfetal bone growth, as well as during
bone repair and induction, either orthotopically or het-
erotopically. Matrix vesicles, organelles produced by
osteoblasts and located in the extracellular matrix, are
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active in the initial phases of primary mineralization.
This observation has been demonstrated repeatedly in
developing tissue, as well as in repair tissue, and in
pathological processes. It is important to note, howev-
er, that calcification via matrix vesicles is not the exclu-
sive mechanism responsible for crystal formation in
bone. The strategies used by cells to regulate events in
the matrix are diverse and complex. However, careful
regulation of the initial events helps to ensure that cal-

cification is under cellular control. While it is accepted

that mineral crystals are first seen in matrix vesicles,
bulk-phase mineral deposition may not require matrix
vesicles or their constituents.zl

Because of their multiple functions, osteoblasts are

under tight control by hormones such as parathyroid
hormone (PTH), 1,2S-dihydroxyvitamin D3 and 24,25-
dihydroxyvitamin D3, estrogen, growth hormone, and
thyroxin. They also respond to a number of growth fac-
tors and cytokines. In addition, some growth factors,
such as TGF-p and insulin-like growth factor-l (IGF-I),
not only are produced by osteoblasts but directly affect
them, indicating there exists both a paracrine and
autocrine role for these factors in bone.

Osteoblasts are thought to be derived from pluripo-
tential stem cells present in the stromal fibroblastic sys-
tem of bone ma¡row and other connective tissues, such
as periosteum.tu The stem cell from which osteoblasts
arise is distinct from that giving rise to osteoclasts,
which originate from the hematopoietic system."7
Nevertheless, it is possible to draw analogies between
the two pathways, since in both systems, stem cells are
able to differentiate into cells of several lineages.'¿¿' The
osteoblast, at different stages of differentiation, will
possess different properties, depending on its location
in bone and other local and humoral influences.

The entire developmental sequence of the osteoblast
can be divided into three distinct phases.ze Using a cell
culture model, it has been shown that the initial, prolif-
erative phase (days 0 to 15) is characterized by the syn-
thesis of an organized, bone-specific extracellular
matrix. After proliferation ceases, a second phase, char-
acterized by matrix maturation (days l6 to 20), begins.
This renders the matrix competent for the final phase of
mineralization during days 20 to 25.

Osteoblasts synthesize a collagen-rich matrix, called
osteoid, which mineralizes to form mature bone.
Approximately 90% of the organic matrix of bone is
collagen, and most of this is type I collagen. The correct
transcription and translation of type I collagen by
osteoblasts is necessary for normal bone formation,
and, indeed, most of the genetic mutations identified in
osteogenesis imperfecta are located on one of the two
structural genes for type I collagen.¡ro In bone matrix,

there are also many noncollagenous proteins produced

by osteoblasts. Several of these proteins have been

recently characterized and cloned."' Table 6-9 shows a

summary of our current knowledge of the major non-

collagenous proteins in bone, their function, and what
factors or hormones regulate their production.

The matrix produced by the osteoblast performs a

number of functions, including structural support, ori-
entation, and polarization of cells, binding of latent or
active cytokines and growth factors, and regulation of
adjacent cells. The matrix also participates in the min-
eralization process by providing the proper structure
and regulatory signals.

Hormones and coupling. With the exception of calci-
tonin, all of the hormones, cytokines, and growth fac-

tors that act upon bone, as an organ, mediate their
activity through osteoblasts.'z32¿33 Parathyroid hormone,
as well as PTH-related peptides, have specific receptors

on the osteoblast, and their effects are mediated by
cyclic AMP at the post-receptor level. A similar effect
has been observed with prostaglandin E2 (PGE2). 1,25-

dihydroxyvitamin D3 [1,25-[OH)2D31 works through a
specific nuclear receptor and affects osteoblast differen-
tiation and matrix production. Estrogen and growth
hormone also work through a receptor in osteoblasts,
although part of the effect observed with these hor-
mones is mediated by the production of IGF-I, which
by itself, has a direct effect on osteoblasts. Several pep-

tide growth factors also evoke responses from
osteoblasts through receptors, such as epidermal
growth factor (EGF), TGF-c, TGF-P, and platelet-
derived growth factor (PDGF). A family of cytokines,
that were initially thought to only act on the immune
system has been found to contain several members that
are not only produced by osteoblasts but also have sub-
stantial action on bone. This group includes inter-
leukin-l (ll-l), interleukin-6 (lL-6), and tumor necrosis
factors (TNFs) a and p.

For many years, the activation of resorption was
thought to be mediated by PTH, PGE2, 1,25-(OH)2D3,

or IL-l via direct action of these mediators on existing
osteoclasts, or on osteoclast precursors. Since the
1970s, however, a new concept has surfaced. Accord-
ing to this view, resorbing hormones act directly on
osteoblasts, which then produce other factors that regu-
late osteoclast activity. This results in both bone forma-
tion and bone resorption being coupled. The coupling
theory is based on the observation that once resorption
occurs, osteoblasts respond by making more bone
matrix. That is, any change in resorption or formation
results in a change in the other. A hypothetical mecha-

nism for explaining the coupling phenomenon is that
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Table 6-9 Some Noncollagenous Proteins in Bone Matrix

Protein Known Function
Regulation of Production

by Osteoblasts

Osteocalcin lnhibit mineralization, recruit bone-cell
precufsors

1,25-(OH)2D3,

PTH, glucocorticoids

Osteopontin Cell-binding activity, osteoclasl-anchor¡ng
activity, mineral-binding activity

1,25-(OH)2D3,

TGF-B, retinoic acid,
g lucocorticoids,
PTH

Bone proteoglycan
(biglycan)

Function unclear Not well
characterized

Thrombospondin Bind and organize matrix, cell attachment TGF-P

resorbing bone produces a factor(s) that influences the
rate and/or extent of osteoblastic activity.'3{ It now
seems likely that a discrete coupling factor does not
exist, but that the coupling process may be mediated by
a number of factors.

Recently, TGF-P has been considered as one of the
possible factors active in this process. Latent TGF-p is
produced by osteoblasts and deposited in the extracel-
lular matrix. As resorption takes place, latent TGF-p is
released from the matrix. Concomitantly, PTH and
other bone-resorbing hormones increase production
and release of enzymes such as plasminogen activator
by osteoblasts, which activate latent TGF-8. Alterna-
tively, proteinases released by the osteoclast during
resorption may also activate latent TGF-p. In either
case, active TGF-P then enhances osteoblast differentia-
tion and matrix formation and inhibits osteoclast activ-
ity. A scheme illustrating how TGF-p may regulate bolre
resorption and formation is shown in Figure 6-15.

Proteolysis and increased cellular activity are found
at sites of normal and pathological tissue remodeling.
There is considerable evidence that osteoblasts are
responsible for the production of proteinases, enzymes
capable of mediating the localized turnover of both
unmineralized and demineralized bone matrix. These
enzymes are different from the enzymes produced by
osteoclasts, which are responsible for direct action on

bone matrix at acid pH. The proteinases that osteoblasts
produce are active at neutral pH and include collage-
nase and plasminogen activator. Some of the proteinas-
es produced by osteoblasts are present in extracellular
matrix vesicles. Their release during maturation of
osteoid may be important for mineralization of the
matrix, as well as for latent growth factor activation.

The Osteoclo.st

The osteoclast is the cell responsible for resorption of
the extracellular bone matrix. Under normal conditions,
bone resorption plays a major role in the homeostasis
of both the skeleton and serum calcium level. Further,
bone resorption is also essential for the proper growth
and remodeling of bone and is tightly coupled to the
process of bone formation by osteoblasts. The correct
functioning of this coupìed process leads to the mainte-
nance of the skeleton. When the balance between bone
resorption and formation is disturbed during growth,
repair after trauma, or regeneration during periodontal
treatment, a change in size and shape of the individual
bone will occur.

Changes in the coupling balance also result in vari-
ous pathologic conditions. For example, osteopetrosis
and osteosclerosis are characterized by dense bone and
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osteoporosis by porous bone. Faulty coupling can also
result in high resorption, as seen in high bone-turnover
diseases like hyperparathyroidism and paget's disease.

Characteristics. Osteoclasts have proven difficult to
characterize. They are relatively rare in bone and cover
only 1% of the bone surface; they are terminally differ-
entiated and do not proliferate; they are attached to the
mineralized matrix; and they are fragile due to their
large size. Only recently have reliable methods been
developed for the isolation and culture of these cells
from bone23sz* or bone-marrow cultures.r.t

The osteoclast is a highly motile cell that attaches to,
and migrates along, the interface between bone and the
bone marrow (endosteum). It is generally a multinucle-
ated cell (although mononuclear osteoclasts are also
encountered), formed by the asynchronous fusion of
mononuclear precursors derived from the bone marrow
and differentiating within the granulocyte-macrophage
lineage. When activated, the osteoclast attaches to the
mineralized bone matrix by forming a tight, ring-like
zone of adhesion called the sealing zone, involving a
specific interaction between the cell membrane and
specific bone matrix proteins (Fig 6-16).

The space contained inside this ring of attachment
and between the osteoclast and the bone matrix consti-
tutes the bone-resorbing compartment. The osteoclast
synthesizes several proteolytic enzymes, which are
then vectorially transported and secreted into this
extracellular bone-resorbing compartment. Simul-

Fig 6-15 Osteoclasts secrete proteolytic
enzymes, such as plasminogen activator, or
acids that activate latent TGF-p in the extra-
cellular matrix. Active TGF-p may then stimu-
late osteoblast differentiation and matrix for-
mation and inhibit osteoclast activity. This
model explains how TGF-p may act as a cou-
pling factor to regulate osteoclast and
osteoblast activities in bone modeling (see
Fis S14).

taneously, the osteoclast lowers the pH of this compart-
ment by extruding protons across its apical membrane
(facing the bone matrix). The concerted action of the
enzymes and the low pH in the bone-resorbing com-
partment lead to the dissolution of the mineral phase
and digestion of the organic phase of the bone extracel-
lular matrix. After resorbing to a certain depth, deter-
mined by mechanisms that remain to be elucidated, the
osteoclast detaches and moves along the bone surface
before reattaching and forming another resorption pit.

From this brief description, it is apparent that the
activated osteoclast is a morphologicatly and function-
ally polarized cell, with one pole facing the bone
matrix, towa¡d which most of the secretion is targeted
(the apical pole), and a pole facing the soft tissues in
the local microenvironment (bone marrow or perios-
teum), which provides mostly regulatory functions (the
basolateral pole).

The osteoclast is usually found singly or in low num-
bers at any one given time and site, characteristically at
the interface between soft and calcified tissues, in an
area where the bone matrix is fully mineralized. It is
usually found on the periosteal surface, although most
of the remodeling occurs along the endosteum. The
osteoclast is easily characterized by its size, 50 to 100

¡rm, its multinucleation (usually 2 to l0 nuclei), and its
presence within resorption lacuna at the calcified
matrix-bone marrow interface. The apical area of the
cell, closest to the matrix, is characterized by a densely
stained attachment apparatus and a lightly stained,
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Fig 6-16 Longitudinal section through an
activated osteoclast. Note the sealing zone,
which delimits the bone+esorbing compart-
ment along the apical membrane.

highly vacuolated, and striated central area called the
ruffled border. At the ultrastructural level, morphologi-
cal polarity of the cell is evident"';3' (see Fig 6-16). The
peripheral region of the apical membrane is tightly jux-
taposed to the matrix and is called the sealing zone.,o
In the adjacent cytoplasm, an organelle-free area is
found, called the clear zone, which is characteristically
enriched in contractile protein. The osteoclast has an
enlarged, well-developed Golgi apparatus that is active-
ly engaged in biosynthesis and secretion of proteins.'3'

Activity. The structural features of the osteoclast that
have been described above are each reflections of a
specific function. The clear zone and the sealing zone
are responsible for the attachment of the osteoclast to
the bone matrix; the ruffled border corresponds to the
area of ion transport and protein secretion; and the
basolateral membrane is a major site for receipt and
integration of regulatory signals.

Inside the osteoclast, an extensive cytoskeleton,
composed of actin filaments and various actin-binding
proteins, can be observed. This is involved in osteoclast
migration and adhesion to bone and other surfaces. It
has been reported that osteoclasts migrating across a
surface (bone or glass) display a pattern characteristic
of actin filaments.,a'

The cytoskeletal complex of the clear zone is neces-
sary for anchoring and stabilizing the osteoclast on the
bone surface. However, because the cytoskeletal com-
plex is inside the cells, this complex is not directly

responsible for that interaction. This role is filled by
integral membrane proteins whose cytoplasmic do-
mains interact with the cytoskeleton and whose extra-
cellular domains interact with the appropriate bone-
matrix proteins. These transmembrane proteins are
members of the integrin famity of adhesion molecules,
which mediate cell-substratum and cell-cell interac-
tions.2'2 When osteoclasts are either activated or inhibit-
ed, rapid and dramatic changes occur in the cytoskele-
ton and attachment structures, further demonstrating
the functional importance of these structures in bone
resorption. Moreover, some of these changes might be
associated with the regulation of the osteoclast's intra-
cellular calcium level and/or pH.r.' Hence, the
cytoskeleton and integral membrane receptors of the
integrin family play essential roles in osteoclast motili-
ty, in specific attachment to the bone surface, in estab-
Iishing the seal at the periphery of the extracellular
bone-resorbing compartment, and in regulating the
activity of the osteoclast.

The osteoclast is actively engaged in the synthesis of
Iysosomal enzymes that proceed through the Golgi and
are transported from the trans-Golgi region to the ruf-
fled-border apical membrane in coated transport vesi-
cles. These transport vesicles then fuse exclusively with
the ruffled border's plasma membrane and release their
contents into the bone-resorbing compartment.2s2r, The
enzymes secreted by the osteoclast into the bone-
resorbing compartment participate in the degradation of
the extracellular matrix and include acid phosphatase,
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aryl-sulfatase, p-glucuronidase, and several cysteine
proteinases such as cathepsins B and L.'oo The major
importance of these proteolytic enzymes is that they are

capable of degrading helical collagen in an acidic envi-
ronment.2'5 Recently, it has also been found that tissue-
plasminogen activator,24 as well as collagenase (matrix
metalloproteinase-1),'o' are produced by osteoclasts,
suggesting a role for these two proteinases in bone
resorption. In addition to the secretion of enzymes and
protons, osteoclasts, like other cells in the monocyte-
macrophage lineage, synthesize and secrete lysozyme.'o'

Acidification of the extracellular bone-resorbing
compartment has emerged over the last few years as

one of the most important features of osteoclast biolo-

Ey.'o"2to The proton pumps in the osteoclast allow for
acidification of extracellular fluids. During bone resorp-
tion, osteoclast-mediated acidification is required for
the dissolution of the mineral phase and the enzymatic
degradation of the organic phase of the extracellular
matrix.¡3E2sr The acidification process directly involves
two components: the apical electrogenic proton pump
itself and carbonic anhydrase II. Briefly, the protons
transported by the H + ATPase across the apical mem-
brane are generated in the cytoplasm by the reversible
hydration o1 CO2 to produce carbonic acid, which ion-
izes to form protons and HCO3.'s' In conclusion, bone
resorption includes an initial phase characterized by
acidification, which is required for the dissolution of
the mineral phase, followed by a degradation phase
involving cysteine proteinases, which degrade the bulk
of the collagen present in the acidified bone-resorbing
compartment.

In contrast, collagenase and metalloproteinase action
occurs at a more neutral pH. Consequently, if these
enzymes are involved in bone resorption, it is likely
that they are activated by enzymes released by the
osteoclast or by the low pH in the resorption compart-
ment. Alternatively, they may function after displace-
ment of the cell from its previous resorbing site and
subsequent neutralization of pH.

There are several obvious reasons why calcium is of
major importance in the regulation of osteoclast func-
tion. First, the cell's activity is directly and indirectly
regulated by several calciotropic hormones that func-
tion in calcium homeostasis. Second, the osteoclast is
probably exposed to the highest local calcium concen-
trations of any cell in the body due to the dissolution of
hydroxyapatite crystals in the acidic microenvironment
of the bone-resorbing compartment. Third, bone re-
sorption by the osteoclast is the major mechanism
whereby calcium is mobilized from the skeleton, main-
taining the correct calcium concentration in the extra-
cellular fluids of the body.

In recent years, it has been suggested that hormones

and/or local factors activate osteoclasts to start bone

resorption. When the calcium concentration in the
bone-resorbing compartment reaches a threshold level,

calcium sensors open a novel type of calcium chan-

nel.2s3'2s The increase in intracellular Ca+2 causes the

osteoclasts to become inactivated, leading to osteoclast
detachment. This allows the mobilized extracellular cal-

cium to diffuse into the extracellular fluids. t¿ter, the

osteoclasts reattach and go through a second cycle of
resorbing activity. This scenario provides a logical
explanation for the cyclic activity of the osteoclast, as

well as the multilacunar nature of resorption sites seen

in vivo and in vitro.

Factors Regulating Bone Formation

The formation of new bone consists of two major steps

that include the production of a new organic matrix by
the osteoblasts and the mineralization of that matrix.
Agents that regulate bone formation act on the osteo-
blast to either increase or decrease replication of cells in
the osteoblastic lineage or to modify the differentiated
function of the osteoblast. As outlined above, bone for-
mation is controlled by systemic hormones and local
factors. For the most part, the local regulators of bone
formation are growth factors that act directly on cells of
the osteoblastic lineage. These local factors may affect
their cell of origin or different cells, and thus act as

either autocrine or paracrine factors, respectively."t
While systemic hormones are likely to have direct

effects on the bone-forming cells, they frequently act by
stimulating the production of local growth factors.
Systemic hormones can regulate growth-factor activity
by one or more of four different mechanisms: 1) by reg-

ulating factor synthesis, as well as release from cells; 2)

if the factor is released from the cell in a latent form, its
physiologic effect can be regulated by controlling when
the factor becomes activated; 3) by regulating receptor
binding; and 4) by regulating the production of a bind-
ing protein that stabilizes the factor and promotes its
binding to the receptor. Since the production of a par-
ticular growth factor is not unique to any specific tis-
sue, it has been postulated that systemic hormones
may provide target tissue specificity for a growth factor.

Growth factors that regulate bone formation have
some common features: they are polypeptides; they
exert their activity by binding to specific receptors on
the cell surface; they primarily act locally; they are nat-
ural products of cells; and they are multifunctional in
that they can stimulate a wide variety of cellular activi-
ties. In cases such as periodontal regeneration, the
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combined effect of many growth factors is involved."u
This section addresses the more "classic" growth fac-

tors synthesizedby connective-tissue cells and includes
platelet-derived growth factor, insulin-like growth fac-

tors I and II, transforming growth factors pl and p2,

fibroblast growth factors, heparin-binding growth fac-

tors I and 2, and bone morphogenetic proteins.

Platelet-derived growth factor (PDGF). PDGF is a

cationic, heparin-binding polypeptide with a molecular
weight of approximately 30,000 daltons. The active
growth factor consists of a disulfide-linked dimer,
which is the product of two distinct genes, PDGF-A and
PDGF-B.¿' Three isoforms exist: PDGF-AA, PDGF-AB,
and PDGF-BB. The most biologically active form in
skeletal tissues is PDGF-BB. PDGF is produced by
osteoblasts,':srs' but much of the PDGF found in bone is
probably derived from serum and platelets.

PDGF stimulates DNA synthesis and cell replication
in osteoblasts,ttt as well as increases bone-collagen syn-
thesis and the rate of bone-matrix apposition.'o In addi-
tion to its effect on bone formation, it has also been
reported to increase bone resorption and collagen
degradation,'s' although the mechanism for these effects
is not clear.

A PDGF receptor containing two subunits has been
found. PDGF binds to one or both subunits and forms a

complex as part of the receptor-activation process. Only
recently has it been found that a PDGF receptor is pre-

sent in osteoblasts.2u' While little is known about the
regulation of PDGF-AA synthesis, there is some evi-
dence suggesting that PDGF-AA activity is regulated at
the level of receptor binding. PDGF-BB might be critical
in wound healing or fracture repair, since it is released
after platelet aggregation. It may also play an entirely
different role in bone-cell physiology than that of
PDCF-AA.

Heparin-binding growth factors (HBGFs). HBGFs are
members of a family of seven related heparin-binding
proteins.':o Acidic fibroblast growth factor (aFGF) and
basic fibroblast growth factor (bFGF) are the two better
known forms of the HBGFs and were the first to be
purified, sequenced, and cloned.

Bone matrix is a rich source of FGFs, and bovine
skeletal cells, expressing the osteoblastic phenotype,
secrete basic, as well as acidic, FGF.'ó' Both FGFs have
been shown to be mitogenic for bone cells and to
enhance collagen and noncollagen protein synthesis in
bone culture. In bone cells, FGF interacts with heparin,
which enhances the effect of FGF on bone-cell replica-
tion. Therefore, FGFs, and HBGFs generally, have signif-
icant effects on bone-cell replication, but their specific

function in bone-cell biology and their role as therapeu-

tic agents needs further study.

lnsulin-like growth factors (IGFs). IGFs are non-gly-

cosylated polypeptides with molecular weights of
approximately 7,500 daltons. There are two forms of
IGF: IGF-I, initially termed somatomedin C, and IGF-ll,
initially termed multiplication-stimulating activity. IGF-l

appears to be the principal growth regulator in bone

and cartilage. The liver is the major source of circulat-
ing IGF-I and is the target tissue for growth hormone
that regulates IGF-I production. The role of systemic
IGF-I is not entirely clear, since most tissues synthesize
small amounts of this growth factor. In connective tis-
sues, IGF-I and IGF-II are among the most abundant
growth factors presentzn and are synthesized by most
cell types present in skeletal tissue, including bone
fibroblasts and osteoblasts.':us Therefore, IGFs probably
act as either paracrine or autocrine regulators of bone
formation. Production of IGFs is increased by hormones
such as growth hormone, estradiol, and local factors
like PGE2,'' whereas production is inhibited by cortisol.
Both forms of IGF increase preosteoblastic cell replica-
tion and have a stimulatory effect on osteoblastic colla-
gen synthesis and bone-matrix apposition,¿66 and
decrease the degradation of collagen. IGFs play a major
role in the maintenance of bone mass. Osteoblasts
express both the IGF-type I and -type 2 receptors,'6'and
it has been suggested that the type I receptor mediates
the effect of IGF on bone formation. IGF is probably
one of the most important regulators of bone mass
because it is synthesized by bone cells and is present in
substantial concentrations in the bone.

Transforming growth factor-beta (TGF-P).
Transforming growth factors are polypeptides that have
been isolated from a variety of normal and malignant
tissues. They were initially identified by their ability to
stimulate in non-neoplastic cells what appears to be a
growth habit characteristic of malignant cells. TGF-cr is

not synthesizedby bone cells, but because it stimulates
bone resorption, it may play a role in the development
of hypercalcemia in some forms of malignancy. TGF-p

is a polypeptide with an approximate molecular weight
of 25,000 daltons that is synthesized by skeletal cells. It
is one of the most abundant growth factors in bone
matrix.'6 At present, at least five isoforms have been
identified, as well as a number of polypeptides, that
show significant homology with TGF-P and form the
TGF-P superfamily of polypeptides. Among them are

the bone morphogenetic proteins (BMPs), the activins,
and the inhibins. Activin and TGF-p have similar stimu-
latory effects on bone formation.'u'TGF-P is synthesized
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by osteoblasts in inactive (latent) form. A major step
regulating TGF-P activity involves its conversion to a
biologically active peptide; this can be accomplished in
vivo and in vitro by brief acidification or proteolytic
cleavage. TGF-P has been shown to stimulate pre-
osteoblastic cell replication, osteoblastic collagen syn-
thesis,"o and bone-matrix apposition.

Bone ceìls have three discrete TGF-p receptors. The
effects of TGF-p on bone-cell function can be regulated
by altering the binding of the growth factor to its recep-
tors.2ó' Treatment with glucocorticoids decreases the
effect of TGF-p on DNA and collagen synthesis in bone
cells. The mechanism of this action seems to be related
to shifting of TGF-p binding away from active receptors
and toward the complex.:ú

In addition to its direct effect on bone-cell function,
TGF-B has important interactions with other growth fac-
tors. 1'GF-p mRNA levels are increased by FGF, whereas
TGF-P decreases PDGF-AÂ binding to its bone-cell
receptor. TGF-p has been shown to initiate and regulate
critical events during fracture repair.rt' Furthermore,
cells within the fracture callus have been shown to
express TGF-p nRNA, and this factor may be induced
and act at the local level during fracture healing.

Bone-morphogenetic proteins (BMps). During
embryogenesis, new bone formation occurs through a
complex series of cellular interactions. Most bones of
the body initialy go through a phase of cartilage forma-
tion and calcification, and then replacement by bone in
a process known as endochondral bone formation.
Interestingly, bone repair in adults is very similar to
this process. During bone repair and bone-matrix
destruction, many growth factors are released that
affect the healing process. One of them is a unique fac-
tor with osteoinductive activity, BMp. Since its original
discovery, it has been found that what was originally
believed to be one protein actually belongs to a family
of proteins consisting of at least seven different mem-
bers (BMPI through BMPZ).

The implantation of BMp in ectopic sites, as well as
in bone, induces the production of new bone through
an endochondral pathway. BMp has a direct effect on
osteoblasts by stimulating the differentiation of osteo-
blast precursor cells into more mature osteoblasts.
Further, BMP has also been shown to stimulate colla-
gen production by mature osteoblasts. In the endochon-
dral pathway, BMP induces chondrocyte differentiation
and matrix mineralization.

Foctors Regulotíng Bone Resorption

In recent years, it has become increasingly clear that
many of the cellular events involved in bone resorption
are modulated by a group of local factors (osteotropic
cytokines), which have extremely potent effects on
bone cells in both in vitro and in vivo systems. Many of
the effects of local factors on bone resorption appear to
be overlapping and are seemingly redundant; for exam-
ple, interleukin-l (IL-1), tumor necrosis factor-alpha
(TNF-a), and lymphotoxin appear to affect bone
resorption similarly. As we learn more about the mech-
anism of bone resorption, the role of each factor in the
process will become clearer.

Cytokine regulation is likely to be more important
for trabecular bone than for cortical bone because tra-
becular bone is closer to the marrow, which is a rich
source of cytokines. Many of the potent osteotropic
cytokines, such as IL-I, IL-6, TNF-a, and TGF-p, medi-
ate a multiplicity of effects in the body in addition to
their effects on bone cells. However, there are other
cytokines, such as BMP, that have relatively specific
effects on bone cells. Most of the osteotropic cytokines,
such as IL-l, TNF, lymphotoxin, and IL-6, are clearly
products of immune cells that are present in regions
where bone modeling is actively occurring. However,
stromal cells, as well as bone cells, also produce these
factors.'7' The production of cytokines by osteoblasts is
regulated by bacteria, lipopolysaccharide, other cyto-
kines, and different hormones (estrogen and steroids).
It has also been observed that cytokines and hormones
can have synergistic effects on bone resorption. For
example, the effect of IL-l together with PTH on bone
resorption is greater than the additive effects of either
IL-l or PTH alone.'z73

The hypothesis that local factors play a major role in
regulating bone remodeling has been strengthened by
recent data that directly implicate at least one of these
cytokines in normal osteoclastic bone resorption. In
mice with the op/op variant of osteopetrosis, there is a
defect in the region coding for colony-stimulating factor
(CSF) of the macrophage series (CSF-M), resulting in
decreased CSF-M production. In this variant, the mice
do not form functional osteoclasts. As a result, they do
not form marrow cavities properly, and they develop
osteopetrosis. If the mice are treated with CSF-M, the
disease is reversed.,to

Cytokines appear to play a major role in bone pathol-
ogy. Solid tumors and carcinomas have been shown to
produce IL-I.'¡Æ Cytokines have also been associated
with the bone destruction seen in chronic inflammatory
conditions, such as rheumatoid arthritis and periodontal
disease. The observed increase in cytokines during these
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diseases, has been suggested as the cause of increased
localized osteolytic bone dest¡uction.

Interleukin-l (IL-l). IL-l is a powerful and potent
bone-resorbing cytokine.zTó It has been found that IL-la
and IL-lp are equally potent in stimulating bone resorp-
tion and probably exert their effects on bone-resorbing
cells in several ways. They stimulate proliferation of
precursor cells, but also probably act indirectly on
mature cells to stimulate bone resorption.,TT The effects
of IL-l probably occur by two mechanisms. One mech-
anism is the stimulation of the production and release
of PGE2, which in turn stimulates bone resorption. The
second mechanism involves the direct action of IL-l on
the osteoclast, which is independent of prostaglandin
synthesis, through an 80,000-dalton receptor.

IL-l has complex and apparently paradoxical effects
on bone formation. The continued presence of IL-l
inhibits bone formation in vivo and in vitro.2's',7e IL-l
appears to stimulate proliferation of cells at early stages
of differentiation in the osteoblast lineage, but inhibits
functions characteristic of the fully differentiated state.
In contrast, transient exposure to IL-l has been shown
to stimulate bone formation by osteoblasts.

Interleukin-6 (IL-6). In some experimental models, IL-6
appears to have no effects on bone resorption. However,
in others,':m it stimulates bone resorption. IL-6 is also
responsible for the formation of cells with an osteo-
clastic phenotype. Bone cells also have the ability to pro-
duce IL-6, which seems to be greater when the stimulus
is by another cytokine.

Tumor necrosis factor (TNF) and lymphotoxin.
Lymphotoxin and TNF are two closely related cytokines
that have equivalent effects on bone cells. They are
both multifunctional cytokines produced by activated
lymphocytes, and they share the same receptor. Their
major effect on bone is to stimulate osteoclastic bone
resorption.'?s' It has been suggested that part of the
effect of TNF is mediated by pGE2, as well as by IL-6.
TNF also affects cells with osteoblast phenotypes and
inhibits differentiated function and stimulates cell pro-
liferation. Production of TNF in some tumors, like
squamous cell carcinomas, may be responsible for
paraneoplastic syndromes.

Gamma interferon (IFN-1). Gamma interferon is a
multifunctional cytokine, which in most biological sys-
tems has effects similar to TNF or IL-l. However, it has
an effect on bone resorption that is opposite that of IL-i
and TNF. Gamma interferon is more effective in inhibit-
ing IL-l- or TNF-induced bone resorption than sys-

temic hormones like PTH or 1,25-(OH)2D3. Further, it
has been found in long-term marrow cell cultures that
gamma interferon inhibits the formation of cells with
the osteoclast phenotype.

Colony-stimulating factors (CSFs). CSF has the ability
to stimulate differentiation of osteoclast precursors into
mature osteoclasts. Recently, it was found that there
are a number of human and animal tumors associated
with granulocytosis in which increased production of
CSFs are involved. In many of these tumors, hypercal-
cemia is associated with increased bone resorption.

It is possible that CSFs mediate their effects on
osteoclast formation indirectly. For example, early stud-
ies showed that CSF stimulates IL-L production, which
stimulates prostaglandin synthesis.

Prostaglandins and other arachidonic-acid metabo-
lites. A number of arachidonic-acid metabolites act as

modulators of bone-cell function. These factors are pro-
duced by immune, marrow, and bone cells. Prosta-
glandins of the E series were some of the first-described
and best-tested stimulators of osteoclastic bone resorp-
tion. PGEs a¡e slow-acting, but powerful, mediators of
bone resorption and affect both active mature osteo-
clasts, as well as differentiated osteoclast precursors.
The effect of PGE is local and has been shown to medi-
ate the effects of other factors like epidermal growth
factor (EGF) and transforming growth factor-p (TGF-P).
PGE is produced by osteoblasts and has effects not just
on bone resorption, but on bone formation as well. In
vitro it has been found that high doses of PGE are
inhibitory, while low doses stimulate bone formation.
However, in vivo it appears that the effect of PGE is
clearly associated with an increase in periosteal bone
formation.æ There have also been recent reports that
other arachidonic-acid metabolites stimulate bone
resorption. Arachidonic acid can be metabolized by an
alternative enzyme system, Slipoxygenase, which also
produces metabolites capable of stimulating bone
resorption.

Regulation of Bone by
Systemic Hormones

Parathyroid hormone (PTH). It has been known for
70 years that PTH affects bone-cell function, may alter
bone remodeling, and causes bone loss. It is now
apparent that PTH acts on both bone-resorbing cells
and bone-forming cells. The net effect of the hormone
depends on whether it is administered continuously or
intermittently. When administered continuously, it
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increases osteoclastic bone resorption and suppresses
bone formation. However, when administered in low
doses intermittently, its major effect is to stimulate
bone formation, a response that has been called the
anabolic effect of PTH.

PTH stimulates osteoclasts to resorb bone. In
patients with primary hyperparathyroidism, there is a
profound loss of bone associated with increased osteo_
clastic bone resorption (a disease referred to as oste¿t¿s

ftbrosa cystico.).ln organ cultures, pTH increases osteo_
clast activity, with resultant degradation of bone matrix
and release of bone mineral.Br In culture, parathyroid
hormone produces a prolonged period of bone resorp_
tion after only four to six hours of treatment, while
other agents, such as pGE2 or 1,25-(OH)2D3, require a
longer period of incubation. These phenomena can be
explained by the fact that pTH activates mature osteo_
clasts to resorb bone, whereas other agents exert their
effects by increasing the formation of new osteoclasts.

In the in vivo situation, bone cells are never exposed
to PTH alone, and other local factors and hormones are
always present and interact with pTH. pTH probably
acts at multiple points in the osteoclast lineage. It clear_
Iy stimulates mature, multinucleated osteoclasts to form
ruffled borders and resorb bone. In addition, it has
effects on cells earlier in the osteoclast lineage.
However, the precise molecular mechanisms by which
PTH exerts its effects on these cells is still not known.
The effect of PTH on osteoclast precursors is combined
with direct effects on the cell itself, with an indirect
effect of regulating other cells to produce local factors
that influence the osteoclast precursor cells, such as
regulating cells of the granulocyte-macrophage type, to
produce granulocyte-monocyte-colony-stimulating fac_
tor (GM-CSF).

The effect of PTH on mature osteoclasts is also indi_
rect because osteoclasts will not resorb bone unless
osteoblasts are present, suggesting that pTH may stimu_
late osteoclastic bone resorption by interacting with
cells in the osteoblast lineage.

PTH responsiveness is used as one of the criteria for
characterizing cells of the osteoblast lineage. The
response of osteoblasts to pTH includes an increase in
adenylate cyclase activity, changes in proliferation,
alkaline phosphatase activity, and production of type I
collagen. The effect of pTH depends on its concentra_
tion. At low concentrations, the effect is anabolic, and
at high concentrations, the effect is catabolic.,e One
mechanism by which pTH enhances bone turnover or
remodeling in vivo is by promoting the production of
coupling factors.23.

The mechanisms used by cells of the osteoblast phe_
notype to communicate with osteoclasts are still not

known, but may involve the production of soluble
mediators. It has been suggested that osteoblasts may
prepare the bone surface for osteoclastic bone resorp-
tion by producing proteolytic enzymes. However, this
theory is still questionable.

In summary, the effects of PTH on bone-forming and
bone-resorbing cells are complex. Although much infor-
mation is known regarding the expression of pTH and
regulation of PTH synthesis and secretion in the
parathyroid cell, there is still much to be learned about
the mechanisms by which pTH stimulates osteoclasts
and osteoblasts and the relationship between these
effects and maintenance of normal bone volume and
control of calcium homeostasis.

1,25-Dihydroxyvitamin D3 (1,2S). The active metabo-
lites of vitamin D3 have complex effects on calcium
homeostasis and bone regulation. 1,25 and 24,25_
(OH)2D3 (24,25) are active metabolites of vitamin D
that have been shown to directly affect bone-cell func-
tion. 1,25 has a catabolic effect on bone, while 24,25
has an anabolic effect on bone. Both hormones pro-
mote the absorption of calcium and phosphate from the
gut. 1,25 also stimulates osteoclastic bone resorption in
vitro and in vivo. In the absence of vitamin D, there is
a failure of mineralization. This leads to rickets in chil-
dren and osteomalacia in adults. A receptor for 1,25
has been identified and characterized.r's

The effect of l,2S on osteoclastic bone resorption is
different from that of other well-known bone-resorbing
factors. 1,25 has a very slow onset of action, with a
shallow dose-response curve. 1,25 increases both osteo-
clast number and activity, with an increase in ruffled-
order size and clear-zone volume. Mature osteoclasts
do not have receptors for 1,25; thus, the effects of this
hormone on mature osteoclasts are most likely mediat-
ed indirectly through other cells.,e The major effect of
1,25 on osteoclastic bone resorption may be to stimu_
late the fusion or differentiation of committed osteo-
clast progenitors to form mature cells. Use of 1,25 to
treat of infants with malignant osteopetrosis demon-
strates that failure to form competent osteoclasts can be
successfully treated. 1,25 also has other effects on bone
cells that may be indirect.ru' For example, 1,25 influ-
ences and modulates cytokine production by immune
cells. Given the potency of many cytokines as regula-
tors of osteoclast function, the importance of 1,25 for
osteoclastic bone resorption is probably great.

Calcitonin. Although calcitonin has been known for 30
years, there is little insight into its physiological role in
calcium homeostasis or its importance in the bone
remodeling process. Friedman et al,s demonstrated that
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calcitonin was able to inhibit osteoclastic bone resorp-

tion. The effect of calcitonin on osteoclasts is mediated
through cyclic AMP. Calcitonin decreases osteoclast
activity, as can be seen within minutes after treatment
by decreases in ruffled-border size and clear zone."'
Other studies show that calcitonin inhibits the forma-
tion of new osteoclasts and causes the dedifferentiation
of osteoclasts into mononuclear cells.

The effects of calcitonin on bone resorption are
short-lived, however. Osteoclasts eventually lose their
responsiveness to calcitonin after continuous exposure,
a phenomenon referred to as escdpe.'- The molecular
mechanism for escape has never been clearly demon-
strated. One explanation for this phenomenon may
involve a decrease in receptor number after long peri-
ods of exposure. Another possible explanation is that a

second population of osteoclasts, which is not respon-
sive to calcitonin, emerges."t Since calcitonin has only
a transient effect on bone resorption, there has been
considerable speculation as to whether it has an impor-
tant role in calcium homeostasis. Today, it is believed
that it inhibits bone resorption transiently when bone
turnover is not needed for calcium homeostasis (as

after a meal rich with calcium). A receptor for calci-
tonin has been identified in osteoclasts and shown to
directly mediate the effect of calcitonin on these cells.z"

Estrogens. Estrogen clearly inhibits the increase in
bone resorption associated with menopause. Following
estrogen withdrawal, an initial increase in bone turn-
over can be observed. Later, bone resorption occurs
faster than bone formation, with a net effect of bone
loss. Treatment with estrogen prevents these effects."a"o

The effects of estrogen are mediated by a combina-
tion of direct and indirect effects. The direct effect is
mediated by specific receptors found in cells of the
osteoblast':es and osteoclast'% lineages. The effects of
estrogen on osteoclasts are in part direct and in part
mediated through osteoblasts. Some indirect effects of
estrogen result from its enhancing the expression of
growth factors like IGF-I and TGF-p, and of cytokines,
others from its inhibition of prostaglandin production
by bone cells.

It is also possible that estrogen has a prolonged effect
in stimulating bone formation. Low doses of estrogen
increase skeletal B¡owth in cNldren, and it is clear that
there is a marked increase in endosteal bone formation
in rodents and birds treated with estrogens. Estrogen
has now been shown to enhance the expression of TGF-
p and IGF-l in cells with the osteoblast phenotype.2es2eT

Thus, the major effect of estrogen may be to inhibit
osteoclastic bone resorption, but it may also have the
additional effect of stimulating bone formation.

Androgen's effect on osteoclastic bone resorption is

probably similar to estrogen's. Hypogonadal or castrat-

ed males have decreased bone mass associated with
increased bone resorption"

Summary

Bone is a very active organ. In the adult, it is contiuu-
ously renewed and capable of complete repair after
injury. Both of these processes involve opposing events

-the dissolution of existing mineral content with
resorption of the extracellular matrix, and the formation
of a new matrix. Distinct cell lineages are responsible
for bone resorption and formation. The osteoclast lin-
eage is of hematopoietic origin and includes the differ-
entiated multinucleated osteoclast, which is the prima-
ry bone-resorbing cell. The osteoblast, which forms
bone matrix, appears to originate from a stromal cell
within the bone-marrow cavity. Mechanisms that cou-
ple osteoclastic and osteoblastic activities must exist
within the bone. The process of bone resorption and
bone formation are very carefully regulated by both
systemic hormones and local factors. Changes in the
normal balance of bone modeling and remodeling will
cause diseases such as periodontal disease. In peri-
odontal disease, the response of bone to local factors,
produced by the inflammatory process, changes the
bone-remodeling balance, with a net effect of bone
resorption and loss of attachment.

Periodontal tissue can also repair and regenerate
itself. Periodontal regeneration involves the reconstruc-
tion of lost supporting tissues, including alveolar bone,
cementum, periodontal ligament, and gingival attach-
ment. This process is regulated by the local production
of growth factors. These factors stimulate the cellular
events of regeneration, which potentially consist of cell
chemotaxis, proliferation, differentiation, and formation
of extracellular matrix, and will lead to new bone for-
mation and new attachment.
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X coNcLUStONS

9!r_9¡9" on the proteoglycans of the periodontium first began in the
1950's y.ith eg¡ly histochemicar identification in gingival õiopsies of
material identifÍed as "mucopolysacchardes". tt ¡s iñoeed interesting to
note that one of the early pioneers in this field was Dr Margaret Deñar,
working from the lnstitute for Dental Research in sydney, úho published
a paper titled obseruations on the composition and meiàbotism of
normal and inflamed gingivae in 1955. The "Australian Connection"
with periodontal connective tissue research continued with the seminal
work of Professor John Thonard during the 1g60' in which specÍal
histochemical techniques were used tò locate various
mucopolysaccharides to both the gingival connective tissues and
gingival epithelium. By the 1970'; blochemicat techniques nàO Oeen
developed and refined which allowed the definitive identification of
glycosaminoglycans in tissue extracts of human gingíval and periodontal
ligament. lt was at this time that I commenced my- pño stuoied and
pioneered the biochemical isolation, identi haracterization
of proteoglycans in human gingival epithel ective tissue.
During the 1980's the appficatión of cell cu very useful for
the determination of cell synthesis of proteoglycans, and the study of
these molecules at the cellular and moleculái level became possioie.
Antibodies (both polyclonal and monoclonal) also became available
which enabled precise immunolocalizations to be made within the
tissues. ln addition, these antibodie olating
and identifying particu
development of molec ic
molecular probes, has
proteoglycan synthesis and itsregulation at the genetic level. By using
these techniques, the effects of inflammation in i-he periodontium on the
proteoglycan content, structure and distribution have been determined.

nd work has been covered, and the
stigations into the biological roles
dontium wíth respect to tissue

The papers presented in this compira ion were, at the time of their
publication, the first documented-biochemical analyses of proteoglycans
in human gingival epitherium and connective tissuei lootn'naro añá
sott)- ln terms of contribution to the field of periodontaì researòñ, in"."
studies have provided the basis for a more comprehensive
understanding of the biochemical composition oi the periodontal tissues
a¡d..whqt happens to them following inflammatory epi'sodes. These
studies have advanced dentar rnowledge in the iollilwing areas:

]. fn." proteoglycan content and composition of the periodontal tissues
have been confidenfly established.

2. The cellular source and types of proteoglycans made by cells of the
periodontium have been established.

3' The effects of inflammation on periodontal tissue proteoglycans have
been established at both the tissue and cellular levei.
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4. several key elements in periodontal inframmation have been
demonstrated to have a direct influence on the proteoglycans associated
with the periodontal tissues.

5. Proteoglycans have been suggested to be critical determinants in the
early processes associated with the regulation of periodontal
regeneration by growth factors.

An expanded understanding of the mperiodontal tissues is eperiodontal amongst
the entire h Given th
wide variety of chemical and mechanical stress, it is remarkable.how
well these tissues remain intact. Nonetheless, disease is still common in
the periodontal tissues, with all the crassic signs and symptoms of
chronic inflammatory disease. The delicate bdance b'etween tíssue
damage and tissue destruction is well recognized. lndeed, all reactions

be pathological, reparative or

understanding of the periodontal tissues which will ultimately lead to
improved therapeutic treatments based on a sound knowledge of t¡isue
destruction and repair. Thus the fundament périodontal
therapy rely on a sound knowledge of these ich enable us
to recognize what constitutes an acceptable




