Insulin sensitivity

and nutrient utilisation in skeletal muscle

by

Yan Yan Lam

Thesis submitted in fulfilment of the requirement for

the Degree of Doctor of Philosophy

Discipline of Medicine
School of Medicine
Faculty of Health Sciences
University of Adelaide, South Australia, Australia

November 2009



Table of Contents

TABLE OF CONTENTS ... i
SUMMARY ....eeeeiiiiiiierrsrssnssssss s s e s s s ssssnnsssssasss s s s s s s nnnssssssssssessnsnnnnsssssssssnnnnns Xl
DECLARATION ... s XVI
ABBREVIATIONS. ... nn e n e s e e s s e nn s e s s nnn s s s e nnnnnnnnnnnnnnnes XVl
ACKNOWLEDGEMENTS ......cooieeeciiiiiirrrrnssssssssss s s s s s ssnmsssssss s s s s s e snmnnnes XXl
CHAPTER 1: BACKGROUND........ccoeeeccciiiiiirrrrreesssss s s s s s s s s s e s s nnnnnns 2
1.1 INTRODUCTION ....outiiiiiiiiiniie ittt st ne e s sn e s sin e ne e 2
1.2 OBESITY AND METABOLIC RISK......cccceeiiiiiiiiiiiiiiiienneeee et 2
1.2.1 Intra-abdominal fat accumulation and insulin sensitivity...........cccceeevveennee. 3
1.2.2 Subcutaneous fat accumulation and insulin sensitivity.........cccceeveerveenenne. 4
1.2.3 Factors influencing regional adipoSity.........cccveerieeerieeeiieeeiieeeieeeiee e 5
1.3 ENERGY METABOLISM IN SKELETAL MUSCLE ........ccooouiiiiiiiniieniiennree e 6
1.3.1 Oxidative capacity of skeletal muscle...........ccooceeriiiiiiiniiiiei 7
1.3.2 Skeletal muscle glucose metabolism...........ccccvveeriieeriieeniieeieecieeee e, 9
1.3.3 Skeletal muscle fatty acid metaboliSm............coceevieiiiiiiiiniiiiiecieeee, 15
1.3.4 Metabolic flexibility of skeletal muscle............ccocveeeiieeniiiniiiieieeeeeeee 26
1.4 ADIPOSE TISSUE DYSFUNCTION IN OBESITY .....cooouiiiieniiieieenreereeseeenneesneeennees 32
1.4.1 Obesity leads to adipocyte dysfunction ...........cceeeeevcieerienieeniesieeieeiae 32
1.4.2 Inflammation in adipoSe tISSUE ......eeevvereriireriieeieeeiee e eee e e 33
1.4.3 Impaired secretory function of adipose tissue in obesity.........c.cccceevuennene 35
1.5 THE EFFECT OF LONG-CHAIN FATTY ACIDS ON ENERGY METABOLISM IN
SKELETAL MUSCLE ..ottt s eeas 45
1.5.1 Structural characteristics of fatty acids determine their metabolic roles .... 45
1.5.2 Long-chain saturated fatty acids .........cccoeeeeeriieeniiieeiiieeieeeeeee e 46
1.5.3 Long-chain monounsaturated fatty acids (MUFAS) .....c..ccccevvervininicnnene 50
1.5.4 Long-chain polyunsaturated fatty acids .........ccceevvveeeiieeriiennieecieeeeeeee 52
1.6 IN VITRO SYSTEMS TO STUDY ADIPOSE TISSUE-SKELETAL MUSCLE
INTERACTIONS ..c..oiiiitieienitenteeteeatesteetessaesteenstesstesaeessesseesbesntesatesseessesaeenbesnsesseennnes 54
1.6.1 An overview of co-culture systems to study tissue interactions in vitro .... 54
1.6.2 Limitations of the existing adipocyte-myotube co-culture models............. 55
1.6.3 A novel system to study adipose tissue-skeletal muscle interactions in vitro
.............................................................................................................................. 56
L7 AIMS oo s 61
CHAPTER 2: METHODOLOGY .....cooiiiiiiiiieieereeessssessesssssssssssssssssssssssssssssesees 62

2.1 COLLECTION OF HUMAN SKELETAL MUSCLE AND ADIPOSE TISSUE BIOPSIES .62
2.2 SKELETAL MUSCLE CELL CULTURE ...oouuiiiiteeieeeeee e e et e eeeeeeeeeeeeeeeeeaeseeeenneneees 62

II



22T L0 COIIS e e aa e e aaaaan 62

2.2.2 Primary human skeletal muscle cells ...........cccoeeieniiniiiinieniiieieeeee 64
2.2.3 Total protein content of cell culture..........coeecveevciieeiiieeriieeeeeee e 67
2.3 ADIPOSE TISSUE-CONDITIONED MEDIUM .......ccoiiiiiiiiiiiiiieniieeesreeesreessieeeee s 67
2.4 CELL VIABILITY ASSAYS ...oiiiiitiiiiiiiiiiie ettt 68
2.4.1 Lactate dehydrogenase asSay ..........ccceecueerueeriieeieenieeieenieesieenieesneenseesneeens 68
2.4.2 Visualisation of DNA 1addering ........ccccoecvveviiieeniieeriie e 69
2.5 CYTOKINE PROFILING .....ottiiiiiiiiiiiiiitie ittt 74
2.5.1 Enzyme-linked immunosorbent assay (ELISA) .....cccccoovieeiiiiniiiiiiieee 74
2.5.2 MUItIPIEX @SSAY ..eevveeeirieeiiieeiieeeiieeeiteeeeiteesteeesteeeesaeeennseeesaeeensneesnseeennnes 75
2.6 FATTY ACID PROFILING ......covvieiiiiieeiiesteeteesteenieesateessseessseesseessseesseesssesnsessnns 77
2.7 GLUCOSE UPTAKE IN SKELETAL MUSCLE CELLS .......cooctiiiinieeieenreeneeseeenees 79
2.8 QUANTIFICATION OF GENE EXPRESSION .....cccccceeiiiiiitrrereeeeeeiiieninreeeeeeessinesseninns 80
2.8.1 mRNA quantification via ‘Real Time’ Polymerase Chain-Reaction (RT-
PCR) ettt et ettt et e b e ta e e ta e e aaeebeeeaaeenraas 80
2.8.2 Gene expression profiling via microarray analysis.......c..ccoceeveveeneeriennnn 87
2.9 FLUORESCENT WESTERN BLOTTING........ccceiitttiiiieeiiieeniieenieeesreeesisneeesneee e 92
2.9.1 Protein extraction from L6 cells........cccoeviiieiiiieniiiiiiecieceeeeeeeee 92
2.9.2 NuPAGE® electrophoTesiS SYSTEM .....ceevieeriieeeiieeiie e e 94
2.9.3 Reversible membrane Staining...........ccceeevueerieeiienieeieeniie e 98
2.9.4 WeStern DIOtHNG ......oeeevieeiieeeiie ettt e e e e e e e e enaeeeeens 99
2.9.5 Chemifluorescence deteCtion ...........c.cecueerieeiiienieeriienie e 101
210 DATA ANALYSIS. ..ceiiitiiiiiieeitee ettt ettt sb e st e sse e sbe e sbe e e sneeesabeeesneeeeas 102

CHAPTER 3: DEVELOPMENT AND CHARACTERISATION OF AN IN
VITRO SYSTEM USING ADIPOSE TISSUE-CONDITIONED MEDIA TO
STUDY THE EFFECT OF ADIPOSE TISSUE ON GLUCOSE UPTAKE IN

SKELETAL MUSCLE CELLS..........o o 103
3.1 INTRODUCTION ..couiiiiiiiiiiiiiesiieie sttt s s s 103
3.2 MATERIALS AND METHODS ......cociiiiiiiiiiiiiiiiciic et 104

3.2.1 Adipose tissue-conditioned media-skeletal muscle myotube culture ....... 104
3.2.2 Cell viability of adipose tissue explants...........cccevvereriieneenenicneenennns 105
3.2.3 Myotube VIability .....cccceeeeiiiiiiiieeiie e 105
3.2.4 GIUCOSE UPLAKE ..ottt 106
3.2.5 Data analySis .....ccccueieeieieeiieeeiie et e e 106
B3 RESULTS .ttt sttt e 106
3.3.1 LDH activity in the adipose tissue-conditioned medium............cccoecuenneev. 106
3.3.2 Detection of DNA fragmentation in cultured adipose tissue explants...... 108
3.3.3 Myotube VIability ......coceeveriiriiiiiiiinieiceicecect e 110

3.3.4 Optimisation of the adipose tissue-conditioned media-myotube system.. 112
3.3.5 Optimisation of conditions to study insulin-stimulated glucose uptake in

skeletal MUSCLE CEIIS .....ouiniiiiiiiiiiic e 120
3.3.6 Effect of subcutaneous fat on basal and insulin-stimulated glucose uptake in
primary human myoOtuDES. ........c.ceevierieriieiieeieeiee e etee et eve e e seneeseesnee e 127
3.4 DISCUSSION ...ttt bbb e 131

I



CHAPTER 4: EFFECT OF SECRETORY FACTORS FROM ADIPOSE
TISSUE ON INSULIN-STIMULATED GLUCOSE UPTAKE IN SKELETAL

MUSCLE CELLS ... s 134
4.1 INTRODUCTION ....ocoiiiiiiiiiiiiiiiiiiniic et san s ssn e nn e sane e 134
4.2 MATERIALS AND METHODS ......ccoooiiiiiiiiiiiiiiiic e 138

4.2.1 Adipose tissue-conditioned medium (CM).......ccceevveeiieniieeciienieeieeiene 138
4.2.2 Cytokine and fatty acid profiling in the adipose tissue-conditioned medium
............................................................................................................................ 140
4.2.3 Rapamycin and pyrrolidinedithiocarbamate (PDTC) ........cccccoveeniienennne 140
4.2.4 Neutralisation of IL-6 in the adipose tissue-conditioned medium............ 141
4.2.5 GIUCOSE UPLAKE .....ccviieeiiieeiieeeiieeeiee ettt e e ve e et ee e e e et e e enaeeeeneeees 141
4.2.6 Data aNalySIS ....c.eeeeuieriieiieeiie ettt 141
A3 RESULTS ...ooiiiiiiiiie ettt st e sn e s nees 142
4.3.1 Cytokine profiling in the adipose tissue-conditioned medium ................. 142
4.3.2 Fatty acid profiling in the adipose tissue-conditioned medium................ 144
4.3.3 Effect of CM on glucose uptake in L6 myotubes ..........ccccceeveveennveennenn. 147
4.3.4 Dose-response effect of rapamycin and PDTC on insulin-stimulated
glucose uptake in PA-treated myotubes...........ceecvveeviieeniieeniieeieeceeee e, 149
4.3.5 Roles of mTORC1 and NF«B activation in IAB fat-induced insulin
1esiStance 1N LO MYOtUDES ......ccueiiiiiieiiieeiie et 153
4.3.6 Role of IL-6 in IAB fat-induced insulin resistance in L6 myotubes......... 155
4.4 DISCUSSION ...uviiiiiiiiiiiiiiiie sttt st s sa e bbb e san e ne s 160

CHAPTER 5: EFFECT OF LONG-CHAIN SATURATED, N-3 AND N-6
POLYUNSATURATED FATTY ACIDS ON INSULIN-STIMULATED

GLUCOSE UPTAKE IN SKELETAL MUSCLE CELLS..........coorrreeerrreene. 165
5.1 INTRODUCTION ....ooiiiiiiiiiiieiitte ettt ettt sne e sbe e sne e 165
5.2 MATERIALS AND METHODS .....ccutiiuiiiiieniienreeneeeeeesieesreesse e sreesneeseeesneesnneens 170

5.2.1 Adipose tissue-conditioned medium (CM)........ccccuvvviieniiinieniiieiienieeee. 170
S5.2.2 FAtty @CIAS wvvveeuiiieeiieeciie ettt ettt e e e et ste e e st ee e e ree e ennae e 172
5. 2.3 MYTIOCI ..ueiiiiieieeiteeit ettt ettt sttt ettt et ettt sttt et sbeeaesaeens 172
5.2.4 Rapamycin and PDTC .........ccooviiiiiiiieeieeeeeeeeee e 173
5.2.5 GIUCOSE UPLAKE .....veeuiiiiiiiiieiieeeeere et 173
5.2.6 Data analySis ......cccueieriiieiiieeeiie ettt sbae e e e 173
5.3 RESULTS ...ttt ettt st e n e sane e e nees 174

5.3.1 Dose-response effect of fatty acids on glucose uptake in L6 myotubes... 174
5.3.2 Effect of fatty acids on net insulin-stimulated glucose uptake in L6

TIYOTUDES ..ttt ettt ettt ettt ettt et sae et eane b 176
5.3.3 Combined effect of adipose tissue-conditioned media and fatty acids on net
insulin-stimulated glucose uptake in L6 myotubes...........cccceevueerieeiienieeienne 178
5.3.4 Role of ceramide in PA-induced insulin resistance in L6 myotubes ........ 180
5.3.5 Role of mTORC1 and NF«B activation in insulin resistance in L6
10000111 RSP 183
S.4 DISCUSSION ....ooiiiiiiiiiii i 187

v



CHAPTER 6: EFFECT OF LONG-CHAIN SATURATED, N-3 AND N-6
POLYUNSATURATED FATTY ACIDS ON PATHWAYS REGULATING

ENERGY METABOLISM IN SKELETAL MUSCLE CELLS............cccceeuuue. 194
6.1 INTRODUCTION .....cooiiiiiiiiiiiiiiiiiiniic ittt s nn s sane e 194
6.2 MATERIALS AND METHODS .....cooiutiiiiiiiiiiiiiieeeeiee et 201

6.2.1 Adipose tissue-conditioned medium (CM)........cccceevieeniienieniiieiienieenee. 201
6.2.2 GENE CXPIESSION ....vveeerreeiireerteeerereeessreeessseesssseesssseesssseesssseessseeessseeessseeenns 201
6.2.3 WeStern DLOtHING .....ccveeiiiiiiieiieeieeiie et e 201
6.3.1 Effect of fatty acids on gene expression in L6 myotubes ...............c......... 201
6.3.2 Combined effect of secretory factors from adipose tissue and fatty acids on
gene expression N L6 MYOtUDES ........ceccvviieiiieriiieciie et 204

6.3.3 Acute effect of fatty acids on protein phosphorylation in L6 myotubes...208
6.3.4 Combined effect of secretory factors from adipose tissue and fatty acids on
protein phosphorylation in L6 myotubes ..........cccoeeieviieniiiiienieeieeieeeeeee 210
6.4 DISCUSSION ..ottt e sn e 213

CHAPTER 7: COMPARING GENE EXPRESSION PROFILE OF SKELETAL
MUSCLE CELLS IN RESPONSE TO LONG-CHAIN SATURATED AND N-3

POLYUNSATURATED FATTY ACIDS......ccecciiiiirrrrrrrmesssssss s s s s snsmssssnsn s 219
7.1 INTRODUCTION ....coiiiiiiiiiiiiiniie sttt s sn e sas e s n e sanesane e 219
7.2 MATERIALS AND METHODS .....cccooiiiiiiiiiiiiiieiie e sne s 222

7.2.1 SamPle COIECION ....cccuviieeiiieiie ettt eree e eaee e 222
7.2.2 Sample validation...........coccuieriieiiieriieeie e 222
7.2.3 Gene expression profiling, data processing and analysis............cccceeuueeee. 223
28R 20 2 013 0 B P 223
7.3.1 Sample validation...........coecuieriieiiieiieeieee e 223
7.3.2 Initial characterisation of microarray gene expression data...................... 228
7.3.3 Exploratory data analysis..........ccceereeriiieniieniieiniieeieeiiese e 233
7.3.4 Gene expression Profiling ..........cccvveeviieeriieeiiieeiieeceeee e 235
7.3.5 Pathway analysis .......cocuereriiriiiieienieeeese et 246
T4 DISCUSSION ...ttt st s a s san e 250
7.4.1 Differential effects of PA and DHA on gene expression profile.............. 250
7.4.2 Mechanisms for the effect of SFAs and n-3 PUFAs on muscle insulin
SEINISIEIVILY 1veevuvreeitieestieesteeeeteeestteeestteeeeteeessaeesnsaeeansaeessseeessaeesseesnsseesnsneenseeenns 251
7.4.3 Implications of the effect of SFAs and n-3 PUFAs on other aspects of
REAIEN ... 254
7.4.4 CONCIUSIONS .....vviiiiiieciiieeciee ettt e et e e et eete e e sbaeeeveeesavaeenes 256

CHAPTER 8: CONCLUSIONS, IMPLICATIONS AND FUTURE STUDIES 257

8.1 SUMMARY OF FINDINGS ...ttttuuiteettneeeetenieeeetenaeseetaneessesensetsnmeseesensnseesennssesnns 257
8.2 IMPLICATIONS OF FINDINGS ....ouuuuieiiiiiiiiitiiiieieeeeeeeeetinneeesssaneseeeseressssnes 258
8.2.1 Nutritional management fOr ODESILY .........ccceeevvieriieiiierieeiieie e 261
8.2.2 PhySICal CHIVILY ...eeiuiieiiieiiieiieeite ettt s 263



8.2.3 Pharmacological treatments for obesity.......c.cccevvveeriieeciieriiieeieeeeeeee
8.3 FUTURE STUDIES .......oooiiiiiiiiiiiiiiiiin ittt

BIBLIOGRAPHY

VI



List of Figures and Tables

CHAPTER 1: BACKGROUND

Figure 1.1.

Figure 1.2.
Figure 1.3.

Figure 1.4.
Figure 1.5.
Figure 1.6.
Figure 1.7.

Schematic model for insulin-stimulated GLUT4
translocation in skeletal muscle.

Glycolysis in skeletal muscle.

The transport of long-chain fatty acids into the mitochondria
via the carnitine palmitoyltransferase system.

Triglyceride synthesis in skeletal muscle.

De novo synthesis of ceramide in skeletal muscle.

The Randle cycle.

Pathways mediating the inhibitory effect of saturated fatty

acids on insulin-stimulated glucose uptake in skeletal muscle

CHAPTER 2: METHODOLOGY

Table 2.1.
Table 2.2.
Table 2.3.
Figure 2.1.

Table 2.4.

CHAPTER 3: DEVELOPMENT AND CHARACTERISATION OF AN IN

Primer sequences.

Real-Time PCR conditions.

Preparation of lysis buffer.

Gel/membrane/filter paper assembly when transferring
one or two gels.

Primary antibody preparation.

Page #

11
14

18
22
25
28

48

84

86

93

97
100

VITRO SYSTEM USING ADIPOSE TISSUE-CONDITIONED MEDIA TO
STUDY THE EFFECT OF ADIPOSE TISSUE ON GLUCOSE UPTAKE IN
SKELETAL MUSCLE CELLS

Figure 3.1.

Figure 3.2.

Lactate dehydrogenase activity of adipose tissue-

conditioned media generated from visceral and subcutaneous

fat explants during a collection period of 168 h.

DNA fragmentation in adipose tissue explants.

107
109

VII



Page #

Figure 3.3.  Lactate dehydrogenase activity released by L6 and

primary human myotubes after cultured with adipose

tissue-conditioned media for 6 h. 111
Figure 3.4.  Dose-response effect of adipose tissue-conditioned media

generated from visceral and subcutaneous fat on basal glucose

uptake in primary human myotubes. 113
Figure 3.5.  Volume effect of adipose tissue-conditioned media generated

from visceral and subcutaneous fat on basal glucose uptake in

primary human myotubes. 115
Figure 3.6.  The effect of adipose tissue-conditioned media from

visceral and subcutaneous fat, collected after 48, 72, 96 h of

culture, on basal glucose uptake in primary human myotubes. 117
Figure 3.7.  Concentration and duration effect of BSA exposure on basal

glucose uptake in primary human myotubes. 119
Figure 3.8.  Insulin-stimulated glucose uptake in L6 myotubes. 121

Figure 3.9.  The effect of insulin stimulation on specific glucose uptake

in L6 myotubes. 124
Figure 3.10. The effect of cytochalasin B exposure on inhibiting

carrier-mediated glucose uptake in L6 myotubes. 126
Figure 3.11. Insulin sensitivity of primary human myotubes. 128

Figure 3.12. The effect of secretory factors from subcutaneous fat on basal

glucose uptake in primary human myotubes. 130

CHAPTER 4: EFFECT OF SECRETORY FACTORS FROM ADIPOSE
TISSUE ON INSULIN-STIMULATED GLUCOSE UPTAKE IN SKELETAL
MUSCLE CELLS

Table 4.1. Clinical characteristics of tissue donors. 139
Figure 4.1.  Concentrations of adipokines in adipose tissue-conditioned

media generated from subcutaneous and visceral fat. 143

VIII



Page #

Figure 4.2.  Long-chain fatty acids in adipose tissue-conditioned media

generated from subcutaneous and visceral fat. 145
Table 4.2. Molar percentage fatty acid compositions in adipose tissue-

conditioned media generated from subcutaneous and visceral fat. 146
Figure 4.3.  The effect of adipose tissue-conditioned media generated

from subcutaneous and visceral fat on basal and insulin-

stimulated glucose uptake in L6 myotubes. 148
Figure 4.4.  The effect of rapamycin and PDTC on basal and insulin-

stimulated glucose uptake in L6 myotubes. 151
Figure 4.5. Dose-response effect of rapamycin and PDTC on insulin-

stimulated glucose uptake in L6 myotubes. 152
Figure 4.6.  The effect of rapamycin and PDTC on basal and insulin-

stimulated glucose uptake in L6 myotubes cultured

with visceral fat-conditioned media. 154
Figure 4.7.  Dose-response effect of anti-interleukin-6 antibody on basal

and insulin-stimulated glucose uptake in L6 myotubes cultured

with visceral fat-conditioned media. 156
Figure 4.8.  The effect of interleukin-6 neutralisation on basal and insulin-

stimulated glucose uptake in L6 myotubes cultured

with visceral fat-conditioned media. 157
Figure 4.9.  The effect of interleukin-6 on basal and insulin-stimulated

glucose uptake in L6 myotubes. 158
Figure 4.10. The effect of rapamycin and PDTC on basal and insulin-

stimulated glucose uptake in L6 myotubes cultured with

interleukin-6. 159

CHAPTER 5: EFFECT OF LONG-CHAIN SATURATED, N-3 AND N-6
POLYUNSATURATED FATTY ACIDS ON INSULIN-STIMULATED
GLUCOSE UPTAKE IN SKELETAL MUSCLE CELLS

Table 5.1. Clinical characteristics of tissue donors. 171

IX



Page #

Figure 5.1.  Dose-response effect of linoleic acid, docosahexaenoic acid

and palmitic acid on basal and insulin-stimulated glucose uptake

in L6 myotubes. 175
Figure 5.2.  The effect of fatty acids, alone and in combination, on net

insulin-stimulated glucose uptake in L6 myotubes. 177
Figure 5.3.  Net insulin-stimulated glucose uptake in L6 myotubes cultured

with fatty acids and adipose tissue-conditioned media generated

from visceral and subcutaneous fat. 179
Figure 5.4.  The effect of myriocin on basal and insulin-stimulated glucose

uptake in palmitic acid-treated myotubes. 181
Figure 5.5.  The effect of myriocin on insulin-stimulated glucose uptake

in L6 myotubes cultured with visceral fat-conditioned

media and palmitic acid. 182
Figure 5.6.  The effect of rapamycin and PDTC on basal and insulin-

stimulated glucose uptake in L6 myotubes treated with

palmitic acid. 185
Figure 5.7.  The effect of rapamycin and PDTC on basal and

insulin-stimulated glucose uptake in L6 myotubes treated with

visceral fat-conditioned media and palmitic acid. 186
Figure 5.8.  Potential mechanisms by which palmitic acid inhibits

insulin-stimulated glucose uptake in skeletal muscle cells. 191

CHAPTER 6: EFFECT OF LONG-CHAIN SATURATED, N-3 AND N-6
POLYUNSATURATED FATTY ACIDS ON PATHWAYS REGULATING
ENERGY METABOLISM IN SKELETAL MUSCLE CELLS

Figure 6.1. A simplified schematic model showing the key genes involved

in the regulation of energy metabolism in skeletal muscle. 200
Figure 6.2.  The effect of fatty acids on mRNA content of AMPKa2, SCDI,
PDK4 and PGC-1a in L6 myotubes. 203



Page #

Figure 6.3. mRNA content of AMPKa2, PGC-1a and SCD1 in L6

myotubes cultured with adipose tissue-conditioned media

generated from visceral and subcutaneous fat. 206
Figure 6.4. mRNA content of AMPKa2, PGC-1a and SCD1 in L6

myotubes cultured with fatty acids and adipose tissue-

conditioned media generated from visceral and subcutaneous fat. 207
Figure 6.5.  The effect of fatty acids on protein phosphorylation of AMPKa

and ACCP in L6 myotubes. 209
Figure 6.6.  Protein phosphorylation of AMPKa and ACCP in L6 myotubes

cultured with adipose tissue-conditioned media from visceral and

subcutaneous fat. 211
Figure 6.7.  Protein phosphorylation of AMPKa and ACCP in L6 myotubes

cultured with fatty acids and adipose tissue-conditioned media

generated from visceral and subcutaneous fat. 212

CHAPTER 7: COMPARING GENE EXPRESSION PROFILE OF SKELETAL
MUSCLE CELLS IN RESPONSE TO LONG-CHAIN SATURATED AND N-3

POLYUNSATURATED FATTY ACIDS

Figure 7.1.  Agarose gel electrophoresis of RNA isolated from L6 myotubes. 225

Table 7.1. Quality of RNA isolated from L6 myotubes. 226
Figure 7.2.  The effect of fatty acids on mRNA content of AMPKa2, SCD1
and PGC-1a in L6 myotubes. 227

Figure 7.3.  Three-dimensional scatter plot view of biological replicates
of L6 myotubes subjected to fatty acid treatments. 230
Figure 7.4.  Individual MA-plot of biological replicates of L6 myotubes

subjected to fatty acid treatments. 231
Figure 7.5.  Box-plots of probe intensities before and after normalisation. 232
Figure 7.6.  Hierarchical clustering of samples. 234
Table 7.2. Genes differentially regulated by docosahexaenoic acid. 236
Table 7.3. Genes differentially regulated by palmitic acid. 237

XI



Table 7.4.

Figure 7.7.

Figure 7.8.

Table 7.5.

Table 7.6.

Table 7.7.

Table 7.8.

CHAPTER 8: CONCLUSIONS, IMPLICATIONS AND FUTURE STUDIES
Figure 8.1.

Page #

Genes differentially regulated by both docosahexaenoic acid
and palmitic acid.

Heatmaps of genes differentially regulated by docosahexaenoic
acid and palmitic acid as compared to controls.

Heatmap of genes differentially regulated by both
docosahexaenoic acid and palmitic acid as compared to controls.
A selection of genes differentially regulated by either
docosahexaenoic acid or palmitic acid.

Gene Ontology categories enriched by docosahexaenoic acid

as compared to controls.

Gene Ontology categories enriched by palmitic acid as
compared to controls.

Gene Ontology categories enriched by palmitic acid as compared

to docosahexaenoic acid.

Schematic model showing the relationship between long-chain
saturated fatty acids, visceral fat and insulin-stimulated glucose

uptake in skeletal muscle.

239

241

242

243

247

248

249

260

XII



Summary

Obesity is a condition in which fat accumulation in adipose tissue is in excess to an
extent that health may be impaired. Insulin resistance is integral to the
pathophysiology of obesity-related metabolic complications. Central adiposity and
skeletal muscle mass and function determine insulin sensitivity and metabolic risk. A
high visceral fat-to-skeletal muscle mass-ratio contributes to an unfavourable

metabolic profile.

Epidemiological and experimental studies suggest that high dietary saturated fat intake
is deleterious while polyunsaturated fatty acids (PUFAs), in particular n-3 PUFAs of

marine origin, may be advantageous to metabolic health.

The aim was to determine the effect of subcutaneous (SC) and visceral (IAB) fat, and
long-chain saturated, n-3 and n-6 PUFAs, and the interactions between them, on
insulin sensitivity and the pathways regulating energy metabolism in skeletal muscle.
Thereby an adipose tissue-conditioned media-skeletal muscle myotube co-culture

system was developed.

Adipose tissue-conditioned medium (CM) was generated from SC and IAB fat biopsy
of obese humans. Viability of the tissue explants was confirmed by the measurement
of lactate dehydrogenase activity in the CM and nuclear DNA fragmentation of tissue

explants. The concentrations of cytokines (leptin, adiponectin, interleukin (IL)-18, IL-

XIII



6, IL-8, tumor necrosis factor-a, resistin and plasminogen activator inhibitor-1) and

long-chain fatty acids were determined in CM.

CM from IAB but not SC fat reduced insulin-stimulated glucose uptake. The effect of
IAB fat was predominantly mediated by IL-6 via the activation of a nuclear factor
kappa B/mammalian target of rapamycin complex 1 (NFxB/mTORCI1)-dependent

pathway.

Palmitic acid (PA; 16:0) reduced insulin-stimulated glucose uptake, an effect
mediated by intramuscular accumulation of ceramide and the activation of NF«xB and
mTORCI. The effects of fatty acids were similar in the presence of CM from either
fat depot, where the effect of PA was partially reversed by docosahexaenoic acid

(DHA; 22:6n-3) and completely by linoleic acid (LA; 18:2n-6).

The effect of each fatty acid in the presence or absence of CM from each fat depot on
mRNA expression of key genes regulating muscle energy metabolism was
determined. Protein phosphorylation of adenosine monophosphate-activated protein
kinase (AMPK)-a and acetyl-coenzyme A carboxylase (ACC)-f were also
determined. PA increased SCD1I mRNA. DHA and LA increased AMPKa2 mRNA

and AMPKa and ACCp protein phosphorylation.

Microarray analysis was used to determine the global gene expression changes in PA-
and DHA-treated L6 myotubes. DHA down-regulated lipogenic genes and up-

regulated genes which were involved in B-oxidation and mitochondrial function.

XIv



When compared to PA, DHA down-regulated genes which were involved in lipid
synthesis, endoplasmic reticulum metabolism and mitogen-activated protein kinase

activity.

Taken together, pro-inflammatory cytokines from IAB fat and PA induced insulin
resistance in skeletal muscle and both were at least partly mediated by a
NFxB/mTORC1-dependent pathway. In contrast, DHA and LA may improve insulin
sensitivity by diverting fatty acids towards oxidation and subsequently reducing
substrate availability for the formation of lipid metabolites including ceramide. A
reduction in PA intake and substitution (rather than addition) of DHA and LA,
together with a reduction in overall energy intake and increase in physical activity, is

optimal for metabolic health.
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