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Abstract

Background and Aim: Periodontitis is associated with elevated C-reactive protein (CRP)
in both serum and gingival crevicular fluid (GCF). CRP is an acute phase protein, the
levels of which closely follow inflammatory disease activity. CRP is used as a risk
predictor for cardiovascular events, including myocardial infarction. Periodontitis is
associated with an increased risk cardiovascular disease. The nature of the relationship
between periodontitis and cardiovascular disease is unclear, but may involve systemic
inflammation as measured by CRP. Although the liver is the primary source of CRP, extra-
hepatic production of CRP has been reported. Local production of CRP in the periodontal
tissues may contribute to serum levels. This study aimed to determine whether CRP in

GCEF is produced locally in the gingivae.

Materials and Methods: Gingivae and GCF were collected from non-periodontitis and
periodontitis sites. Presence of CRP in gingivae was assessed by immunohistochemistry.
CRP in GCF was measured using ELISA. Gene expression for CRP in gingivae was

determined using real-time polymerase chain reaction.

Results: CRP was found in both the gingivae and GCF. No gingivae had detectable
amounts of CRP mRNA. Not all patients with periodontitis had detectable levels of CRP in
the GCF. Some non-periodontitis patients had detectable levels of CRP in the GCF.

Conclusion: CRP in the GCF appears to be of systemic origin, and therefore may be
indicative of systemic inflammation from either a periodontal infection or inflammatory
disease elsewhere. CRP in the GCF may be a substitute measure for serum CRP. The

correlation between levels of CRP in GCF and serum requires validation in future studies.
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Chapter One. Literature Review of C-reactive Protein

1.1 Introduction

Oral fluids are a substrate for a new generation of non-invasive diagnostic tools
through the development of ultra- and high-sensitivity detection systems and the fact that
they contain many serum analytes that reflect normal function or disease status (Tanke
2007). Within the oral cavity C-reactive protein (CRP) has been detected in both gingival
crevicular fluid (GCF) and saliva, and is considered to be an important biomarker for
systemic disease. Traditionally, CRP was thought to be produced exclusively by the liver,
but recent research suggests localised production in neurons (Yasojima et al 2000), smooth
muscle cells (Yasojima et al 2001, Jabs et al 2003b), macrophages of atherosclerotic
plaques (Yasojima et al 2001), epithelial cells (Jabs et al 2003a, Jabs et al 2005), and
adipose tissue (Ouchi et al 2003). This then leads to the question of what is the source of
CRP in oral fluids — is it local from the periodontal or oral tissues, or delivered by the
serum as a result of systemic inflammation? If systemic, then GCF levels could be used to
replace blood tests as an easy measure of systemic CRP to evaluate risk/prognosis in other
diseases. If local, then this may be indicative of active inflammation in periodontal tissues,
with the potential to act as a marker of disease activity.

1.2 What is C-reactive Protein?

CRP is a plasma protein involved in the acute phase response. CRP was first
discovered in 1930, as a protein that could precipitate the “C” polysaccharide derived from
the pneumococcal cell wall (Tillet and Francis 1930). The specific ligand was later found
to be phosphocholine (Volanakis and Kaplan 1971). CRP is of interest as a biomarker in a
number of diseases and is currently used as a marker of disease activity (Shrive et al.
1996). However, research findings suggest that CRP is not merely a marker of
inflammation, but also has complex functions that may directly modify the inflammatory
process (Pasceri et al 2000). CRP has since been found to interact with various other
ligands, activate the classical complement pathway, stimulate phagocytosis and bind to
FcyR immunoglobulin receptors (Black et al 2004).

CRP is a member of a conserved, phylogenetically ancient super-family of
oligomeric calcium-binding proteins exhibiting high sequence homologies, known as
pentraxins (Osmand et al 1977a, Shrive et al 1996). Pentraxins have been found in



mammals, birds, amphibians, fish and the primitive horseshoe crab (Pepys et al 1978,
Robey and Liu, 1981). The evolutionary conservation of this protein and its binding
specificity over a diverse range of species suggests that CRP has important biological
functions (Pepys et al 1978, Shrive et al 1996), which are likely to be beneficial to survival
(Pepys et al 2006).

1.3 Source

Historically, it was believed CRP was produced primarily, if not exclusively, by liver
hepatocytes (Miller et al 1951, Hurlimann et al 1966, Heinrich et al 1990, Steel and
Whitehead 1994). However, the first report of extra-hepatic synthesis of CRP, by human
lymphocytes, was in 1986 (Kuta and Baum 1986), and since then several reports have
outlined a variety of extra-hepatic sources of human CRP. These include the neurons of
patients with Alzheimer’s disease (Yasojima et al 2000), epithelial cells from nasal polyps
(Gould and Weiser 2001), inflamed and non-inflamed secretions from the respiratory tract
(Gould and Weiser 2001), normal arterial smooth muscle (Yasojima et al 2001), smooth
muscle cells and macrophages of atherosclerotic plagues (Yasojima et al 2001), normal
saphenous veins in patients with atherosclerosis (Jabs et al 2003b), smooth muscle cells of
diseased coronary artery venous bypass grafts (Jabs et al 2003b), aortic aneurysmal tissue
(Vainas et al 2003), renal cortical tubular epithelial cells of renal allografts with acute
rejection (Jabs et al 2003a), adipose tissue from patients with coronary artery disease
(Ouchi et al 2003), and renal cell carcinoma epithelium and normal renal tubular
epithelium from patients with renal cell carcinoma (Jabs et al 2005). There is accumulating
evidence that the acute-phase reaction or its components do not always represent a
systemic response pathway, but may take place in the local environment (Jabs et al 2003a,
Jabs et al 2005). However, it is unlikely that these extra-hepatic sources substantially

increase serum levels of CRP (Black et al 2004).



1.4 Structure

NOTE:
This figure is included on page 3 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1. Structure of C-reactive protein (Black et al 2004)

CRP has a cyclic pentameric structure, consisting of five identical subunits of 206
amino acids (Shrive et al 1996). These are noncovalently arranged around a central pore
(Shrive et al 1996). Each protomer is composed of two antiparallel  strands (Shrive et al
1996) arranged in a flattened jellyroll topology (Thompson et al 1999).

The concave recognition face contains the phosphocholine-binding site and two
calcium ions adjacent to a hydrophobic pocket (Thompson et al 1999, Black et al 2004).
Phe-66 and Glu-81 are believed to mediate the binding of CRP to phosphocholine by
hydrophobic interactions with methyl groups and positively charged choline nitrogen
respectively (Thompson et al 1999, Agrawal et al 2002), although Phe-66 is the major
determinant of the CRP-phosphocholine interaction (Agrawal et al 2002).

The opposite face is the effector face, in which a deep cleft is believed to mediate
binding with complement C1q and Fcy receptors (Agrawal et al 2001, Black et al 2004).
Conformational changes in the C1q binding site of CRP are required for binding to Clq
(Gaboriaud et al 2003), and these changes differ depending on the ligand to which CRP is
bound (Black et al 2003). Each individual subunit is capable of interacting with
phosphocholine and C1q, resulting in five phosphocholine binding sites per CRP molecule
(Black et al 2003).



1.5 Forms of CRP

Native CRP exists in a pentamer of five identical subunits (Osmand 1977). However,
in the absence of calcium or in a denaturing environment, native CRP may undergo
structural changes, dissociating from its pentameric arrangement (Potempa et al 1983,
Motie et al 1996, Wang and Sui 2001). Modified forms of CRP (mMCRP) express different
epitopes compared to native CRP (Ying et al 1989), and have distinct properties (Potempa
et al 1987, Egenhofer et al 1993, Motie et al 1996, Zouki et al 2001).

Naturally occurring antigens cross-reactive with modified forms of CRP have been
detected in normal human peripheral blood lymphocytes (Samberg et al 1988), human NK
and B cells (Bray et al 1988), rat hepatocytes and Kupffer cells (Egenhofer et al 1993),
normal human blood vessel intima (Diehl et al 2000), human monocytes (Kolb-Bachofen
et al 1995), rat islet cells (Fehsel et al 1997), epithelial cells of the human respiratory tract
(Gould and Weiser 2001), the plasma of rheumatoid arthritis patients (Potempa et al 1987),
and inflamed rabbit liver and muscle (Rees et al 1988), suggesting mCRP is a naturally
occurring tissue-associated molecule (Diehl et al 2000, Heuertz et al 2005).

Several forms of CRP have been reported in vitro (Wang et al 2002): native
pentameric CRP was found on ligand-containing membranes in a calcium dependent
manner; small globulin-like monomers were found on negatively charged membranes and
were structurally stable in the absence of calcium; and freshly purified CRP formed fibril-
like structures by the face-to-face stacking of pentameric CRP, which continued to grow in
length with increasing duration of storage (Wang et al 2002). CRP pentamers in solution
under calcium-free conditions undergo spontaneous dissociation into CRP subunits (Myles
et al 1990). In neutral buffer and in the absence of calcium fresh CRP pentamers slowly
and continuously dissociate, while in the presence of calcium dissociation is rare (Wang et
al 2002). Similarly, in acid conditions, dissociation is greatest in the absence of calcium
(Wang et al 2002).

Therefore, CRP stored for prolonged periods in the absence of calcium may undergo
spontaneous formation of mCRP, and this may affect experimental results. Under
laboratory conditions, mCRP can be formed from native CRP by treatment with acid, urea-
chelation and heating in the absence of calcium (Potempa et al 1987). It is proposed that
conformationally altered forms of CRP are created from native CRP at the inflammatory
site due to the conditions of the local environment (Motie et al 1996), and contribute to the
inflammatory process through their pro-inflammatory properties (Shields 1993). As the

local conditions favouring conversion of native CRP to modified CRP subside, native CRP
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becomes the predominant form, and assists resolution of the lesion (Shields 1993). In
contrast, some authors believe that mCRP is not a naturally occurring molecule and that it
is unlikely to persist in vivo long enough to have biologically significant effects (Pepys and
Hirschfield 2003).

1.6 Ligand Binding

CRP can bind to a wide variety of ligands (Shrive et al 1996, Black et al 2004). The
primary ligand of CRP is the phosphate monoester, phosphocholine (Volanakis and Kaplan
1971). Phosphocholine is universally found in the phospholipids of cell membranes and in
plasma proteins, and is commonly found in complex polysaccharides of plants, fungi and
bacteria (Thompson et al 1999). However, in normal cells the phosphocholine is
inaccessible to CRP and therefore binding only occurs in damaged and apoptotic cells
when disruption of the membrane exposes the phosphocholine (Volanakis and Wirtz 1979,
Hack et al 1997, Chang et al 2002).

CRP binding to ligands occurs in two ways, through calcium-dependent binding and
polycation binding (Du Clos 1996). Calcium-dependent binding is strongly inhibited by
phosphocholine (Potempa et al 1981). In contrast, polycation binding is not inhibited by
phosphocholine, but is inhibited by calcium (Siegel et al 1975, DiCamelli et al 1980, Black
et al 2003), an effect reversed by the presence of phosphocholine (Potempa et al 1981).

CRP binds to other phosphate monoesters (Gotschlich and Edelman 1967),
chromatin (Robey et al 1984, Du Clos et al 1988), histones (Du Clos et al 1988),
fibronectin (Salonen et al 1984), small nuclear ribonucleoproteins (Du Clos 1989, Pepys et
al 1994), phosphorylated polysaccharides (Culley et al 2000), laminin (Swanson et al
1989), and oxidized LDL (Chang et al 2002) in a calcium-dependent manner.

As such, the presence of phosphocholine and calcium may have important effects on

CRP binding, and therefore activity, in vivo.

1.7 Receptors

CRP binds to the receptors FcyRI (Mold et al 2001, Mold et al 2002) and FcyRII on
phagocytic cells of mice (Mold et al 2002) and FcyRlla, also known as CD32, in humans
(Bharadwaj et al 1999, Stein et al 2000, Chi et al 2002). In contrast, binding of mCRP on
neutrophils is inhibited by anti-CD16 antibodies, suggesting it binds to an alternative
receptor, FcyRIIl (CD16), compared to native CRP (Heuertz et al 2005). However, the

5



findings of a specific receptor for CRP have not been reproducible by other authors (Hundt
et al 2001, Saeland et al 2001). The enhancement of phagocytosis by CRP is likely to
occur by signaling through these receptors (Black et al 2004). Differential activation of the
Fc receptors by the different forms of CRP may explain the pro- and anti-inflammatory
effects of CRP (Mold et al 2002).

1.8 Functional properties

Although CRP is most commonly used as a marker of disease activity, the exact
physiological role of CRP is unclear (Shrive et al 1996). In vitro research suggests CRP
has both pro- and anti-inflammatory effects (Black et al 2004). An explanation for the
seemingly conflicting pro- and anti-inflammatory actions of CRP is that distinct species of
CRP are formed during inflammation (Shields 1993), and have different properties.

A wide variety of properties have been attributed to CRP, including complement
activation, cytokine release, enhancement of phagocytosis, inflammatory cell recruitment
and activation, removal of material from necrotic cells and promotion of atherogenesis.
Disappointingly almost all the findings from this research are potentially questionable due
to the possibility of contamination of commercial CRP preparations with biologically
active constituents, such as sodium azide (Liu et al 2005) and lipopolysaccharide (LPS)
(Pepys et al 2005, Taylor et al 2005), and much of the research on CRP has been
undertaken without the use of suitable azide and endotoxin controls (Turu et al 2008). It
has been suggested that the proinflammatory effects of human CRP preparations on cells in
vitro were actually due to the effects of contaminants and not CRP itself (Pepys et al 2005,
Taylor et al 2005).

Commercial CRP is derived from recombinant human CRP produced in Escherichia
coli and has sodium azide added as a preservative. As such it is potentially contaminated
with both LPS and sodium azide (Pepys et al 2005), unlike CRP isolated from human
malignant ascites fluid or produced recombinantly in mammalian cells (Pepys et al 2005).
In fact, even when purified by dialysis, recombinant CRP produced by E. coli does not
give equivalent results to ascites-fluid derived CRP (Pepys et al 2005).

Pure preparations of CRP applied to human endothelial cells have no effect on
apoptosis, migration, or proliferation, unlike contaminated preparations of CRP or sodium
azide alone (Liu et al 2005). Similarly, LPS, sodium azide and commercial CRP are able to
induce changes in cell proliferation, cell morphology, apoptosis, expression of endothelial

nitric oxide synthase and intercellular adhesion molecule (ICAM) -1, and increase
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interleukin (IL) -8 and monocyte chemotactic protein (MCP)-1 secretion, whereas pure
CRP does not (Taylor et al 2005). In vivo and in vitro, pure CRP is not proinflammatory,
with no effect on acute phase proteins after 24 hours, nor on inflammatory cytokines
(Pepys et al 2005). This has serious implications for the validity of previously published
research findings using contaminated CRP preparations. However, it is still acknowledged
that CRP complexed to a ligand, as occurs in damaged tissues, is indeed proinflammatory
(Pepys et al 2005).

Recent research addressing the possibility of contamination by the use of appropriate
controls and purification, still implicates CRP as an active contributor to atherosclerosis
and inflammation (Dasu et al 2007, Ho et al 2008, Turu et al 2008). In a study using
purified LPS, sodium azide and unpurified commercial CRP as controls and anti-CRP
antibodies to confirm results, gel filtration-purified recombinant CRP stimulates
angiogenesis in vitro and in vivo (Turu et al 2008). Gel filtration-purified native CRP
derived from human pleural or ascites fluid stimulates IL-1p, IL-6, IL-8, and plasminogen
activator inhibitor (PAI)-1 in vitro from Toll-like receptor 4 knockout human aortic
endothelial cells unlike LPS controls, indicating LPS contamination was not responsible
for these effects (Dasu et al 2007). Dialysis-purified recombinant native CRP has no effect
on human saphenous vein smooth muscle cell viability or proliferation, but did enhance
chemotaxis to PDGF (Ho et al 2008). CRP from purified, dialyzed human ascites or
pleural fluid decreases endothelial cell nitric oxide synthase in human aortic endothelial
cells, resulting in increased superoxide production, and decreased nitric oxide production
(Singh et al 2007), and decreased IL-10 secretion from activated human macrophages
(Singh et al 2006). However, strictly controlled studies confirming the proinflammatory
properties of CRP are both few and unconfirmed.

The potentially pro-atherogenic/pro-inflammatory in vitro properties of CRP are not
wholly supported by in vivo studies on mice (Scirica et al 2006). Male apolipoprotein E-
deficient mice, transgenic for human CRP, exhibited larger atherosclerotic lesions than
non-transgenic mice, but the differences were not statistically different for female mice
(Paul et al 2004). Other studies have found no relationship between CRP and
atherosclerosis in transgenic mice (Hirschfield et al 2005, Trion et al 2005). Mice
transgenic for CRP are predisposed to arterial thrombosis following vascular injury
(Danenberg et al 2003). However, when this thrombosis is controlled with aspirin and
heparin at the time of injury, these mice exhibited less cellular proliferation and apoptosis
in the damaged vessel intima than wild-type mice treated with aspirin and heparin, which
suggests CRP is a complex regulator of vascular biology (Danenberg et al 2008).
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However, the mouse model may have severe limitations for the study of CRP. This is
because CRP is not naturally an acute phase reactant in mice (Torzewski 2005), only
increasing modestly to a maximum of 2 mg/L (Pepys and Hirschfield 2003), and does not
induce systemic inflammation in mice (Hirschfield et al 2005). Transgenic mice produce
supra-physiological concentrations of CRP (concentrations up to 123 mg/L) (Paul et al
2004), and human CRP is a foreign protein in mice with uncertain functions in these
animals (Torzewski 2005). This may in part explain the mixed results in CRP transgenic
mice (Scirica et al 2006). Similarly in rats, CRP is not considered a typical acute phase
protein, being present at much higher basal levels than humans, approximately 300-500
mg/L (Nunomura 1990) and only increasing a maximum of two-fold in response to injury
(Giffen et al 2003, Cray et al 2009). Watanabe heritable hyperlipidemic rabbits may be a
better animal model to study CRP as these rabbits produce a CRP that is 70% homologous
to humans (Osmand et al 1977b), responsive to inflammatory stimuli (Kushner and
Feldmann 1978), elevated in the presence of high cholesterol, and present in levels which
correlate with aortic atherosclerosis lesion size (Sun et al 2005).

Some authors dispute the likelihood that CRP has detrimental pro-inflammatory
effects, because as an evolutionarily preserved protein it is more likely to have conferred a
survival advantage to the host. However, this does not preclude the possibility that CRP
has damaging effects that only manifest in the post-reproductive years, as such traits would

not have been diluted by natural selection (Pepys et al 2006).

1.9 Acute Phase Response

The systemic changes that accompany inflammation are referred to as the acute-
phase response (Kushner 1982), even though they accompany both acute and chronic
inflammation (Gabay and Kushner 1999). Understanding of the acute phase response is
incomplete and continues to develop (Gabay and Kushner 1999). There are two arms to the
acute phase response (Gabay and Kushner 1999): changes in the concentrations of plasma
proteins; and behavioural, physiologic, biochemical and nutritional changes

Acute phase proteins are those proteins whose plasma concentration is altered
(increases or decreases) by at least 25% in response to inflammation (Kushner 1982,
Morley and Kushner 1982). The liver produces many of these proteins. Acute-phase
proteins have both pro- and anti-inflammatory properties (Gabay and Kushner 1999), and
include CRP, serum amyloid A, plasminogen activator-1, the complement proteins C3, C4

and C9 and fibrinogen. In fact, CRP and serum amyloid A both increase by 1000% in
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response to inflammation, while other proteins may only increase by 50%, as in the case of
ceruloplasmin (Kushner 1982).

Acute phase reactants are an early, non-specific response to bacterial, viral or
parasitic infection, mechanical or thermal trauma, ischemic necrosis or malignant growth
(Kushner 1982, Koj 1989, Baumann and Gauldie 1994, Gabay and Kushner 1999).
Additionally changes occur following surgery (Craig et al 2001) and in unmedicated
psychiatric illness (Maes et al 1997). The role of these reactants is to ensure survival
during the period immediately following injury (Ebersole and Cappelli 2000), by assisting
in the removal of the inciting agent and promoting tissue repair (Cid et al 1993, Steel and
Whitehead 1994). The acute phase response acts to restore the normal homeostasis
disturbed by the injury, but excessive production of inflammatory mediators may have
negative effects (Koj 1996), contributing to tissue damage (Steel and Whitehead 1994).

Production of acute phase proteins by hepatocytes is stimulated by cytokines
released by macrophages and monocytes at sites of inflammation, in particular interleukin-
6 (IL-6) and IL-1p (Ganter et al 1989, Kushner et al 1995, Zhang et al 1995, Weinhold
and Ruther 1997), but also transforming growth factor-p (TGF-B) (Mackiewicz et al 1990)
and IL-8 (Wigmore et al 1997). These cytokines act as a cascade and network to regulate
the production of other cytokines and mediators: IL-1 induces IL-6 (Smith et al 1992) and
tumour necrosis factor (TNF) (Ikejima et al 1990); IL-6 inhibits expression of TNF-a
(Xing et al 1998); and TNF-a. induces IL-1 (Brennan et al 1989). Advanced glycation end
products such as those produced in diabetes also stimulate IL-6 and IL-1 production by
human monocytes, and thereby enhance CRP production (Li et al 2007). Overall, the effect
on a cell depends on the combination of cytokines to which it is exposed (Mackiewicz et al
1991).

Other changes associated with the acute phase response include fever, anorexia,
somnolence, lethargy, anemia of chronic disease, and cachexia (Gabay and Kushner 1999).
Extreme forms of the acute phase responses such as septic shock can be fatal, and the
persistent acute phase response seen in advanced cancer and AIDS is responsible for the
marked cachexia associated with these conditions (Gabay and Kushner 1999).

Measuring acute phase proteins provides information about the presence and
intensity of an inflammatory process, thus helping to differentiate inflammatory from non-
inflammatory conditions, giving an indication of the need for and response to therapy
(Gabay and Kushner 1999). In some diseases, such as rheumatoid arthritis, serial

measurements of C-reactive protein are used in prognosis (Van Leeuwen et al 1994).



1.10 Normal levels of CRP

CRP is normally present in ng/ml quantities in human serum, but may increase 100
to 1000-fold within 72 hours of tissue injury (Claus et al 1976). CRP concentrations
closely follow the course of the acute-phase response to inflammation or tissue necrosis,
and so can theoretically provide a valuable measurement for many disease processes
(Ebersole and Cappelli 2000, Gould and Weiser 2001). CRP has several analytical
properties that make it attractive as a clinical marker (Libby and Aikawa 2002), in
particular: a long half-life with no observable circadian rhythm (Meier-Ewert et al 2001);
rapid changes follow the course of the inflammatory process (Gabay and Kushner 1999); a
broad range of abnormal values (Gabay and Kushner 1999); levels are not affected by the
age of the patient (Gabay and Kushner 1999); easy measurement by blood test; and
commercially available high-sensitivity assays that provide similar results in fresh, stored
and frozen plasma (Rifai et al 1999).

Large population-based studies suggest CRP levels have a log-normal distribution,
with a mean of approximately 1.6 mg/L and a wide variation (Koenig et al 1999). Most
normal human subjects have CRP concentrations of less than 1 mg/L, and up to 10 mg/L
has historically been regarded as clinically unimportant (Morley and Kushner 1982).
However, concentrations well below 10 mg/L have more recently been associated with
progressive joint damage in osteoarthritis patients (Spector et al 1997), and have also been
predictive of subsequent coronary events (Haverkate et al 1997, Ridker et al 1997). As
such, even mildly elevated serum CRP levels are evidence of an active tissue-damaging
process, and serum CRP levels can be used as a sensitive measure of disease activity and
response to therapy (Pepys 1981). The American Heart Association made a statement that
the weight of evidence supports the use of serum CRP levels to measure cardiovascular
disease (CVD) risk as follows: Low <1 mg/L, Average 1-3 mg/L, and High >3.0 mg/L
(Pearson et al 2003). These thresholds are based on data from Western populations and
may be different for other populations (Arima et al 2008).

Baseline levels of CRP are significantly influenced by a wide variety of factors. As
such, these factors need to be taken into account in any study investigating the association
between elevated CRP and a disease or intervention. CRP appears to be significantly
influenced by socioeconomic status, age, diabetes, smoking, body mass index (BMlI),
ethnicity, hormone replacement therapy in women, waist circumference, total cholesterol
and triglycerides, gender, level of physical activity, the use of aspirin or statins, pregnancy

and chronic infections (Mendall et al 1996, Tracy et al 1997a, Tracy et al 1997b, Cushman

10



et al 1999, Danesh et al 1999, Ikonomidis et al 1999, Visser et al 1999, Albert et al 2001,
Ridker et al 2001, Ford et al 2003, Jousilahti et al 2003, Albert et al 2004, Ford et al 2004,
Cicarelli et al 2005, Khera et al 2005, Albert et al 2006, Pollitt et al 2007).

Notably there are significant interactions between many of these variables (Tracy et
al 1997a, Tracy et al 1997b). For example, socioeconomic status indicators may act partly
through their influence on BMI, smoking and HDL cholesterol (Pollitt et al 2007). It is
also likely that genetic factors are responsible for part of the inter-individual variability in
CRP (Pankow et al 2001).

1.11 Measurement of CRP

Previously, the methodology used in studies investigating CRP has been criticized
for using standard CRP assays as opposed to high sensitivity CRP (hsCRP) assays
(Paraskevas et al 2008). It should be pointed out that hsCRP is not a different molecule
from CRP and only refers to the type of assay that has been used, although this is
infrequently emphasised in the literature. Low thresholds of detection are necessary for
determining the small changes in serum CRP that may be indicative of a future risk of
cardiovascular events (Pearson et al 2003). The US Food and Drug Administration
released a report in 2005 clearly outlining the criteria for the use of “high sensitivity” as a
descriptor of the assay (US Food and Drug Administration 2005). In this document they
highlighted that hsCRP assays should have a lower limit of detection of <1.0 mg/L (<10°
pg/mL) in order to detect inflammatory conditions in the serum of otherwise healthy
individuals, compared to 10 mg/L for conventional CRP assays used for measuring
infection, tissue injury and inflammatory disorders (historically, <10 mg/L was regarded as
a normal level of serum CRP (Pepys 1981). The use of high sensitivity assays therefore
refers to a difference in the ELISA assay designed to increase the sensitivity of the test for
detecting CRP at low levels. Additionally, the use of high sensitivity assays is regarded as
essential in measuring serum levels of CRP for the assessment of cardiovascular risk, and

is not necessarily critical for testing GCF samples in a non-clinical situation.

1.12 Genetics

The single copy of the human CRP gene is located on the proximal arm of

chromosome 1 (Whitehead et al 1983). Single nucleotide polymorphisms (SNP) of the
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CRP gene and other genes significantly influence serum levels of CRP, and contribute
evidence to support the hypothesis of a hyperinflammatory phenotype.

Various single nucleotide polymorphisms are associated with either high or lower
serum CRP (Miller et al 2005, Suk Danik et al 2006). The effect of any particular SNP
also appears to be modified by race (Lange et al 2006). Based on a meta-analysis of 26
studies containing 32,802 subjects, the CRP SNPs +1444C>T, +2302G>A, and -
286C>T/A have the strongest independent association with plasma CRP concentration
(Verzilli et al 2008).

Genetic variations of the IL-1 and IL-6 genes may also influence on CRP levels, as
hepatic CRP synthesis is dependent on these cytokines. IL-13 polymorphisms C/C at IL-
1B(-511) and C/T at IL-1B(-511) and C/C at IL-1B(-3737) are associated with raised
serum CRP (P=0.02) (Rogus et al 2008). Homozygosity for IL-6 (-6106A) polymorphism
is significantly associated with increased CRP levels in multivariate analysis including age,
gender, ethnicity, smoking, BMI, and number of gingival pockets, in systemically healthy
patients with generalised severe periodontitis (Nibali et al 2008).

However, none of the polymorphisms associated with higher CRP are associated
with risk of myocardial infarction or ischemic stroke, indicating the relationship is likely to
be complex, involving both genetic and environmental interactions (Miller et al 2005).

Gene-CVD risk studies require samples of at least 15,000 cases and 15,000 controls
(Danesh et al 2008). Proof of causality by Mendelian randomization analysis requires
positive associations at three levels: gene-CRP level; CRP level-CVD risk; and gene-CVD
risk (Danesh et al 2008). Such a study is currently underway, with plans for analysis of
37,000 coronary heart disease cases and 120,000 controls (Danesh et al 2008), as are
Mendelian randomization analyses of gene-CRP risk (Casas et al 2006, Lange et al 2006,
Verzilli et al 2008), and CRP level-CVD risk (Danesh et al 2007).

Even so, knowledge of genetic variants may not be particularly useful for prediction
of disease as common multi-factorial diseases may not actually be strongly associated with
specific genetic variants (Ebrahim and Davey Smith 2008). Indeed, there is currently no
evidence linking genetic polymorphisms of CRP with the risk of CVD events (Shen and
Ordovas 2009). This highlights the complex nature of systemic inflammatory diseases, and
the role that multiple gene polymorphisms are likely to play (Kinane and Hart 2003).
However, genetic association studies will lead to better understanding of the mechanisms
underlying particular disease processes (Ebrahim and Davey Smith 2008), and the

underlying genetics may impact on the effectiveness of treatments aimed at lowering CRP.
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In the future such knowledge may help to guide appropriate therapy (Shen and Ordovas
2009).

1.13 CRP is Associated with Systemic Disease

CRP has been implicated as a risk predictor and prognostic indicator in a multitude
of diseases, but despite strong statistical evidence, there continues to be controversy about
the usefulness of CRP and the validity of these findings.

CRP is used as a marker of disease activity and outcomes in inflammatory diseases
such as atherosclerosis (Ridker et al 1997, Danesh et al 1998, Blake and Ridker 2001,
Blake et al 2003), neonatal sepsis (Lam and Ng 2008), rheumatoid arthritis (van Leeuwen
et al 1997, Aletaha et al 2007, Emery et al 2007), acute pancreatitis (Rau 2007, Schutte
and Malfertheiner 2008), Crohn’s disease (Vermeire et al 2005), community acquired
pneumonia (Bruns et al 2008, Chalmers et al 2008) and prediction of treatment response in
rheumatoid arthritis (Heidari et al 2007).

However, the primary systemic disease associated with CRP is cardiovascular
disease. Literally thousands of publications present findings of a positive association
between elevated CRP and incidence of future cardiovascular events. Biomarkers of
cardiovascular risk are of great interest, as 15-20% of cardiovascular disease (CVD) cases
have none of the currently accepted risk factors of smoking, diabetes, hyperlipidemia, and
hypertension (Greenland et al 2003, Khot et al 2003). Many population cohorts support the
usefulness of CRP as a predictor of myocardial infarction, ischemic stroke, and
cardiovascular death, particularly in otherwise healthy subjects (Koenig et al 1999, Curb et
al 2003, Ballantyne et al 2004, Koenig et al 2004, Pai et al 2004, Best et al 2005,
Cushman et al 2005, Laaksonen et al 2005, Boekholdt et al 2006).

A meta-analysis of four prospective studies published since 2000 which comprised
4107 cases of coronary heart disease in a population of over 25,000 asymptomatic
individuals found that those with CRP in the highest tertile had a significantly higher risk
of future coronary heart disease compared to those individuals with CRP concentration in
the lowest tertile (OR 1.49, 95% CI: 1.37-1.62) (Danesh et al 2004). However, this article
pointed out that smoking, total cholesterol, and systolic blood pressure were more useful
predictors of coronary heart disease than CRP (Danesh et al 2004).

In contrast, results from other studies suggest that CRP is the strongest predictor of
cardiovascular events in apparently healthy subjects. A prospective, nested case-control

study of 28,263 apparently healthy post-menopausal women with a mean follow-up of 3
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years showed that although elevations of other biomarkers such as, homocysteine, IL-6,
total cholesterol, serum amyloid A, apolipoprotein B-100, low-density lipoprotein (LDL)
cholesterol, high-density lipoprotein (HDL) cholesterol, and the ratio of total
cholesterol/HDL cholesterol also correlated with the risk of cardiovascular events, CRP
was the strongest predictor of the risk of cardiovascular events (Ridker et al 2000). CRP
was a stronger predictor of cardiovascular events and death than LDL cholesterol in 27,939
apparently healthy American women followed for a mean of eight years (Ridker et al
2002). Women not taking hormone-replacement therapy but with high CRP/low LDL were
at a higher risk of cardiovascular events than those with low CRP/high LDL (Ridker et al
2002). Newly developed risk algorithms using a combination of traditional and novel risk
factors (age, systolic blood pressure, HbAlc, smoking, total and HDL cholesterol, CRP
and parental history of myocardial infarction) more accurately predicted cardiovascular
events than existing classification systems (Ridker et al 2007). In fact, CRP and LDL
cholesterol measurements appear to identify different high-risk groups for cardiovascular
events, as although they both predict cardiovascular events the two measurements were
poorly correlated at baseline (Ridker et al 2002). Further, subjects with high CRP/high
LDL experienced the highest rate of cardiovascular events, suggesting an additive
prognostic usefulness of CRP to LDL measurements (Ridker et al 2002).

Even though the characteristics used to identify metabolic syndrome: upper-body
obesity, hypertriglyceridemia, low HDL, hypertension, and abnormal glucose, are all
associated with increased levels of CRP, CRP levels add significant prognostic information
at all levels of severity of metabolic syndrome in predicting the risk of cardiovascular
events (Ridker et al 2003), indicating its use as an additional independent risk factor.

While some studies do not strongly support the use of CRP as a marker of
cardiovascular risk (Wang et al 2006), these have been criticised for using poorly designed
statistical analysis and unclear cardiovascular endpoints such as coronary insufficiency
(Ridker et al 2007).

CRP may also be a predictor of developing diabetes. Over 4 years of follow-up, in
27,628 women initially free of diagnosed diabetes, cardiovascular disease and cancer, CRP
was a significant predictor of developing type 2 diabetes (RR 15.7, 95% ClI, 6.5-37.9)
(Pradhan et al 2001). Similarly, a meta-analysis of six studies showed a positive
association between serum levels of CRP and incident diabetes (Dehghan et al 2007). In
the highest category of serum CRP concentration (>2.6 mg/L), the risk ratio was 2.37 (95%
Cl: 1.57-3.58), after adjusting for age, sex, and BMI (Dehghan et al 2007). A prospective

study of 2052 initially non-diabetic men followed for an average of 7 years showed that
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elevated CRP at baseline was associated with the risk of developing type 2 diabetes
(Thorand et al 2003). CRP may also give information about the risk of diabetic
complications. For example, a cross-sectional study of Type 1 diabetic patients found a
significant association between elevated CRP and the presence of diabetic microvascular
complications (Devaraj et al 2007).

Overall, the evidence for CRP as a risk predictor for future cardiovascular events is
quite strong. In fact, even extreme CRP levels, either very low (<0.5 mg/ml) or very high
(>10 mg/ml), have clinical significance and correlate with the lowest and highest risk of
future cardiovascular events (Ridker and Cook 2004). Still under investigation is the
hypothesis that CRP is an active contributor to the disease process and therefore a possible

therapeutic target.

1.13.1 Intervention Studies

A variety of interventions can apparently lower serum CRP. The effect may be
indirect, as suggested by a meta-analysis of 27 randomized control trial intervention
studies that showed that statin therapy has minimal direct effect on lowering CRP, and that
the apparent lowering of CRP by statin therapy is mediated by lowering of LDL (Kinlay
2007). Aspirin use results in a lowered risk of myocardial infarction in men, but only for
those men in the highest quartile of CRP at baseline (Ridker et al 1997). Lowering CRP
alone may also be a valid target since patients with lower CRP following statin therapy,
regardless of LDL level, had lower risk of myocardial infarction or death due to cardiac
causes (Ridker et al 2005).

The recent Justification for the Use of Statins in Prevention: an Intervention Trial
Evaluating Rosuvastatin (JUPITER) trial (Ridker et al 2008) has reignited debate as to the
role of CRP as a marker and therapeutic endpoint for CVD therapy (Kones 2009, Lavie et
al 2009, Bajpai et al 2010), and is the most important pharmaceutical intervention study
targeting CRP to date. This trial enrolled 17,802 apparently healthy men >50 years and
women >60 years without hyperlipidemia but with CRP>2 mg/L. Treatment with placebo
or 20 mg daily rosuvastatin was randomised, and subjects were monitored for the
occurrence of myocardial infarction, stroke, arterial revascularization, hospitalization for
unstable angina, or death from cardiovascular causes (Ridker et al 2008). Although a
follow-up period of 5 years was planned, the trial was stopped early by an independent
data and safety monitoring board after a median period of 1.9 years, due to the clear

reduction in major cardiovascular events in the treatment group, which was nearly half that
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of the placebo group. In the treatment group, LDL cholesterol was reduced by 50% and
CRP by 37%, and the reduction in cardiovascular events was consistent across all
subgroups of age, race and gender. The results of this study suggest that reduction of serum
CRP is beneficial, even in a population considered to be at low risk of cardiovascular

events.

1.13.2 Biological Considerations

When considering the possible effectiveness of lowering CRP, consideration needs
to be given to the significance of an elevated serum CRP level.

Serum CRP may reflect an underlying chronic infection such as Chlamydia
pneumoniae or Helicobacter pylori, or may be an indicator of classical vascular disease
risk factors such as smoking and obesity or of the extent of pre-existing vascular disease
(Danesh et al 2000). In either case, CRP is thought to be acting as a marker and not as a
causal factor. However, it may be that CRP is itself causal by contributing to inflammation.
In the case of cardiovascular disease, the association of elevated CRP with future disease
suggests that inflammation precedes the onset of cardiovascular events (Ridker and
Silvertown 2008), and this is also likely to be the case for other disease processes.

Based on the strong epidemiological evidence of an association between elevated
levels of CRP and cardiovascular events (Ridker et al 1997, Danesh et al 1998, Ridker et
al 2002, Pearson et al 2003, Danesh et al 2004, Pai et al 2004, Cushman et al 2005), the
experimental data implicating the presence of CRP within atherosclerotic lesions
(Torzewski et al 1998, Zhang et al 1999, Torzewski et al 2000), and the findings that
existing preventive therapies also lower CRP (Chrysohoou et al 2004, Esposito et al 2004,
Kinlay 2007, Pearson et al 2007), it has been hypothesized that CRP is not merely a
marker of inflammation but an active participant (Jialal et al 2004, Nilsson 2005,
Torzewski 2005, Scirica et al 2006). If CRP is indeed an active participant in the
pathogenic process, then it could be considered a modifiable risk factor worthy of specific
targeting by therapeutic intervention (Scirica et al 2006).

Proof of causality requires evidence that lowering CRP can prevent disease
occurrence (Kuo et al 2005). Indeed, until the JUPITER trial (Ridker et al 2008), one of
the key criticisms of the use of CRP as a prognostic marker was that there was no evidence
that such knowledge can improve treatment outcomes (Di Napoli et al 2005). Even now,
the use of CRP as a therapeutic target is vigorously debated.
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In order to establish conclusively that CRP is a direct modulator of atherosclerosis,
research should satisfy each of the “modified” Koch’s postulates (Scirica et al 2006):

e Identification of CRP in related stages of atherosclerotic lesions

e That the activation of CRP ligands promotes atherosclerosis

e That the addition of purified, exogenous CRP promotes atherosclerosis

e That the disruption or blockade of CRP or its actions inhibits the development of
atherosclerosis in animal and human studies.

Research must address whether inhibition of CRP delays or prevents
atherothrombosis, and whether it can reduce cardiovascular risk (Scirica et al 2006).

Others argue that CRP is a marker only, because atherosclerotic plaques are
immunologically active, producing inflammatory cytokines such as IL-1, TNF and
interferon (INF)-y that induce the production of IL-6, which in turn acts on the liver to
stimulate production of acute phase proteins, including CRP (Hansson 2005). Therefore
CRP acts as a downstream marker of inflammation within the vasculature and other tissues
such as adipose tissue (Hansson 2005). Since multiple inflammatory markers with different
properties contribute to the statistical risk of cardiovascular events it is unlikely that these
markers are contributing to the disease process (Hansson 2005). Reductions in CRP
achieved by therapeutic interventions therefore represent reduction in total systemic
inflammation (Hansson 2005).

Indeed, observational studies have a strong potential for residual confounding, even
after adjustment for all relevant variables, and as a result cannot reliably establish whether
CRP is a causal risk factor, risk marker for other cardiovascular risk factors, or risk marker
for subclinical cardiovascular disease (Danesh et al 2008). This is because accurate
adjustment for potential confounders is extremely difficult, and these models do not
sufficiently allow for the possibility of reverse confounding (subclinical disease causing an
elevation in CRP) (Danesh et al 2008). Even intervention studies of CRP-lowering agents
will be unable to firmly establish causality due to the multiple effects of these agents
(Danesh et al 2008).

The interpretation of evidence for a possible risk factor actually being causal for a
disease is based on six possible lines of evidence (Paquette 2002):

1. A risk factor is more likely to be causal if most, if not all, studies dealing with the
relationship produce similar positive results, particularly if studies involve different
populations, methods or time periods.

2. The association should be strong, as measured by the odds ratios and risk ratios, as a

stronger association is less likely to be due to error.
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3. The association should be specific or significant after adjusting for known risk factors
of the disease.

4. The exposure to the potential risk factor should precede the onset of the disease.

5. The risk of developing the disease should be related to the degree of exposure to the
risk factor.

6. The association should be biologically plausible and should be supported by
experimental evidence in animal models or human intervention trials.

Based on the preceding evidence, CRP appears to satisfy the first five criteria but
currently does not satisfy the sixth.

1.14 Systemic Disease is Associated with Periodontal Disease

CRP is clearly associated with cardiovascular disease. There is now substantial
evidence that cardiovascular disease is also significantly associated with periodontal
disease.

One of the earliest published studies reporting a possible association between
cardiovascular disease and oral health was in two separate case-control studies of 100
patients with acute myocardial infarction and 102 controls (Mattila et al 1989). Poor dental
health, as measured by caries and periodontal disease, was associated with acute
myocardial infarction, even after controlling for known risk factors (Mattila et al 1989),
and the search for a mechanism of association began.

The results of a large number of published studies examining the possible association
between periodontal disease and cardiovascular disease have been assessed in several
recent systematic reviews (Dave and Van Dyke 2008, Persson and Persson 2008). Large-
scale trials, including the Atherosclerosis Risk in Communities Study (ARIC) (Desvarieux
et al 2005a, Engebretson et al 2005), and the Oral Infections and Vascular Disease
Epidemiology Study (INVEST) (Beck et al 2001, Beck et al 2005), also support an
association. However, while there is clearly an association, a definitive etiologic
relationship has not been established (Dave and VVan Dyke 2008).

Results from meta-analyses emphasise that the association is modest (Persson and
Persson 2008) at approximately 15-20% increase in risk of CVD events in periodontitis
patients. Periodontal disease appears to be associated with a 19% increase in risk (relative
risk (RR) = 1.19, 95% CI: 1.08-1.32) of future cardiovascular events, including fatal and
nonfatal myocardial infarction, admission to the hospital with diagnosis of coronary heart
disease, and stroke. However, this increase in risk is doubled (RR 1.44, 95% CI: 1.20-1.73)
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in subjects aged <65 years (Janket et al 2003). Similarly, a significant dose-dependent
association was found between periodontitis and coronary heart disease incidence among
men <60 years, independent of established risk factors, but no relationship was found for
men >60 years (Dietrich et al 2008). Analysis based on five cohort studies calculated
patients with periodontal disease had a 1.14 times (RR 1.14, 95% CI: 1.074-1.213,
P<0.001) higher risk of developing coronary heart disease than the controls, while analysis
based on five cross-sectional studies calculated patients with periodontal disease had a 1.22
times (OR 2.22, 95% CI 1.59-3.117) higher risk of developing coronary heart disease than
the controls (Bahekar et al 2007). The reported risk ratio between periodontal disease and
stroke is even stronger (RR 2.85, 95% ClI: 1.78-4.56) (Janket et al 2003).

Early stage measures of cardiovascular disease, including carotid intimal-media
thickness, flow-mediated dilation and endothelial dysfunction, are also associated with
periodontal infection. According to a recent meta-analysis, periodontal disease measured
by elevated markers of systemic bacterial exposure (bacterial burden, serology, CRP) is
strongly associated with mean carotid intimal-medial thickening compared to subjects
without periodontal disease, with an odds ratio of 1.75 (95% CI: 1.32-2.34) (Mustapha et
al 2007). Severe periodontitis has also been linked to carotid intimal thickness in
systemically healthy young (<40 years) patients (Cairo et al 2008). Increased carotid
intimal thickness has previously been associated with cardio- and cerebrovascular events in
middle aged subjects (Burke et al 1995). The severity of periodontal disease has also been
correlated with angiographic extent of coronary artery disease, independent of systemic
inflammation (Amabile et al 2008). Periodontitis has been associated with endothelial
dysfunction in both systemically healthy and hypertensive patients, and this may be partly
mediated by systemic inflammation (Higashi et al 2008). Similarly, flow mediated dilation
is impaired in periodontitis patients compared to matched controls (Amar et al 2003,

Seinost et al 2005), and is also believed to be a result of systemic inflammation.

1.14.1 Intervention Studies

There is no current evidence that treatment of periodontal disease will prevent
atherosclerotic events. In fact, evidence to the contrary is suggested by the systemic
inflammation induced by periodontal therapy.

Within 24 hours after intensive periodontal treatment (full-mouth subgingival
debridement with adjunctive minocycline microspheres), there are significant elevations of

CRP, IL-6 and endothelial-activation markers soluble E-selectin and von Willebrand
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factor, indicating an acute systemic inflammatory response and a transient impairment of
endothelial function (Tonetti et al 2007). By day 7 and up to 6 months however, the
intensive periodontal treatment group has equal or lower circulating inflammatory
biomarkers than the control group of community-based care. It is unknown if the transient
effect of treatment on systemic inflammation is more harmful than daily bacteremias in
untreated patients induced by mastication and tooth brushing or vice versa (Beck et al
2008).

Current evidence on the effect of periodontal treatment rests on surrogate measures
of cardiovascular disease such as endothelial dysfunction and flow-mediated dilation,
which are also predictors of cardiovascular events (Neunteufl et al 2000, Modena et al
2002, Gokce et al 2003). Traditional cardiovascular risk factors (age, hyperlipidemia,
diabetes, smoking) are associated with reduced flow-mediated dilation, while modification
of these risk factors improves flow-mediated dilation (Modena et al 2002, Kwang et al
2004). Following successful periodontal therapy consisting of debridement and systemic
antibiotics, flow-mediated dilation is significantly improved in the periodontitis group,
along with a reduction in serum CRP (Seinost et al 2005).

The addition of local adjunctive antibiotics to mechanical debridement results in
greater improvement in flow-mediated dilation and lower levels of soluble E-selectin than
the debridement only group of periodontitis patients, and this difference persisted over 6
months of follow-up (Tonetti et al 2007). Notably the degree of improvement correlated
with the amount of reduction in full mouth bleeding scores and number of periodontal
pockets >5 mm, suggesting the importance of periodontal therapy directed at reducing the
inflammatory and infectious burden.

Similarly, surgical and non-surgical periodontal therapy reducing the percentage of
PD >5 mm from 20% to 2%, resulted in a significant improvement in flow-mediated
dilation (Elter et al 2006). Carotid intima-media thickness, is also significantly reduced
following periodontal therapy (Piconi et al 2009)

Recent findings from the PAVE pilot study report that there are no differences in
adverse events in patients receiving treatment for periodontitis compared to those receiving
community dental care (Beck et al 2008). However, more recent analysis of the data from
this pilot study suggests that the periodontal intervention failed to improve periodontal
health, in that there were no significant differences in bleeding on probing, clinical
attachment levels or the extent of subgingival calculus between the intervention and
community care groups at 6 months (Offenbacher et al 2009). This may be because 48% of

the control community dental care group received preventive or periodontal treatment.
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Further there were no significant differences in serum CRP reduction between the
intervention and community care groups. As a result, the data from this study do not
clearly show the effect of periodontal therapy on cardiovascular disease outcomes. When
analysed according to any treatment received, there was a significant reduction in the
percentage of people with elevated serum CRP>3 mg/L at 6 months, but this effect was
only significant in non-obese individuals.

There are presently no other studies published on the effect of periodontal therapy on

the risk of cardiovascular events.

1.14.2 Biological Plausibility

The nature of the relationship between periodontal disease and cardiovascular
disease is currently unknown, however there are several proposed explanations:

e Confounding of common risk factors that are difficult to fully adjust for in statistical
analysis or are as yet unknown

e These patients exhibit a genetic propensity for hyper-responsiveness to inflammatory
stimuli that predisposes the patient to both periodontal disease and atherosclerosis
(Haynes and Stanford 2003, Meurman et al 2004)

e Inflammation in the periodontal tissues may stimulate humoral and cell-mediated
inflammatory pathways and potentiate the atherosclerotic process

e Bacteremias associated with periodontal infection may lead to inoculation of
atherosclerotic plaques with periodontal pathogens resulting in inflammation and
plaque instability (Haynes and Stanford 2003).

Determining the relationship between periodontal disease and atherosclerosis is
crucial so that appropriate screening and treatment recommendations can be made (Haynes
and Stanford 2003).

Four key aspects are used to explain the biological plausibility of a periodontal
infection-systemic disease link (Paquette 2002):

1. Infection in general is implicated in the pathogenesis of atherosclerosis.

Systemic introduction of Gram-negative bacteria and LPS in animal models can
induce inflammatory cell infiltration into major blood vessels, smooth muscle cell
proliferation, vascular fatty degeneration and intravascular coagulation — all events similar
to those of atherosclerosis (O'Connor et al 2001). Therefore it has been proposed that the
presence of infection could influence the formation and progression of atheromas (Epstein
2002).
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However, systemic disease is not found in all patients with infections and as such the
relationship, if it truly exists, is believed to be complex (Epstein 2002). This relationship is
likely to be influenced by: the host’s ability to suppress pathogen-induced inflammatory
activity, the pathogen burden, the ability of pathogens to influence systemic inflammatory
and immune responses, and the resultant increases in circulating cytokines (Epstein 2002).
2. Periodontal infection causes transient and low-grade bacteraemias and endotoxaemias.

The size of the ulcerated epithelial surface of periodontal pockets in untreated
patients with moderate to severe periodontitis can range from 8-20 cm?® (Hujoel et al 2001),
and through contact with the plaque biofilm they act as a portal of entry for periodontal
pathogens into the circulation and allow development of bacteremia after mastication,
tooth brushing and scaling in some, but not all, periodontitis patients (Forner et al 2006).
Bacterial shedding of LPS can also similarly cause chronic low-grade endotoxaemia
following mastication (Geerts et al 2002). Periodontal pathogens have been identified in
atheromatous plaques (Chiu 1999, Haraszthy et al 2000), confirming that a bacteraemia
has taken place.

Other studies have failed to show bacteraemia in untreated periodontitis patients
following chewing (Murphy et al 2006) and normally bacteraemia does not pose a threat to
healthy hosts as it is eliminated by the host’s immune system within minutes (Zaremba et
al 2007). As such, the presence of bacteraemia alone may be insufficient to cause disease.
However, in atherosclerosis-susceptible animals, both oral and intravenous inoculation
with Porphyromonas gingivalis accelerates the development of atherosclerosis (Li et al
2002, Jain et al 2003, Lalla et al 2003, Brodala et al 2005).

3. Periodontal infection promotes systemic inflammation and immune responses that may
modify the course of other diseases.

Locally produced proinflammatory mediators such as IL-1, TNF-a, IL-6 and
prostaglandin E, (PGE;) may be released from inflamed periodontal tissues and exert
systemic effects (Loos 2005). White blood cell counts are elevated in periodontitis
compared to controls but still within normal limits, and increase in a dose-response
relationship with increasing severity and extent of periodontitis (Loos et al 2000). A dose-
dependent relationship with periodontitis has also been reported for levels of CRP
(Paraskevas et al 2008), IL-6 (Mengel et al 2002), and increased fibrinogen (Sahingur et al
2003). This suggests that systemic inflammation is one of the mechanisms by which

periodontal disease influences cardiovascular disease.

22



Periodontal disease significantly impairs branchial artery flow-mediated dilation in
otherwise healthy non-smokers compared to controls (Amar et al 2003), and this may be a
result of the effect of circulating cytokines on the vascular endothelium.

4. Periodontal pathogens express specific virulence factors that can invoke specific
immune responses.

Elevated antibody titers are detected in periodontitis patients in response to specific
bacteria: Aggregatibacter actinomycetemcomitans (Listgarten et al 1981, Tsai et al 1981,
Ebersole et al 1982, Ebersole et al 1987); Porphyromonas gingivalis (Haffajee et al 1995,
Califano et al 1997, O'Brien-Simpson et al 2000). Antibody levels to periodontal
pathogens have been associated with atherosclerosis (Yamazaki et al 2007). In a concept
referred to as ‘molecular mimicry’, the development of anti-P. gingivalis antibodies may
be important in the progression of atherosclerosis due to the possibility of their cross-
reaction with heat shock proteins on human endothelium (Tabeta et al 2000). This would
result in an auto-immune attack on host cells, damaging the endothelium.

Recent reviews argue that systemic inflammation rather than direct bacterial
colonisation of atherosclerotic plaques is the basis for the relationship between periodontal
disease and cardiovascular disease (Dave and Van Dyke 2008). This is supported by the
evidence that traditional risk factors for cardiovascular disease can all be linked to

inflammatory processes (Libby and Aikawa 2002).

1.15 Periodontal Disease is Associated with CRP

It is generally accepted that there is a significant association between periodontal
disease and cardiovascular disease, and separately that there is a significant association
between cardiovascular disease and serum CRP level. It must be emphasised that the
nature of these associations is still unclear. One interpretation of these findings is that the
link between periodontal disease and cardiovascular disease is in some way related to
serum CRP levels (Ebersole and Cappelli 2000, Paraskevas et al 2008).

The earliest report of an association between CRP and oral disease is from 1967
(Boucher et al 1967). Serum from systemically healthy patients diagnosed with
inflammatory oral conditions was tested and found to be positive for CRP in 90% of acute
alveolar abscess, 31% of chronic alveolar abscess, 16% of acute pericoronitis, 33% of
acute necrotizing gingivitis and 22% of simple periodontitis cases (Boucher et al 1967).
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1.15.1 Cross Sectional Studies of CRP in Saliva and GCF

Investigation into the components that comprise gingival crevicular fluid (GCF) and
saliva have been undertaken in the hope that these may provide information on disease
activity locally in the periodontium and/or systemically. Gingival crevicular fluid (GCF) is
an ultrafiltrate of blood that accumulates elements of bacterial and host metabolism from
the gingival crevice environment (Goodson, 2003). In health, GCF is a transudate of
gingival tissue interstitial fluid arising due to an osmotic gradient from the connective
tissue to the sulcus, but in the presence of inflammation (gingivitis and periodontitis) GCF
is a true inflammatory exudate resulting from an increase in vessel permeability of the
vasculature underlying the junctional and sulcular epithelium (Griffiths, 2003). As such,
GCF is composed of serum, cells from the gingival crevice and locally generated materials
such as tissue breakdown products, inflammatory mediators and antibodies (Armitage,
2004).

CRP has been found in the gingival crevicular fluid and saliva of patients with
periodontitis (Sibraa et al 1991, Pederson et al 1995, Christodoulides et al 2005, Hirasaki
et al 2005, Tuter et al 2007a, Fitzsimmons et al 2009, Floriano et al 2009, Fitzsimmons et
al 2010).

However, reports concerning the detection of CRP in the GCF of periodontitis
subjects have been inconsistent. Levels of CRP in the gingival crevicular fluid do not vary
significantly between healthy and diseased sites taken from the same patient, and CRP is
not detected at all in a large number of sites (Sibraa et al 1991).

Serum CRP levels correlated with all clinical parameters of periodontitis (PD, plaque
index, gingival index), but GCF CRP levels did not correlate with the clinical parameters
of periodontitis. Further, there were no significant differences in GCF CRP levels between
periodontitis and periodontally healthy groups, and GCF CRP levels did not correlate with
serum CRP (Tuter et al 2007a). However, this is likely to be because some GCF samples
did not have any detectable CRP (70% of chronic periodontitis + coronary artery disease,
65% of chronic periodontitis only, and 53% of the control group) and therefore there was
insufficient data to be able to detect any correlation, if one exists.

In contrast, in other studies on GCF, CRP levels did correlate with periodontal
disease measurements (Fitzsimmons et al 2009, Fitzsimmons et al 2010). The first paper in
the series analysed GCF from 1073 subjects: 511 periodontitis cases and 562 controls
(Fitzsimmons et al 2009). However, there was no controlling for medical history or other
factors that may affect CRP. Even so, similar to the findings of Tuter et al (2007a), only a
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certain proportion of subjects had detectable CRP in the GCF: 48% periodontitis cases, and
34% of non-cases. Elevated CRP in the GCF correlated with deeper PD, increased clinical
attachment loss, and a higher gingival index. Another analysis of the same data set found
that detection of CRP in the GCF increased the odds of having periodontitis (OR = 1.9,
95% CI 5 1.5-2.5) (Fitzsimmons et al 2010).

In saliva, CRP is detected more consistently and appears to correlate with
periodontal status. In the whole saliva of patients without obvious systemic conditions,
levels of CRP correlate with severity of the patient’s periodontal status (P=0.0427),
although the most obvious differences were between healthy (mean 6.7 pg/ml) and
gingivitis (75.1 pg/ml) and between edentulousness (10.2 pg/ml) and gingivitis, with some
overlap between gingivitis, mild to moderate periodontitis (43.4 pg/ml), and severe
periodontitis (80.4 pg/ml) (Pederson et al 1995).

Salivary CRP has been reported to be significantly higher in patients with both heart
disease and periodontal disease (PD>4 mm), compared to periodontally healthy controls
(4.5+2.7 vs 0.1+0.3 mg/L, P<0.01) (Hirasaki et al 2005). Although there was no significant
difference in serum CRP between systemically healthy periodontal disease subjects and
periodontally healthy subjects, there was a clear numerical difference.

Periodontitis subjects were found to have significantly higher whole salivary CRP
compared to edentulous and periodontally healthy subjects (mean 2,001 vs 92 and 65
pg/mL, P-value not given), using an ultra-sensitive ELISA (detection threshold 10 pg/mL
= 10" mg/L) and lab-on-a-chip system (Christodoulides et al 2005). However, no
adjustment was made of other possible influences on CRP as this study was a pilot study
trialing a new method for CRP detection. When tested with a standard high sensitivity
ELISA, only 2 of the 30 samples tested had any detectable CRP, which clearly has
significant implications for the validity of findings using high sensitivity ELISA and not
ultra-sensitive ELISA (Christodoulides et al 2005). Similarly, salivary lab-on-a-chip tests
for biomarkers including CRP are being tested as a screening method for cardiac events
(Floriano et al 2009).

In many of these studies, non-detection of CRP may be due to an inadequate
threshold of detection by ELISA, enzymatic degradation of CRP in GCF/saliva, or CRP
not diffusing into GCF/saliva due to its molecular weight (Tuter et al 2007a).
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1.15.2 Cross Sectional Studies for Serum CRP and Periodontitis

1.15.2.1 No Correlation with CRP

Several papers have found no association between periodontal disease and serum
CRP. No association is found in treated periodontitis patients with low levels of
inflammation (Fredriksson et al 2002), and in experimental gingivitis (Norman et al 1979).

Studies using indices that may not give an accurate assessment of the periodontal
condition are not associated with serum CRP: Silness and Lde plaque index, CPITN
(Schillinger et al 2006, Genctoy et al 2007), self-reported diagnosis of periodontal disease
(Mochari et al 2008), and periodontal bacterial burden based on subgingival plague sample
analysis (Desvarieux et al 2005b).

No association between periodontal disease and serum CRP has been reported in
patients with acute myocardial infarction at the time of admission (Persson et al 2005),
patients with acute coronary syndrome (Czerniuk et al 2006), type 2 diabetic patients
(Takeda et al 2006), geriatric patients admitted to hospital (Meurman et al 1997), smokers
(Fredriksson et al 1999), and obese subjects (Slade et al 2003). This may be because
inflammatory disease, smoking and obesity may have so great an effect on serum CRP as

to mask any effect of periodontal disease.

1.15.2.2 Insufficient Adjustment for Confounders

In papers without sufficient adjustment for known confounding factors, a positive
association between elevated CRP and poor periodontal status was still found. However,
since these papers do not adequately describe the systemic disease or smoking status
(Wakai et al 1999, Furuichi et al 2003, Saito et al 2003, Takami et al 2003, Nakajima et al
2010) of the populations under investigation they cannot be used as valid evidence for an

association between CRP and periodontal disease.

1.15.2.3 Systemic Medical Conditions

Among patients with medical conditions that can increase serum CRP, those patients
with moderate-severe periodontal disease have elevated CRP compared to those with mild
or no disease. Such medical conditions include pregnancy (Pitiphat et al 2006, Horton et al
2008), rheumatoid arthritis (Mercado et al 2001, Abou-Raya et al 2008), myocardial
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infarction (Deliargyris et al 2004), cardiovascular disease (Glurich et al 2002, Amabile et
al 2008), diabetes (Lim et al 2007), coronary heart disease and type 2 diabetes (Keles et al
2007), continuous ambulatory peritoneal hemodialysis (Cengiz et al 2007), and juvenile
idiopathic arthritis (Reichert et al 2006). Animal models suggest that concurrent obesity
has a synergistic effect with periodontitis to increase serum CRP, beyond that of either
condition alone (Endo et al 2010). As such, the presence of systemic medical conditions

makes it difficult to determine the relative significance of periodontitis on serum CRP.

1.15.2.4 Non-traditional Measures of Periodontal Disease

When non-traditional measures of periodontal infection are used, significant
associations between serum CRP and periodontal status persist: serum 1gG antibody levels
to Porphyromonas gingivalis (Rahmati et al 2002, Craig et al 2003a); subgingival bacterial
load (Renvert et al 2006); and the BANA-test (Bretz et al 2005).

1.15.2.5 Epidemiological Studies

Cross-sectional population-based epidemiological studies consistently show a
positive relationship between serum CRP and worsening periodontal status, even after
adjusting for confounders (Beck et al 2000, Wu et al 2000, Beck and Offenbacher 2002,
Slade et al 2003, Sabbah et al 2008). Interesting suggestions from these studies are that
pocket depth and extent of bleeding may be stronger predictors of serum CRP levels than
clinical attachment loss (Wu et al 2000, Beck and Offenbacher 2002).

This suggests that attachment levels may not be the most appropriate measure of
periodontitis when investigating association with systemic conditions (Beck and
Offenbacher 2002), which is logical, as it does not describe an active inflammatory process
(Zaremba et al 2007).

Periodontal disease was also not associated with increased CRP in obese subjects
(Slade et al 2003). The effect of obesity on CRP may have been so great as to mask any
effect of periodontal disease on CRP, as suggested by other studies (Offenbacher et al
2009).

Although serum CRP is independently associated with periodontal measures in these
multivariate models, it is possible that the statistical adjustment for confounders is
insufficient, and that this is the reason for the apparent positive association with

periodontal disease.
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1.15.2.6 Systemically Healthy Subjects

The strongest evidence for a positive association between serum CRP and
periodontal disease comes from untreated patients, who do not have other confounding
factors such as systemic disease, medication use, pregnancy or smoking, in studies using
high sensitivity ELISA for detecting CRP and an appropriate control group.

Various measures of periodontal disease have been used in studies reporting
significantly higher levels of CRP in periodontitis patients compared to periodontally
healthy controls, including:

e >0 sites with clinical attachment loss (CAL) >5 mm (Fredriksson et al 1998)

e >8 teeth with radiographic bone loss extending into the middle one-third of the root
length or beyond (Loos et al 2000)

e Mean attachment loss and the presence of periodontal pathogens Porphyromonas
gingivalis, Prevotella intermedia, Campylobacter rectus, and Bacteroides forsythus in
subgingival samples (Noack et al 2001)

e >7 sites with >6 mm clinical attachment loss (Buhlin et al 2003)

e Interproximal attachment loss on > three permanent teeth other than first molars and
incisors, and > 10 of the sites showing bleeding/suppuration on probing (Havemose-
Poulsen et al 2006)

e Generalised pattern of severe periodontal destruction with CAL >5 mm on >8 teeth, at
least three of which are not first molars and incisors, and with demonstrated age of
onset under 35 years, and localized pattern of clinical attachment loss limited to first
molar or incisor teeth and up to two additional teeth with demonstrated age of onset
under 30 years (Salzberg et al 2006)

e At least 6 teeth with PD >5 mm and loss of attachment >3 mm in 3 aspects of each
tooth (Amar et al 2003)

e CEJ-alveolar bone crest on bitewing radiographs <3 mm (Bizzarro et al 2007).

The variations in disease definitions make it difficult to compare results between studies.

A recent systematic review and meta-analysis found a weighted mean difference in
serum CRP between periodontitis patients and controls of 1.56 mg/L (95% CI: 1.21-1.90)
on the basis of ten cross-sectional studies (P<0.00001) (Paraskevas et al 2008). This meta-
analysis used papers with a clear definition of both periodontitis and control subjects,
where subjects had no systemic disorders, and using high-sensitivity ELISA to measure
CRP.
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The following studies all reported significantly higher serum CRP in association with
periodontitis in systemically healthy subjects, but were excluded from the meta-analysis
due to: no control group (D'Aiuto et al 2004¢); no high-sensitivity CRP measurement
(Shklair et al 1968); inadequate detection limit of CRP ELISA (Slade et al 2000); mean
and SD reported graphically only (Leivadaros et al 2005); and excluded following
controlling for heterogeneity (Craig et al 2003b, Joshipura et al 2004).

Despite the wide variety of measures used for periodontal disease, on the basis of
this stringent meta-analysis there is convincing evidence that CRP is significantly
associated with periodontal disease.

1.15.2.7 Edentulousness

If periodontitis is an important contributor to serum CRP levels one would expect
that edentulous patients would have reduced serum CRP levels. Indeed, this is the case in
several studies (Rahman et al 2005, Taylor et al 2006, Ellis et al 2007).

However, results from other studies undermine these findings, and therefore the
hypothesis that CRP is associated with periodontal disease. For instance, edentulousness is
associated with elevated serum CRP in men, after adjustment for age, social class and
smoking (1.42 vs 1.00 mg/L, P=0.03) (Lowe et al 2003). Although an association was also
found between elevated serum CRP and edentulism, the majority (91.2%) of edentulous
people had at least one established risk factor for elevated CRP (P<0.05) (Slade et al
2000). This may be indicative of an underlying hyperinflammatory trait leading to
periodontal tooth loss and elevated systemic CRP (Slade et al 2000).

Another study confirmed this association with significantly more edentulous subjects
having elevated serum CRP (>3 mg/L) than those subjects with at least 20 teeth (P<0.01)
(Ajwani et al 2003). In the edentulous subjects in this study salivary microbial counts and
mucosal lesions were greater than the dentate group, and were significantly associated with
elevated serum CRP in multivariate analysis. These may be important causes of elevated

serum CRP in edentulous populations (Ajwani et al 2003).

1.15.3 Serum CRP and Periodontal Therapy Longitudinal Studies
1.15.3.1 Time Course of Changes in Serum CRP Following Periodontal Therapy

Intervention studies have studied the effect of periodontal treatment on markers of

inflammation. In the two hours following commencement of non-surgical periodontal
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treatment of patients with at least five teeth with PD >5 mm and at least two quadrants
with radiographic alveolar bone loss, no change in serum CRP is detectable (Ide et al
2004). Treatment of severe chronic periodontitis (at least 50% of teeth presenting with PD
>6 mm and marginal alveolar bone loss >30%) by full mouth debridement completed
within 6 hours in patients without systemic disease induces an acute systemic
inflammatory response, with a 10-fold increase in serum CRP within 24 hours (from
1.61+2.11 mg/L to 12.49+2.63 mg/L) (P<0.001) and significantly raised serum CRP
concentrations for one week (P<0.01) before returning to baseline after one month
(D'Aiuto et al 2004a). Similar results from the same research group indicate that serum
CRP levels peak 24 hours after intensive periodontal therapy and return to baseline within
one month (D'Aiuto et al 2005b, D'Aiuto and Tonetti 2005). The mean increase in serum
CRP within 24 hours following intensive periodontal therapy is 15.02 mg/L (95% CI:
11.90-18.15 mg/L) (D'Aiuto and Tonetti 2005). This is a result of the intense transient
bacteremia and soft tissue damage resulting from periodontal instrumentation (Forner et al
2006).

Similarly, serum CRP levels were significantly increased immediately following
non-surgical periodontal therapy compared to baseline (from 0.8 to 1.6 mg/L, P<0.049),
but returned to baseline levels by 8 weeks (Pischon et al 2007), and by 1 month in patients
given intensive treatment (full mouth scaling and root planing and local minocycline)
(Tonetti et al 2007).

This also implies that assessing the changes in serum CRP following periodontal
therapy needs to be delayed for at least one to two months, if not longer. This would
explain why treatment of acute periodontal abscess with debridement/extraction/antibiotics
as indicated did not reduce serum CRP levels at one week (baseline mean 13.3 mg/L,
P=0.317) (Ren and Malmstrom 2007). This also correlates with the generally accepted
minimum time at which periodontal therapy should be reassessed (Caton et al 1982, Cerek
et al 1983, Badersten et al 1984).

1.15.3.2 Non-surgical Therapy

The effect of non-surgical therapy on serum CRP seems to be influenced by the
response to periodontal therapy.

Subjects responding best to periodontal therapy (as measured by reduction in BOP
and PD >5 mm) show significant reductions in serum CRP levels (D'Aiuto et al 2004b).
By contrast, those with a persistent periodontal infection after therapy do not show
significant reductions in serum CRP levels (Ide et al 2003). Other factors, such as smoking
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(D'Aiuto et al 2005b, Marcaccini et al 2009), baseline serum CRP levels (Mattila et al
2002), and obesity (Offenbacher et al 2009), also appear to limit the effect of periodontal
therapy on serum CRP levels. This may be due to the persistence of these and other pro-
inflammatory conditions that may continue to elevate serum CRP levels to the extent that
the effect of periodontal therapy is masked. However, patients with both periodontitis and
cardiovascular disease do exhibit significant reductions in serum CRP levels following
non-surgical periodontal therapy (Montebugnoli et al 2005). As such, the effect of other
inflammatory conditions is likely to be complex.

One author has suggested that periodontal therapy does not appear to lower serum
CRP in subjects with CRP <3 mg/L at baseline, but may prevent elevations above 3 mg/L
in patients with levels of 1-3 mg/L at baseline, and lower levels in those with levels
initially >3 mg/L (Offenbacher et al 2009).

1.15.3.3 Surgical and Non-surgical Therapy

The combination of surgical and non-surgical therapy on serum CRP levels has only
been assessed in three studies, with reports of both a non-significant trend towards
reduction in serum CRP at 1 (Elter et al 2006) and 3 months (Persson et al 2005) and a
significant reduction at 3 months post therapy (Nakajima et al 2010). More interesting is
the finding that serum CRP was reduced after therapy only in the subgroup of patients who
displayed the highest quartile of CRP at baseline (Nakajima et al 2010), which is
consistent with previous reports (Mattila et al 2002, Offenbacher et al 2009).

1.15.3.4 Adjunctive Local Antibiotics

In studies using non-surgical therapy in conjunction with locally-delivered
antibiotics, both an additional reduction (lwamoto et al 2003, D'Aiuto et al 2005b, D'Aiuto
et al 2006) and no additional reduction (Tonetti et al 2007) in serum CRP levels have been
reported compared to non surgical therapy alone..

Non-surgical periodontal treatment in conjunction with minocycline ointment
resulted in lowered serum CRP and HbAlc in a subset of non-smoking, type 2 diabetic
patients with HbAlc 6.5-10%, with no other systemic disease at 6 months (Katagiri et al
2009). The only observable difference between the patients who exhibited reduction in
CRP compared to those who did not was that the former groups had significantly higher
BOP at baseline, indicating active inflammation was more prominent in this group (46.6%
Vs 26.4%, P<0.05) (Katagiri et al 2009).
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With regards to lowering CRP, adjunctive local antibiotics may be beneficial for
some but not all patients with periodontitis. This suggests that a particular subset of

patients may benefit from such adjunctive treatment.

1.15.3.5 Adjunctive Systemic Antibiotics

The use of systemic antibiotics (metronidazole + amoxicillin) in conjunction with
non-surgical periodontal therapy has been shown to significantly reduce serum CRP levels
compared to baseline levels (Seinost et al 2005, Blum et al 2007a, Higashi et al 2008), but
did not lower levels to that of the healthy control group without periodontitis (Blum et al
2007b).

The effect of systemic antibiotics in conjunction with non-surgical therapy on
reducing serum CRP levels, compared to non-surgical therapy alone, remains unknown as

no studies have compared these two treatment arms.

1.15.3.6 Host Modulation

Host modulating agents may theoretically reduce serum CRP levels in two ways; by
improving local periodontal inflammation, and by a systemic effect on inflammation. The
use of adjunctive sub-antimicrobial dose doxycycline compared to placebo and non-
surgical therapy for periodontitis does not result in additional reduction in serum CRP
levels following therapy beyond that achieved by non-surgical therapy alone (Tuter et al
2007b). However, the addition of a non-steroidal anti-inflammatory drug to non-surgical
therapy significantly reduced serum CRP levels beyond that of non-surgical therapy alone
(Ebersole et al 1997).

No studies have used a host-modulating agent-only control arm. Therefore at present
the adjunctive effect of host modulation drugs to non-surgical periodontal therapy on

serum CRP levels is unclear, but the choice of agent may be important.

1.15.3.7 Dental Clearance

Further evidence for the effect of periodontitis on serum CRP comes from studies
where the periodontal infection is completely eradicated by full dental clearance.

Treatment of end-stage periodontitis by dental clearance resulted in significantly
decreased serum CRP at 3 months after completion of treatment compared to baseline (2.5
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vs 1.8 mg/L, P=0.04), however when analysed according to smoking status, the difference
was significant for non-smokers only (P=0.02) (Taylor et al 2006).

Similarly, dental clearance for end-stage periodontitis significantly reduced serum
CRP levels in several other studies (Rahman et al 2005, Ellis et al 2007). The earliest time
at which a significant decrease in serum CRP could be detected post-operatively was at 6
months (P=0.01), with no significant differences between 6 and 9 months, and 9 and 12
months (Rahman et al 2005). When patients were categorised according to baseline CRP
levels, 61% of the subjects with CRP>3.0 mg/L at baseline reduced their CRP to <3.0
mg/L (Ellis et al 2007).

The significant reduction in serum CRP by complete eradication of periodontal
infection lends support to a contributory effect of periodontitis to elevated levels of serum
CRP. In this category of intervention studies, baseline CRP and other inflammatory
conditions (smoking) appear to play a role on the degree of serum CRP reduction achieved

by therapy, as previously discussed.

1.15.3.8 Summary

A recent meta-analysis of studies up to 2007 found only modest evidence that
periodontal therapy lowered serum CRP levels with a weighted mean difference of 0.50
mg/L, P<0.00001 (95% CI: 0.08-0.93), based on four studies (D'Aiuto et al 2005c, Seinost
et al 2005, D'Aiuto et al 2006, Tonetti et al 2007), and although all studies showed a
favourable effect from treatment, it was concluded that there was no conclusive evidence
due to the scarcity of studies (Paraskevas et al 2008).

Overall, serum CRP exhibits a tendency to be lowered in periodontitis patients
responding best to treatment, those with highest CRP at baseline, and those without other
systemic conditions that can increase systemic CRP. Furthermore, it may take up to 6
months for periodontal treatment to have a significant effect on systemic CRP.

There is a possible dose-response relationship between the extent of resolution of
periodontal infection and the level of reduction in systemic inflammatory markers (D'Aiuto
et al 2005b). However, the relationship between periodontal disease and CRP is complex,
with no correlation between the severity of periodontal disease and CRP at baseline
(Mattila et al 2002, lwamoto et al 2003). Other factors seem to play a significant role in
the overall level of CRP, such as the underlying genotype of the patient. The magnitude of
serum CRP increase following non-surgical periodontal treatment of systemically healthy

subjects with severe periodontitis was significantly influenced by the presence of
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homozygosity for the +1444T allele of the CRP gene (CRP (+1444C>T) polymorphism)
on day 1 (21.10+4.81 mg/L vs 12.37 + 1.61 mg/L, P = 0.02) and day 7 (4.89 £ 0.74 mg/L
vs 3.08 + 2.00 mg/L, P < 0.01), even after adjusting for cardiovascular risk factors and
baseline and peak IL-6 concentrations (D'Aiuto et al 2005a).

Importantly, the actual magnitude of contribution of periodontitis to systemic CRP in
any individual is likely to be variable, influenced by the degree of periodontal
inflammation, the concurrence of other systemic conditions and the underlying genetic
predisposition to systemic inflammation. Indeed, previous studies have shown that a CRP
genotype significantly influences serum CRP at baseline in systemically healthy patients
and significantly influences stimulated CRP level in both systemically healthy patients and
those with cardiovascular disease, even after accounting for age, sex, BMI, smoking,
diabetes, and IL-6 levels (Brull et al 2003).

Several studies have indicated that periodontal therapy is successful in reducing
serum CRP in only a subset of patients, usually those with the highest serum CRP (Mattila
et al 2002, Nakajima et al 2010) or inflammatory burden as measured by periodontal
parameters (D'Aiuto et al 2004b, Katagiri et al 2009) at baseline, or those responding best
to periodontal treatment (Higashi et al 2008). Furthermore, improvements are more likely
to be seen in patients without other conditions known to increase CRP, such as smoking
(D'Aiuto et al 2005b, Taylor et al 2006), and obesity (Offenbacher et al 2009). It may be
that periodontitis contributes to increased serum CRP only in some, but not all, patients
(Nakajima et al 2010), and that periodontal treatment will therefore only be effective in
reducing serum CRP in this subset. Similarly the magnitude of increased serum CRP as a
result of periodontitis is likely to be variable between individuals.

Patients with elevated serum CRP levels are considered at high risk of future
cardiovascular events (Pearson et al 2003). However, despite the improvements in serum
CRP levels achieved by periodontal therapy there is currently no evidence that periodontal
treatment will reduce the incidence of cardiovascular events. If CRP is a valid therapeutic
target, and periodontal therapy an important modifier of serum CRP levels, then one would
expect a reduction in serum CRP to reduce the risk of cardiovascular events. The actual
importance of periodontal therapy in any given individual is likely to be substantially
modified by concurrent inflammatory conditions, smoking, baseline serum CRP levels, and

the effectiveness of periodontal therapy.
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1.15.4 Longitudinal Studies of Serum CRP and Periodontal Disease Activity

During periods of active tissue destruction, locally produced cytokines gaining
access to the systemic circulation could stimulate increased synthesis of CRP by the liver,
resulting in elevated serum CRP levels. As with other inflammatory diseases, serum CRP
may provide useful information about the course of periodontitis. Further, as CRP is shown
to have many functions during inflammation, CRP may also contribute directly to the
disease process.

Indeed, animal studies using ligature-induced periodontitis show that CRP
significantly increased as a result of active periodontitis compared to baseline (Ebersole et
al 2002, Hasturk et al 2007), and was increased compared to experimental gingivitis
(Ebersole et al 2002).

Human longitudinal studies also support this hypothesis, at least in part. Patients with
the greatest number of sites exhibiting attachment loss >2 mm over 6 months exhibited
baseline serum CRP levels that were 17 times greater than normal (approximately 34
mg/L) and were significantly greater than periodontally healthy groups (Ebersole et al
1997). Similarly, multiple sites (>2%) of disease progression (>2 mm loss of attachment 2
months post baseline) resulted in an odds ratio of 14.1 of having baseline serum CRP
>2.08 mg/L according to a multiple regression model (Craig et al 2003b). Another study
found a similar association between attachment loss and the odds of an elevated serum
CRP level, but only in patients without major systemic disease (Swoboda et al 2008).
Without measuring disease activity, merely the presence of PD >4 mm at baseline
predicted elevated serum CRP 1 year later, in an untreated population of 10,376 Japanese
men with normal baseline serum CRP (Yoshii et al 2009).

However, a negative effect of elevated serum CRP levels on periodontitis is
unsubstantiated. Elevated serum CRP levels are not significantly associated with the
presence of periodontitis compared to periodontal health (Craig et al 2003b). Further,
serum CRP at baseline does not predict periodontal disease 1 year later in an untreated,
periodontally healthy population of 4,977 Japanese men (Yoshii et al 2009), and
pharmacological reduction of elevated serum CRP has no effect on periodontal parameters
in untreated periodontitis subjects (Renvert et al 2009). Currently there is no evidence of a
causal effect of CRP on periodontal disease.

If serum CRP is influenced by periodontal disease activity, then this has important
implications for the interpretation of cross sectional and intervention studies. Treatment of

periodontal disease would best lower CRP in those individuals actually undergoing
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periodontal breakdown, which is likely to be a subset of the population under study at any
one time, similarly, in systemically healthy subjects, CRP would only be elevated in a
subset of the population. With this in mind, measurement of serum acute phase proteins
may be one of the ways to identify subjects at a higher risk of destructive disease or
undergoing active periodontal breakdown (Johnson et al 1988). This may be a real
possibility in the future as CRP can be assessed by finger-prick blood sample and chair

side diagnostic test within 2 minutes (Ren and Malmstrom 2007).

1.15.5 Biological Plausibility

There seem to be three main theories behind the apparent association between
periodontal disease and CRP:

1. Periodontal diseases increases CRP via systemic inflammation

Periodontal bacteria can act via six different mechanisms to cause systemic effects:
invasion of adjacent tissue spaces, aspiration, bacterial seeding via the circulation and
colonization, endotoxaemia, systemic dissemination of other bacterial virulence factors,
and induction of systemic host response through cytokine production (Kamer et al 2008).

In periodontal health, bacteria and the host response maintain a balance. In gingivitis,
the bacteria elicit an innate immune response from the host, which is able to contain the
bacterial-induced tissue damage. In periodontitis, the host response does not contain the
bacteria, resulting in a systemic immune response and production of proinflammatory
cytokines (Kamer et al 2008).

Theoretically, elevated CRP may be a response to systemically disseminated
periodontal bacteria and LPS, which stimulates release of 1L-6 and TNF-co, which in turn
act on the liver to stimulate production of acute phase proteins including CRP (Williams
and Offenbacher 2000). Indeed, in vivo rabbit models show that P. gingivalis-induced
periodontitis over 6 weeks induces elevation of CRP compared to baseline (P<0.05)
(Hasturk et al 2007).

Although many other stimuli, including infections, inflammatory conditions or
trauma, may account for a mild increase in CRP these do not appear to negate the effects
of periodontitis on increasing CRP in cross-sectional population studies (Slade et al 2000).
2. Hyperinflammatory trait

It has been proposed there exists a common genetic background that predisposes the
individual to inflammatory conditions due to a hyperinflammatory phenotype

(Moutsopoulos and Madianos 2006).
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Among certain individuals there may be an underlying hyperinflammatory trait that
is characterized by excessive production of pro-inflammatory cytokines by monocytes and
other cell types (Beck et al 2000). This hyperinflammatory trait may be induced by
genetic, behavioural and environmental exposure and may serve as a common precursor to
both cardiovascular and periodontal disease, and other inflammatory conditions (Beck et al
2000). In the presence of a pathogenic oral flora, and the inevitable bacteremia which
results (Geerts et al 2002, Forner et al 2006) and induces systemic inflammation, there is
an added burden on the host, increasing the prevalence and severity of cardiovascular
disease (Beck et al 2000).

Therefore, possibly only a subset of susceptible patients produce an elevated
systemic CRP response to periodontitis, and this may not always correlate to those with the
most severe bone loss (Mattila et al 2002). Treating these susceptible patients may indeed
lower CRP levels, but this may not occur for all patients with periodontal disease (Mattila
et al 2002).

Recent in vivo research confirms the effect of a hyperinflammatory trait on
periodontitis (Trombone et al 2009). Genetically hyperinflammatory mice experience
increased bone loss in experimental periodontitis following infection with Aggregatibacter
actinomycetemcomitans (A. a) but have no difference in bacterial burden compared to
hypoinflammatory mice (i.e. the hyperactive immune system is ineffective in killing
bacteria) (Trombone et al 2009). Proinflammatory cytokines measured in the
hyperinflammatory mice were significantly elevated (IL-13, TNF-ca, IL-17) in response to
experimental periodontitis (Trombone et al 2009). Correspondingly in humans, there is
clear evidence that the inflammatory response to periodontal infection is not uniform
(Trombelli et al 2008, Behle et al 2009).

The periodontal burden (infection and inflammation) amplifies the individual
systemic inflammatory response in a susceptible host who is predisposed to inflammation
(D'Aiuto et al 2004c). Such characteristics of a susceptible host may be smoking, BMI,
age, and polymorphisms of IL-6 and IL-1a (D'Aiuto et al 2004c). Indeed, the systemic
inflammatory response to severe periodontitis is higher, as measured by serum CRP and
IL-6, in patients with polymorphisms of IL-1a or IL-6 (P<0.05), even after correcting for
age, BMI, gender, ethnicity and smoking (D'Aiuto et al 2004d).

Further evidence for a hyperinflammatory trait is that neutrophils from treated
periodontitis patients appear to be hyper-reactive compared to periodontally healthy
controls, where all patients were systemically healthy and non-smokers (Fredriksson et al

2003). In this study there were no significant differences in serum CRP between treated
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periodontitis patients and controls, even though numerically serum CRP was higher in
periodontitis patients. However, these patients were treated for periodontal disease before
blood sampling and this may have reduced any differences in CRP levels between the two
groups (Fredriksson et al 2003).

Importantly, an amplified inflammatory response would not be able to initiate
disease on its own, but would modify the onset, severity and rate of progression if the
subject is exposed to other causative factors of the disease and is susceptible to the disease
(Kornman 2006).

3. Periodontal disease may simply be a marker for an underlying or unknown risk factor or
exposure leading to systemic disease (Haynes and Stanford 2003, Offenbacher and Beck
2005).

In this hypothesis, periodontal disease does not contribute to systemic disease. For
example, both cardiovascular disease and periodontitis share common risk factors such as
smoking and diabetes. Although these factors are often adjusted for in statistical analyses
of association data, it is possible that residual confounding persists and results in an
apparent association between periodontitis and cardiovascular disease (Haynes and
Stanford 2003). The apparent association may also be due to an as yet unidentified

common risk factor, which is therefore impossible to adjust for in statistical analyses.

1.16 Conclusion

While it seems clear that there is indeed an association between both periodontal
disease and systemic disease with CRP, the nature of this relationship is unclear.
Nonetheless it is an important one, as highlighted by recent consensus recommendations
from the editors of the American Journal of Cardiology and Journal of Periodontology
(Friedewald et al 2009). Among these recommendations are that patients with moderate to
severe periodontitis should be informed there may be an increased risk for atherosclerotic
CVD associated with periodontitis, and that medical evaluation of patients with
periodontitis should include measurement of systemic CRP.

CRP has a wide variety of functions that make it a possible contributor to disease and
therefore a therapeutic target. Periodontal therapy may be one aspect of CRP reduction in
periodontitis patients at risk of CVD, but as yet there is no way to identify which patients
are likely to benefit most from intervention. Further, there is no evidence that periodontal

therapy can actually reduce cardiovascular events.
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As part of the understanding of the relationship between periodontitis, systemic
disease and CRP it is necessary to determine the origin of CRP in the GCF. CRP in the
GCF may be evidence of systemic inflammation, either in response to periodontal disease,
or as a result of an underlying inflammatory condition. CRP in the GCF may also be
present if CRP is produced locally during inflammation in the periodontal tissues.

The aim of the study described in Chapter 2 is to assess the likely source of the CRP
in the GCF at sites of health and periodontal disease, in order to further understand the
possible relationship between periodontal disease and CRP, and also CRP and systemic
disease. The outcomes of this research will assist in determining the possibility of
monitoring systemic or acute periodontal inflammation using less invasive tests, such as

GCF analysis.
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2.1 Introduction

Periodontal disease has been associated with a number of other inflammatory
diseases, including diabetes mellitus, rheumatoid arthritis and cardiovascular disease
(Lagervall et al 2003). The status of many of these systemic inflammatory diseases can be
measured using serum markers of inflammation. One such molecule that has been widely
investigated is the acute-phase protein, C-reactive protein (CRP). Serum CRP
concentrations are normally in the order of ng/ml, but are capable of rising rapidly 100-
1000-fold in response to inflammation or tissue necrosis (Claus et al 1976). As CRP
concentrations closely follow the course of inflammation (Gabay and Kushner 1999), they
are used as a measure for many disease processes (Ebersole and Cappelli 2000). Even
mildly elevated serum levels of CRP are regarded as evidence of an active tissue-damaging
process (Pepys 1981). Aside from being used as a marker of inflammation, CRP is now
believed to itself have potent pro-inflammatory properties (Ho et al 2008, Turu et al 2008,
Dasu et al 2007).

Not surprisingly, CRP has also been detected in the serum of periodontitis patients,
and levels are significantly higher than those of non-periodontitis subjects (Paraskevas et
al 2008, Cairo et al 2008, Higashi et al 2008). Further, there is mounting evidence that
effective periodontal therapy can lower serum CRP (Paraskevas et al 2008; Offenbacher et
al 2009; Marcaccini et al 2009). CRP has also been detected in the saliva and gingival
crevicular fluid (GCF) of periodontitis patients (Sibraa et al 1991, Pederson et al 1995,
Hirasaki et al 2005, Christodoulides et al 2005, Tuter et al 2007, Fitzsimmons et al 2009,
Sanders et al 2009, Fitzsimmons et al 2010). GCF is a transudate of serum and, as such,
contains both serum components and locally produced molecules.

In general CRP is primarily produced by the liver (Steel and Whitehead 1994, Miller
et al 1951), but several papers have reported extra-hepatic production of CRP, such as
lymphocytes (Kuta and Baum 1986), neurons of patients with Alzheimer’s disease
(Yasojima et al 2000), nasal polyp epithelium (Gould and Weiser 2001), smooth muscle
cells and macrophages of atherosclerotic plaques (Yasojima et al 2001), aortic aneurysmal
tissue (Vainas et al 2003), renal epithelium of acute rejection renal allografts (Jabs et al
2003a), adipose tissue from patients with coronary artery disease (Ouchi et al 2003),
smooth muscle cells of diseased coronary artery venous bypass grafts (Jabs et al 2003b),
and renal cell carcinoma epithelium (Jabs et al 2005). As such, the presence of CRP in

GCF of periodontitis patients may be due, in part, to local production of CRP within the
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periodontal tissues. Local production of CRP would mean that CRP levels detected in the
GCF could not be used to make inferences about systemic inflammation.

To date there have been no published investigations of local production of CRP in
the periodontal tissues. Therefore, the aim of this study was to determine if CRP detected
in the GCF is the result of local production of CRP within the gingival tissues.

2.2 Methods

2.2.1 Study Population
2.2.1.1 Patients

The University of Adelaide Human Ethics Research Committee and South Australian
Dental Service approved the study, in accordance with the guidelines of the National
Health and Medical Research Council of Australia. Patients attending the Adelaide Dental
Hospital Periodontology Department for periodontal surgery were invited to participate in
the study following written and informed consent. Periodontitis affected tissue was
collected during periodontal flap surgery carried out for the treatment of persistent
periodontal pocketing (PD >5 mm) following initial non-surgical therapy carried out at
least 3 months previously. Tissue samples from non-periodontitis sites included gingival
hyperplasia without periodontal attachment loss, gingivae resected during crown
lengthening surgery, or from soft tissue biopsy prior to tooth extraction. A thorough
medical history and smoking history was taken for each patient, as well as questioning
whether anti-inflammatory medication, antibiotics or steroids had been taken within the
last six months. Patients were not excluded on the basis of their medical history or
smoking status. Disease classification was in accordance with the American Academy of
Periodontology classification (Armitage 1999), and periodontitis sites exhibited
radiographic alveolar bone loss, deepened probing depths and attachment loss to a degree

consistent with the rest of the dentition.

2.2.2 Sample Collection, Processing and Analysis
2.2.2.1 Gingival Crevicular Fluid (GCF) Collection and Analysis

GCF samples were collected from the deepest periodontal pocket in the area of
periodontal surgery prior to any clinical measurements (Offenbacher et al 1984). All
clinically detectable supragingival plaque was removed without touching the gingiva, to

minimize contamination of the paper strips by plaque. GCF samples were taken after air-

75



drying of the site, using isolation with cotton rolls and a saliva ejector isolation if
necessary, to prevent salivary contamination. One paper strip was used for each collection
site. A Periopaper™ strip (OraFlow, Smithtown, NY, USA) was introduced into the
gingival crevice 1 mm, with care being taken not to traumatise the tissues. The strip was
left in place for 30 seconds and then transferred for volume determination to a chairside
Periotron 8000 unit (OraFlow, Smithtown, NY, USA). The unit was calibrated regularly
and standard curves generated to determine the volume in each strip. The Periopaper™
strip containing the sampled GCF was wrapped in foil and stored at -20°C until further
processing.

GCF was subsequently eluted from the paper strips by placing the strips into the
wells of a sterile 96-well plate (Flow Laboratories, McLean, VA, USA), and adding 230ul
sterile phosphate buffered saline (PBS, pH 7.2) into each well. The plate was then sealed
and placed on a shaker for 30 minutes. The amount of CRP in GCF was determined as
previously described (Fitzsimmons et al 2009). Each sample was assayed in duplicate
using commercially available ELISA kits (human C-reactive protein Instant ELISA,
Bender MedSystems, Vienna, Austria) in accordance with the manufacturers’ instructions.
Colour development was monitored using a BioTek Powerwave microplate reader (BioTek
Instruments, Winooski, VT, USA) until optimum optical density was reached, stop
solution added, and the optical density read at 450 nm. Standard curves were then
generated using KC4 software (BioTek Instruments) and used to determine the CRP
concentration in each sample. The lower limit of detection for the CRP assay was 3 pg/ml.
The concentration of CRP in GCF was determined by dividing the total amount by the
volume of GCF collected, as previously described (Tang et al 2009).

2.2.2.2 Immunohistochemistry for C-reactive protein

Gingival tissue samples and human liver tissue (positive control) for
immunohistochemical analysis were fixed in 10% buffered formalin for 24 hours prior to
paraffin embedding. The first section cut (5 um) from each block was stained with
hematoxylin and eosin for standard histological assessment. For immunohistochemical
detection, sections were dewaxed in 2 changes of xylene and 2 changes of alcohol.
Endogenous peroxidase activity was inhibited using 0.3% hydrogen peroxide in PBS/0.1%
sodium azide. Following rinsing in PBS the sections were incubated with the primary
antibody (monoclonal antibody mouse anti human CRP, clone CRP-8, Sigma, St Louis,
MO, USA) at concentration 9.1 pg/mL (1 in 1000 dilution) in PBS with 1%
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(weight/volume) bovine serum albumin (BSA) and incubated overnight in a wet chamber.
For control sections the primary antibodies were omitted or a purified mouse 1gG1 isotype
control was substituted for the primary antibody (BD Biosciences Pharmingen, Franklin
Lakes, NJ, USA). The primary antibody was detected by horseradish peroxidase (HRP)-
conjugated goat anti-mouse 1gG antibody (DAKO, Botany, NSW, Australia), added for 30
minutes, followed by incubation with HRP-conjugated swine anti-goat 1gG antibody
(Biosource, Carslbad, CA, USA) for another 30 minutes. The HRP-conjugated antibodies
were diluted in 1% PBS-BSA with 10% (volume/volume) normal human serum as
blocking serum. All incubations were carried out at room temperature. HRP activity was
detected using hydrogen peroxide as a substrate and aminoethylcarbazole (AEC) dye
(DAKO). Slides were counterstained with Mayer’s hematoxylin, and after washing with
distilled water, mounted in Aquatex (Merck, Whitehouse Station, NJ, USA).

After immunohistochemical staining, sections stained with antibodies for CRP were
analyzed under a microscope (Nikon Microphot FXA Photomicroscope, Nikon
Instruments Inc, Melville, NY, USA).

2.2.2.3 Real-Time Polymerase Chain Reaction for CRP gene detection

Gingival tissue samples for real time-PCR analysis of CRP mRNA were placed in
RNAlIater solution (RNA Stabilization Solution, Applied Biosystems, Austin, TX, USA) at
4°C overnight. The following day the supernatant was removed before storing at -80°C
until isolation of total RNA.

Total RNA was extracted from homogenized tissue specimens using TriReagent
Solution according to the manufacturer’s protocol (Ambion, Austin, TX, USA). Total
RNA was then quantified in triplicate by ultra-violet spectroscopy (Nanodrop 1000,
Thermo Scientific, Wilmington, DE, USA) and the quality assessed using the ratio of
absorbance at 260 nm and 280 nm.

One microgram of total RNA was then converted to cDNA by reverse transcription
using Superscript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The resulting cDNA was stored at -20°C and later assessed
for CRP gene expression.

The single copy gene 36B4 (acidic ribosomal phosphoprotein PO) was used as a
housekeeping gene. Previously published primer sequences specific for CRP (Jabs et al
2003a) and 36B4 mRNA (Cawthon 2002) were used to assess CRP and 36B4 gene
expression, respectively. The primer sequences for CRP were 5’GAA CTT TCA GCC
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GAA TAC ATC TTT T3’ (forward) and 5’CCT TCC TCG ACA TGT CTG TCT3
(reverse). 36B4 primers were 5’CAG CAA GTG GGA AGG TGT AAT CC3’ and
5’CCCA TTC TAT CAT CAA CGG GTA CAAZ’, forward and reverse, respectively, all
purchased from Geneworks (Hindmarsh, SA, Australia). The levels of CRP gene
expression were analyzed using a standard curve of known amounts of reverse transcribed
human liver RNA (Stratagene, La Jolla, CA, USA) which served as a positive control.

The final reaction mix consisted of 1x EXPRESS SYBR Green ER qPCR Supermix
Universal (Invitrogen), with final concentrations of 200 nM CRP forward and reverse
primers, or 250 nM and 200 nM 36B4 forward and reverse primers respectively, and 1uL
cDNA in a final volume of 20uL. Each cDNA sample was measured in triplicate. This mix
was then amplified at 95°C for 20 seconds followed by 40 cycles of 95°C for 3 seconds,
62°C for 30 seconds (or 58°C for 36B4) and 72°C for 30 seconds, followed by melt curve
analysis on a Corbett Research Rotor Gene 3000 real-time thermal cycler (Corbett Life
Sciences, Sydney, NSW, Australia).

Amplification efficiency of both CRP and 36B4 PCR runs were assessed using the
Corbett Rotor-Gene 6.1 software (Corbett Life Sciences), with efficiency between 90-
110% and R? >0.99.

Verification of PCR products was conducted using gene sequencing (Molecular

Pathology Unit, Institute of Medical and Veterinary Sciences, Adelaide, SA, Australia).

2.2.3 Statistical Analysis

Data were entered into a computer database and corrected for implausible data. For
the basis of analysis, patients with high blood pressure (including those taking anti-
hypertensive medication), cardiovascular disease, high cholesterol, diabetes, arthritis,
Crohn’s disease or recent antibiotic, anti-inflammatory medication or steroid use were
categorised as “systemically unhealthy”, as these conditions may influence systemic levels
of CRP. Patients without these conditions were categorised as “systemically healthy”.
Statistical analysis was performed using GraphPad Prism computer software (GraphPad
Software, Inc., La Jolla, CA, USA). When comparing the numeric characteristics between
periodontitis and non-periodontitis groups, non-parametric Mann-Whitney test statistics
were calculated to test the hypothesis of no difference between the groups. When
comparing non-numerical characteristics, non-parametric Fisher’s exact test statistics were
calculated to test the hypothesis of no difference between the groups. Two-sided tests were
performed, with statistical significance set at p<0.05.
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2.3 Results

2.3.1 Subject demographics and sample collection

A total of 64 samples were taken from 59 individual patients (Table 1). Of the 64
samples, 50 were collected from 46 patients with periodontitis, and the remaining 14 were
collected from 13 patients who were defined as non-periodontitis, but may have exhibited
gingival hyperplasia or gingivitis without periodontal bone loss/attachment loss. The
pocket depth for the periodontitis sample sites ranged from 5-10 mm with a mean of
7.2+1.3 mm (x SD) and median of 7.0 mm (6.0-8.0) (25%-75% percentiles). This was
significantly deeper than that measured for the non-periodontitis samples with a mean of
3.6x£1.7 mm and median of 3.0 mm (2.0-5.3) (Mann-Whitney test, p<0.0001). Similarly,
the percentage of sites that bled upon probing (measured following GCF collection) was
significantly higher for the periodontitis sites, compared to the non-periodontitis sites
(82.0% vs 28.6%, Fisher’s exact test, p=0.0003). The mean GCF volume for the
periodontitis samples was 0.98+0.69 pL and the median was 0.85 uL (range 0.28-1.70),
which was also significantly different from the non-periodontitis samples at mean
0.52+0.55 uL and median 0.30 uL (range 0.12-0.78) (Mann-Whitney test, p=0.0159).

Among the periodontitis samples, 39.1% were from systemically healthy patients
without any known medical conditions and not taking any medications, while among the
non-periodontitis samples, 46.2% were systemically healthy, and this difference was not
significantly different (Fisher’s exact test). The two most common conditions experienced
amongst the sample population were current prescription of antihypertensive medication or

anti-inflammatory medication (including aspirin).

2.3.2 Detection of CRP in GCF samples

The subject and sample demographics and clinical parameters for samples with
detectable CRP in GCF, in comparison to the total study population are described in Table
2. Approximately 41% of the 64 GCF samples tested by ELISA had detectable CRP.
Numerically, a higher percentage of non-periodontitis GCF samples had detectable CRP
compared to the periodontitis GCF samples, but this difference was not statistically
significant (50% vs 38%, Fisher’s exact test). Bleeding on probing did not appear to have a
positive effect on CRP detection in the GCF, with only 35.6% of bleeding on probing
positive (BOP+) sites subsequently found to be positive for CRP, compared to 52.6% of
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BOP- sites, which was not a significant difference (Fisher’s exact test). In addition, there
were no significant differences in the proportions of BOP+ sites with detectable CRP in the
GCF between the periodontitis compared to the non-periodontitis groups (34.1% vs.
50.0%, Fisher’s exact test). Also there was no significant difference in the volume of GCF
for those with detectable CRP compared to the total study population (Mann-Whitney test,
data not shown). Systemic health status also did not appear to have a significant influence
on CRP detection in the GCF with similar proportions of detection in both systemically
healthy and unhealthy groups. Overall, 10 of the 24 (41.6%) systemically healthy patients
and 16 of the 35 (45.7%) patients who were not systemically healthy had detectable CRP
in GCF, and this was not statistically significant (Fisher’s exact test). The 10 systemically
healthy patients included 2 current smokers, and 2 of the systemically unhealthy patients
were also current smokers, so that overall 4 of the 11 (36%) current smokers had
detectable CRP in the GCF. Only three of the patients with detectable CRP in the GCF
were former smokers, and 19 were never smokers. Due to the small number of current
smokers in the study statistical significance of smoking on CRP detection was not
determined in the current study. However, the proportion of current smokers with
detectable CRP was not significantly different from the proportion of former or never
smokers with detectable CRP (36.3% vs. 45.8%, Fisher’s exact test).

Table 3 describes the subject and sample demographics and clinical parameters for
only the samples with detectable CRP in GCF. Of the 26 samples with CRP detectable in
the GCF, 73.1% were periodontitis samples, in keeping with the higher proportion of
periodontitis samples in the total sample collection. Seventy-four percent of the CRP
positive periodontitis GCF samples and 28.6% of the non-periodontitis GCF samples were
taken from sites that subsequently bled upon probing, this difference approached statistical
significance at p=0.0687 (Fisher’s exact test), and overall 61.5% of the sites with
detectable CRP subsequently bled upon probing. These figures reflect the proportions of
BOP+ sites in the periodontitis and non-periodontitis samples seen in the total study
population. There were no significant differences in the volume of GCF between
periodontitis and non-periodontitis samples (Mann Whitney test). Interestingly, a
numerically higher proportion of non-periodontitis samples with detectable CRP in the
GCF were also systemically healthy, compared to the proportion of periodontitis samples
that were systemically healthy, but this difference was not statistically significantly (57.1%
vs. 31.6%, p= 0.3692, Fisher’s exact test). Three of the seven patients with both non-
periodontitis tissue and CRP detectable in the GCF had other medical conditions that could

affect CRP (Type Il diabetes, HBP, Crohn’s disease), two were current smokers, and the
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remaining two had no known systemic condition that could affect CRP. The reason for
detection of CRP in these otherwise medically healthy and non-periodontitis patients is
unknown. There were no significant differences in the amounts of CRP between
periodontitis and non-periodontitis samples, nor between systemically healthy and
systemically unhealthy samples (Mann Whitney test, data not shown).

2.3.3 Immunohistochemical staining for CRP in gingival tissue

Immunohistochemical staining of gingival tissue samples was carried out to
determine the distribution of CRP in the periodontal tissue (Figure 2). Positive staining for
CRP was observed around blood vessels within the connective tissue and diffusely within
the connective tissues, and no cell associated staining was seen. Liver tissue was used as a
positive control and clearly showed cell associated CRP staining in the hepatocytes. No
staining was observed in any of the negative controls included in this study.

2.3.4 Real-time CRP analysis of gingival tissue for CRP mRNA gene expression

Real-time PCR was used to assess whether cells located in gingival tissue were
expressing mRNA for CRP. Of the 64 gingival tissue samples that had paired GCF
samples, none had detectable levels of CRP mRNA An additional 22 gingival tissue
samples without paired GCF samples were also analysed by PCR for CRP mRNA, but
none of these had detectable CRP mRNA. All samples were positive for expression of the
housekeeping gene 36B4 (data not shown). All human liver samples (positive control) had
detectable levels of CRP.

2.4 Discussion

In this study, as in previous studies, CRP has been detected in the gingival crevicular
fluid and periodontal tissues of both non-periodontitis and periodontitis sites and subjects.
However, the origin of this protein in GCF has not been investigated previously. Based on
the absence of CRP mRNA in the periodontal tissues, it can be deduced that the origin of
CRP in GCF is not from the local periodontal tissues. Further support for the absence of
local production of CRP is that within the periodontal tissues the distribution of CRP was
diffuse throughout the connective tissue and was not cell-associated. Therefore the

presence of CRP in the GCF and periodontal tissues appears to be of systemic origin.
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The main source of CRP is acknowledged to be the liver (Hurlimann et al 1966), and
although several other tissues have recently been shown to produce CRP (Yasojima et al
2000, Yasojima et al 2001, Jabs et al 2003a, Jabs et al 2003b, Gould and Weiser 2001),
these are regarded as having minimal contribution to serum levels of CRP (Black et al
2004). Systemic CRP detected in GCF and periodontal tissue may be a result of systemic
inflammation resulting from disease elsewhere in the body (Blake and Ridker 2001, Blake
et al 2003, Bruns et al 2008, Schutte and Malfertheiner 2008, Aletaha et al 2007), as well
as systemic inflammation induced by periodontitis (Paraskevas et al 2008). Indeed, in this
study the majority of patients with detectable CRP had either periodontitis or systemic
inflammatory disease, and it is very possible that the remaining patients had an
undiagnosed systemic inflammatory disease or a recent infection, which may explain the
detection of CRP, given that it is not of local origin.

In the current study, serum levels of CRP were not analysed. While the collection of
serum samples would have enabled correlation between GCF and serum levels of CRP, the
aim was primarily to determine if CRP was locally produced in the periodontal tissues and
not to correlate CRP in the GCF with CRP in the serum. Collecting serum samples was not
necessary to determine if CRP was produced locally, and GCF samples were primarily
included to assess whether CRP was present or absent in the periodontal tissues. As GCF is
a transudate of serum, and our results establish that CRP is not produced locally in the
periodontal tissues, CRP in the GCF must be derived from serum CRP, and be indicative
of systemic inflammation. Nonetheless, future studies may wish to address the correlation
between GCF and serum levels of CRP. If the levels of CRP in GCF mirror those in serum,
then the simple collection of GCF could be a non-invasive means of screening for CRP
serum levels to determine the severity of systemic inflammation. Indeed, chairside Kits for
CRP measurement using oral fluids are currently under development (Christodoulides et al
2005, Floriano et al 2009) and could provide a novel means to screen patients for systemic
inflammation.

We detected CRP in some, but not all, of the GCF and periodontal tissues of both
non-periodontitis and periodontitis patients. This is consistent with previous studies (Sibraa
et al 1991, Tuter et al 2007, Fitzsimmons et al 2009, Sanders et al 2009, Fitzsimmons et al
2010). Such findings are not surprising if CRP is not produced in the periodontal tissues, as
the systemic inflammatory response between individuals is not uniform. Genetic
susceptibility to inflammation may modify CRP levels, in response to periodontal
destruction or systemic disease, such that patients with a hyperinflammatory phenotype
exhibit higher levels of CRP (Beck et al 2000). As such, it is likely only a subset of
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patients produce a systemic CRP response to periodontitis, due to their genetic
predisposition (Mattila et al 2002). Indeed, an equivalent hypothesis has been confirmed in
genetically hyperinflammatory mice, showing elevated systemic inflammatory markers as
a result of experimental periodontitis, compared to hypoinflammatory mice (Trombone et
al 2009). Such patients may be at higher risk of systemic inflammatory diseases due to
their hyperinflammatory trait.

The incidence of detection of CRP in GCF in this study was consistent with that of
recently published studies (Sanders et al 2009, Fitzsimmons et al 2010, Fitzsimmons et al
2009, Tuter et al 2007). In our study CRP was not detected in the GCF of all patients. An
explanation for this is that the levels of CRP may have been below the sensitivity of the
ELISA assay used, although this was the same as Fitzsimmons et al (2009), Sanders et al
(2009) and Fitzsimmons et al (2010) and greater than that of Tuter et al (2007). Our study
differed from these others in several aspects. The samples described in Fitzsimmons et al
(2009), Sanders et al (2009), and Fitzsimmons et al (2010) were taken from a population
study (Slade et al 2007), and no history was given of prior periodontal treatment, medical
conditions or medication use, all of which are associated with systemic CRP levels
(Paraskevas et al 2008, Pearson et al 2007, Kinlay 2007, Dehghan et al 2007, Pradhan et al
2001). The paper by Tuter et al (2007) also used untreated periodontitis patients, but
excluded those with medical conditions or medications that could increase or decrease
CRP levels. In our study, the periodontitis patients had either completed a hygienic phase
of periodontal therapy while the non-periodontitis patients had not received any such initial
therapy. The participants in this study were not excluded on the basis of medical conditions
or smoking status. The prior periodontal treatment may have reduced the influence of
periodontal inflammation on systemic CRP, as periodontal treatment has been shown to
have a moderate effect on reducing systemic CRP levels (Paraskevas et al 2008). Also, it is
acknowledged that many medical conditions do influence systemic CRP, and that many
patients in our study had these conditions. However, the exact effect on systemic CRP
levels may be difficult to determine. This is because the majority of patients in our study
with a medical condition that may affect systemic CRP were also taking medication to
counteract that condition and this could further modify systemic CRP. As CRP is not
produced locally, the inclusion of patients with medical conditions that may affect CRP
does not change the interpretation of this main result.

Since the detection of CRP in both serum and GCF of patients with periodontitis is
not uniform, those individuals with detectable CRP may be more susceptible to developing

other systemic inflammatory conditions, indeed perhaps due to a hyperinflammatory
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phenotype (Beck et al 2000). Those subjects with a hyperinflammatory phenotype may be
more susceptible to periodontal bone loss, as demonstrated by recent animal studies
(Trombone et al 2009). It may therefore be desirable to be able to identify these
individuals, as they may be at greater risk of periodontal disease progression. Additionally,
identifying hyperinflammatory trait individuals may highlight to the clinician a need for a
more aggressive management of periodontal and cardiovascular disease risk factors. In our
study, a small proportion of non-periodontitis patients had no known medical conditions
that could affect CRP, and the reason for detection of CRP in the GCF of these patients is
unknown. These patients could have an undiagnosed inflammatory condition.

In conclusion the findings of this study indicate that CRP detected in the GCF and
periodontal tissue is not of local origin. This implies that elevated serum CRP in
periodontitis patients is not due to local production but is indicative of systemic
inflammation, either as a result of periodontal infection or systemic disease. As GCF is a
serum transudate, it may be considered as a substitute source with which to assess systemic
inflammation as measured by CRP. Further studies need to correlate levels of CRP in the
GCF with that of serum. GCF may therefore be suitable as a source for the non-invasive
assessment of the degree of systemic inflammation in both periodontitis and non-

periodontitis patients.
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Tables and Figures

Number of samples
Number of subjects
Age* (years)
Female

Male

PD* (mm)
Recession* (mm)
BOP+

GCF volume* (uL)
Current smoker

Systemically healthy

Systemically unhealthy
- Cardiovascular disease
- Diabetes
- Arthritis
- Crohn’s disease
- Antihypertensive medication
- Cholesterol lowering medication

- Anti-inflammatory medication
(including aspirin)
- Antibiotics

Samples with CRP detectable in GCF

*Numbers represent mean + SD

'p<0.01, Mann Whitney test, compared to non-periodontitis samples

Total

64
59
53.6%£15.2
36/59=61%
23/59=39%
6.4+2.0
1.3£1.6
45/64=70%
0.88+0.68
11/59=19%

24/59=41%

35/59=59%
3
9
8
1
16
12

17
2
26/64=41%

*p<0.01, Fisher’s exact test, compared to non-periodontitis samples

NS No statistically significant differences between periodontitis and non-periodontitis groups

Periodontitis

50
46
55.5+12.1
29/46=63%
17/46=37%
7.2+1.3"
1.4¢15M
41/50=82%"
0.98+0.69"
8/46=17% "°
18/46=39%
NS

28/46=61%
1
8
7
0
13
10

14

1
19/50=38%
NS

Non-
periodontitis
14

13
46.9 £18.5
7/13=54%
6/13=46%

3.6+1.7

0.9+2.0
4/14=29%
0.52+0.55
3/13=23%

6/13=46%

7/13=54%
2

N W Rk PR

w

1
7/14=50%

Cardiovascular disease included a history of myocardial infarction, angina, or placement of a cardiac stent

Table 1. Subject and sample demographics and clinical parameters in the study population
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Total Periodontitis Non-
periodontitis
Number of samples 26/64=41% 19/50=38% "° 7/14=50%
BOP+ 16/45=36% "%, 14/41=34%"° 2/14=50%
BOP- 10/19=53% 5/9=56% 5/10=50%
GCF volume* (pL) 0.79+0.68 0.90+0.70 N 0.51+0.56
Systemically healthy 10/24=42%"5, 6/18=33% "° 4/6=67%
Systemically unhealthy 16/35=46% 13/28=46% 3/7=43%
Current smoker 4/11=36% "°; 2/8=25% 2/3=67%
Former or never smoker 22/48=46% 17/38=45% 5/10=50%

NS No statistically significant differences between periodontitis and non-periodontitis groups

NS No statistically significant differences between those with detectable CRP in GCF compared to total sample
population

NS, No statistically significant differences in proportion of those with detectable CRP in GCF in BOP+ sites
compared to BOP- sites

NS, No statistically significant differences in proportion of those with detectable CRP in GCF who were
systemically healthy compared to those who were not

NS, No statistically significant differences in proportion of those with detectable CRP in GCF who were

current smokers compared to those who were former or never smokers

Table 2. Proportion of samples with detectable CRP in GCF compared to total sample

population
Total Periodontitis Non-
periodontitis
Number of subjects 26 19 7
Number of samples 26 19/26=73% 7/26=27%
BOP+ 16/26=62% 14/19=74%"° 2/7=29%
GCF volume* (uL) 0.79+0.68 0.90+0.70\® 0.51+0.56
Systemically healthy 10/26=38% 6/19=32% "° 4/7=57%
CRP amount (pg)* 0.12+0.18 0.13+0.21 N 0.08+0.09

*Numbers represent mean + SD
NS No statistically significant differences between periodontitis and non-periodontitis groups

Table 3. Subject and sample demographics and clinical parameters in the samples with
detectable CRP in GCF
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Figure 2. Immunohistochemical staining of gingival tissue for CRP

A. Positive control tissue (liver) immunostaining demonstrates positivity for CRP antibody
in hepatocytes (red), and counterstaining in blue (hematoxylin), magnification x50.

B. Negative Control (liver) IgGl isotype staining in liver tissue. Hematoxylin
counterstaining, magnification x50.

C. CRP immunostaining in gingival tissue demonstrates positivity within connective tissue
(red). Hematoxylin counterstaining, magnification x100.

D. CRP immunostaining in gingival tissue (red) demonstrates positivity around vessels
(looks like endothelial cells). Hematoxylin counterstaining, magnification x100.

E. Negative control (omission of antibody) in gingival tissue. Hematoxylin
counterstaining, magnification x100.

F. Negative control (IgG1 isotype antibody staining) in gingival tissue. Hematoxylin

counterstaining, magnification x100.
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Chapter Three. Addendum
3.1 Addendum

Following completion of our research and acceptance for publication in the Journal
of Clinical Periodontology, a similar paper has been published, also in the Journal of
Clinical Periodontology (Lu and Jin 2010).

This paper presents findings in direct contrast to our own, and the reasons for this are
unknown. Several aspects of the materials and methods are different our research and this
may in part explain the conflicting findings.

Immunohistochemistry was performed using the same antibody as in our study
(monoclonal anti- body mouse anti human CRP, clone CRP-8 (Sigma, St. Louis, MO,
USA)) but at a 1:400 dilution, whereas we used 1:1000 dilution. The staining technique
used was also different. While we used a three-step immunoperoxidase method, they used
a commercial kit for ABC technique (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
They did not describe a positive control, and used CRP antibody pre-incubated in an
excess of CRP blocking peptide (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) as
a negative control. We used liver as a positive control and both omission of the primary
antibody and substitution of the primary antibody with an 1gG1 isotype as negative
controls.

RT-PCR was performed using different primers to our study. Lu and Jin (2010) used
primers as described in (Wilson et al 2007), who also found 100% of samples exhibiting
MRNA expression in coronary artery plaques, non-atherosclerotic artery and atrium tissue.
This is in contrast to several other papers reporting extra-hepatic production of CRP in
which only a subset of samples exhibit CRP mRNA (Jabs et al 2003a, Jabs et al 2003b,
Vainas et al 2003, Jabs et al 2005).

Jabs et al (2003) noted that “there are some difficulties in designing CRP exon-
junction spanning primer, in particular because the 3’-end of the only intron has a very
high homology to the 3’-end of the first exon (Lei et al 1985)”. They specifically
confirmed that genomic DNA could not be amplified by the selected primer/probe
combination.

It is not mentioned whether the samples for PCR were run in duplicate/triplicate to
exclude the possibility of false positives, nor is the use of a positive control. Similarly
quality control tests such as RNA quality assessment and amplification efficiency are not
mentioned. While they verified their PCR product via gel electrophoresis we used gene
sequencing.
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Another possible explanation for the different findings is the differing ethnicity of
the study populations. Our samples were collected from patients with a variety of ethnic
backgrounds, but the majority were Caucasian. In contrast, Lu and Jin (2010) used Chinese
subjects. Variation in CRP expression between subjects of differing ethnicities has been
documented (Albert & Ridker, (2006)). However, subjects of Chinese ancestry appear to
have lower levels of CRP compared to Caucasians, and as such ethnicity is unlikely to
explain the conflicting findings between the two papers.

As such, clear differences in methodology exist between the two papers. It is
disappointing that they are in conflict and that further research is now needed to clarify the

issue.
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