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ABSTRACT 
 

 
MODULATION OF ADIPOKINES BY N-3 POLYUNSATURATED FATTY ACIDS AND 

ENSUING CHANGES IN SKELETAL MUSCLE METABOLIC RESPONSE AND 

INFLAMMATION 

 
 

Justine Maye Tishinsky      Advisor: 
University of Guelph, 2012        Dr. Lindsay E. Robinson 
 
 
 Adipose tissue represents an important endocrine organ that secretes a multitude of 

adipokines known to mediate inflammation, lipid metabolism, and insulin sensitivity in 

peripheral tissues such as skeletal muscle.  Specifically, adiponectin stimulates skeletal muscle 

fatty acid oxidation and is associated with improvements in insulin response.  Long-chain n-3 

polyunsaturated fatty acids (PUFA) are well known for their anti-inflammatory and insulin-

sensitizing properties, and their dietary consumption is associated with a more favourable 

circulating adipokine profile, including increased adiponectin.  However, whether n-3 PUFA can 

directly stimulate adiponectin secretion from human adipocytes, as well as the underlying 

mechanisms involved, is unknown.  In contrast to n-3 PUFA, diets high in saturated fatty acids 

(SFA) are thought to decrease adiponectin and increase pro-inflammatory adipokines, as well as 

blunt skeletal muscle response to both adiponectin and insulin, possibly via activation of 

inflammatory pathways.  The role of n-3 PUFA in mediating the communication between 

adipose tissue and skeletal muscle, as well as preventing SFA-induced impairments in skeletal 

muscle function, has yet to be examined.   

In this thesis, it was found that long-chain n-3 PUFA increase adiponectin secretion from 

human adipocytes via a peroxisome proliferator-activated receptor gamma-dependent 
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mechanism.  The effects of n-3 PUFA on adiponectin secretion were additive when combined 

with the thiazolidinedione, rosiglitazone.  Secondly, incorporation of n-3 PUFA into a high SFA 

diet prevented impairments in adiponectin response and both prevented and restored impairments 

in insulin response in rodent skeletal muscle.  Interestingly, these findings were paralleled by 

prevention of SFA-induced increases in toll-like receptor 4 expression by n-3 PUFA, suggesting 

inflammatory changes may be involved.  Finally, dietary n-3 PUFA and SFA modulated the 

secretion of adipose tissue-derived factors from visceral rodent adipose tissue and subsequent 

exposure of isolated skeletal muscle to such factors induced acute changes in inflammatory gene 

expression without affecting insulin sensitivity.  

Together, the findings in this thesis suggest that n-3 PUFA modulate adipokine secretion 

from adipose tissue and that adipose-derived factors mediate skeletal muscle inflammation and 

response to adiponectin and insulin.  Ultimately, this work highlights the importance of 

considering n-3 PUFA as a therapeutic strategy in the prevention and treatment of obesity and 

related pathologies.  

 



iv�
�

Acknowledgements 

�

To my advisor Dr. Lindsay Robinson, with you I share every ounce of this 

accomplishment.  The support, encouragement, and kindness that you’ve shown me is simply 

incredible.  Your mentorship and friendship have shaped the person that I am today, and the 

opportunities you’ve given me are ones I can’t imagine my life without.  You show tireless 

dedication to all that you do and without hesitation, place the best interests of your students, 

family, and friends above your own.  As I move forward, I aspire to live up to the strong and 

humble person that you are.  Thank you for taking a chance on me; I am forever grateful.    

 
I extend a sincere thank you to my advisory committee, Dr. Dave Dyck, Dr. Marina 

Mourtzakis, and Dr. David Wright for your insight, wisdom, and direction throughout my PhD.  I 

feel truly honoured to have worked with such excellent scientists, teachers, leaders, and 

individuals.  Thank you especially to Dr. Dave Dyck for your extensive role in my graduate 

studies, and for going above and beyond for me on every single occasion.  Your generosity is 

truly remarkable.  Thank you also to Dr. Giamila Fantuzzi, Dr. Jim Kirkland, and Dr. David Ma 

for your valuable roles in my examination. 

 
Dr. Mark Dekker, you taught me how important it is to find passion in what you do, and I 

credit a great deal of my achievements to your teachings and influence.  You left big shoes to 

fill; thank you for showing me how to put them on.  To Dr. Kerry Ritchie, you’ve played an 

integral role in my development both professionally and personally.  I’m so grateful for your 

leadership, advice, and ability to ground me.  Rob Gulli, you were the best science partner I 

could ask for.  Thank you for your friendship, patience, and willingness to always be the one to 

dig through the liquid nitrogen dewar.  To my present labmates, Anna De Boer, Mary    



v�
�

Cranmer-Byng, and Diane Kishi, thank you for being such encouraging and perceptive 

individuals; I look forward to hearing all the great successes I know each of you will continue to 

achieve.  Anna De Boer, your assistance with the analysis for study three was instrumental and is 

greatly appreciated.  Laelie Snook, thank you for your endless wealth of knowledge and cheerful 

willingness to always lend a hand.   

 
They say good friends are hard to find.  If so, I’ve mastered the search.  Thank you to the 

many individuals whose friendship I value deeply.  To “the girls”, I admire and respect each of 

you more than you know.  Thank you for your strength, intelligence, and wit.  And especially to 

Breanne Anderson, whose kindness and support never falters.  Dr. Chris Perry, even from afar, 

you always managed to know just what to say.  Thank you.    

 
Finally, this thesis is dedicated to determination, devotion, and hope – to which I owe 

everything. 

  



vi�
�

Table of Contents 

Abstract 

Acknowledgements ...................................................................................................................... iv 

Table of Contents ......................................................................................................................... vi 

List of Tables .............................................................................................................................. xiii 

List of Figures ............................................................................................................................. xiv 

List of Abbreviations ............................................................................................................... xviii 

Chapter 1: Review of Literature ..................................................................................................1 

1.1 Introduction: obesity and adipose tissue biology .................................................................1 

1.2 Adiponectin ..........................................................................................................................3 

1.2.1 Introduction .................................................................................................................3 

a. Adiponectin isoforms and its receptors ................................................................3 

b. Adiponectin signalling in liver and muscle .........................................................4 

c. Adiponectin effects in liver and muscle ...............................................................4 

d. Peripheral adiponectin resistance .........................................................................8 

1.2.2 Lifestyle factors regulating adiponectin synthesis and secretion ................................9 

a. Saturated fatty acids .............................................................................................9 

b. Long-chain n-3 polyunsaturated fatty acids .......................................................12 

c. Thiazolidinediones .............................................................................................16 

1.2.3 Mechanisms by which dietary fatty acids and TZDs regulate adiponectin  .............18 

a. PPARȖ ................................................................................................................19 

b. AMPK ................................................................................................................20 

c. Adipose tissue morphology ................................................................................21 



vii�
�

d. Macrophage infiltration and inflammation ........................................................23 

1.3 High saturated fatty acid diets and skeletal muscle insulin response ................................26 

1.3.1 Fatty acid overload and impairments in insulin response .........................................26 

1.3.2 Accumulation of muscle lipids .................................................................................26 

1.3.3 Activation of intracellular inflammatory pathways ..................................................28 

1.4 Adipose tissue-skeletal muscle cross-talk ..........................................................................30 

1.4.1 Regulation of myocyte insulin signalling by adipocyte-derived factors ..................30 

1.4.2 MCP-1 and activation of NF-țB as regulators of adipocyte-myocyte cross-talk .....31 

1.4.3 Prevention and reversibility of adipocyte-induced changes in myocyte function ....33 

1.4.4 Regulation of adipose tissue by muscle-derived factors ...........................................34 

1.4.5 Summary and limitations of current adipose tissue-skeletal muscle cross-talk 

research ..............................................................................................................................35 

1.5 Conclusions ........................................................................................................................36 

Chapter 2: Aims of the Thesis ....................................................................................................37 

Chapter 3: Eicosapentaenoic acid and rosiglitazone increase adiponectin in an additive and 

PPARȖ-dependent manner in cultured human adipocytes ......................................................40 

3.1 Abstract ..............................................................................................................................40 

3.2 Introduction ........................................................................................................................41 

3.3 Methods ..............................................................................................................................43 

3.3.1 Adipocyte culture and differentiation .......................................................................43 

3.3.2 Fatty acid treatments .................................................................................................43 

3.3.3 PPARȖ antagonist (BADGE) and agonist (rosiglitazone) treatment ........................45 

3.3.4 Protein isolation ........................................................................................................45 



viii�
�

3.3.5 Cellular fatty acid composition .................................................................................46 

3.3.6 Secreted and cellular adiponectin protein measurement ...........................................46 

3.3.7 Statistical analysis .....................................................................................................46 

3.4 Results ................................................................................................................................47 

3.4.1 Cellular fatty acid composition .................................................................................47 

3.4.2 Both EPA and DHA increase adiponectin concentration in human adipocyte 

medium ..............................................................................................................................49 

3.4.3 EPA, but not DHA, increases cellular adiponectin protein content in human 

adipocytes ..........................................................................................................................51 

3.4.4 PPARȖ antagonism inhibits n-3 PUFA-induced increase in adiponectin, but to 

varying degrees ..................................................................................................................53 

3.4.5 Rosiglitazone, a PPARȖ agonist, increases both secreted and cellular adiponectin 

protein in human adipocytes ..............................................................................................55 

3.4.6 EPA plus rosiglitazone elicits additive effects on adiponectin secretion from human 

adipocytes ..........................................................................................................................55 

3.5 Discussion ..........................................................................................................................57 

3.5.1 EPA and rosiglitazone increase adiponectin in an additive manner .........................57 

3.5.2 EPA and DHA increase adiponectin partially and completely via a PPARȖ-

dependent mechanism, respectively ...................................................................................58 

3.5.3 EPA and DHA increase adiponectin secretion, and EPA (but not DHA) increases 

cellular adiponectin protein content ...................................................................................59 

3.5.4 Summary and perspectives .......................................................................................61 

 



ix�
�

Chapter 4: Fish oil prevents high saturated fat-induced impairments in adiponectin and 

insulin response in rodent skeletal muscle .................................................................................62 

4.1 Abstract ..............................................................................................................................62 

4.2 Introduction ........................................................................................................................63 

4.3 Methods ..............................................................................................................................65 

4.3.1 Animals and diets ......................................................................................................65 

4.3.2 Tissue and blood sampling........................................................................................68 

4.3.3 Fatty acid oxidation...................................................................................................68 

4.3.4 Glucose transport ......................................................................................................69 

4.3.5 Insulin-stimulated signalling proteins .......................................................................70 

4.3.6 Western blot analysis ................................................................................................70 

4.3.7 Statistical analysis .....................................................................................................71 

4.4 Results ................................................................................................................................71 

4.4.1 Body mass and bloods ..............................................................................................71 

4.4.2 Fatty acid oxidation...................................................................................................74 

4.4.3 Glucose transport ......................................................................................................75 

4.4.4 Adiponectin signalling proteins ................................................................................76 

4.4.5 Insulin signalling proteins .........................................................................................77 

4.4.6 Inflammatory signalling proteins ..............................................................................78 

4.5 Discussion ..........................................................................................................................80 

4.5.1 n-3 PUFA can prevent, but not restore, high SFA diet-induced impairments in 

soleus muscle adiponectin response ...................................................................................81 

4.5.2 n-3 PUFA both prevent and restore high SFA diet-induced impairments in soleus 

muscle insulin response .....................................................................................................82 



x�
�

4.5.3 Total protein content of adiponectin signalling mediators are unaffected by high fat 

feeding................................................................................................................................83 

4.5.4 n-3 PUFA prevent and restore impairments in insulin-stimulated phosphorylation of 

Akt in soleus muscle ..........................................................................................................84 

4.5.5 n-3 PUFA prevent high SFA diet-induced upregulation of TLR4 protein content in 

soleus muscle .....................................................................................................................85 

4.5.6 Summary and perspectives .......................................................................................86 

Chapter 5: A new rodent model to study adipose-muscle cross-talk: dietary fatty acids 

modulate visceral fat adipokine secretion and induce skeletal muscle inflammatory changes 

without affecting insulin response ..............................................................................................87 

5.1 Abstract ..............................................................................................................................87 

5.2 Introduction ........................................................................................................................88 

5.3 Methods ..............................................................................................................................90 

5.3.1 Animals and diets ......................................................................................................90 

5.3.2 Adipose tissue organ culture .....................................................................................91 

5.3.3 Blood sampling .........................................................................................................92 

5.3.4 Skeletal muscle incubations ......................................................................................92 

5.3.5 Glucose transport assay .............................................................................................93 

5.3.6 Real-time PCR ..........................................................................................................94 

5.3.7 Statistical analysis .....................................................................................................94 

5.4 Results ................................................................................................................................95 

5.4.1 Body mass and bloods ..............................................................................................95 

5.4.2 Adipose tissue secretory profile ................................................................................96 

5.4.3 Inflammatory signalling gene expression .................................................................98 



xi�
�

5.4.4 Inflammatory cytokine gene expression .................................................................100 

5.4.5 Glucose transport ....................................................................................................102 

5.5 Discussion ........................................................................................................................104 

5.5.1 Exposure to a high SFA diet, with or without n-3 PUFA, alters visceral fat 

adipokine secretion ..........................................................................................................105 

5.5.2 Acute exposure of skeletal muscle to adipose-derived factors does not affect insulin 

responsiveness ..................................................................................................................106 

5.5.3 Acute exposure of skeletal muscle to adipose-derived factors induces fibre type-

specific changes in inflammatory gene expression ..........................................................107 

5.5.4 Summary and perspectives .....................................................................................110 

Chapter 6: Integrative Discussion ............................................................................................111 

6.1 Summary of results ..........................................................................................................111 

6.2 Dietary consumption of long-chain n-3 PUFA as a therapeutic strategy in obesity and 

type 2 diabetes  .......................................................................................................................113 

6.3 Adiponectin as a regulator of skeletal muscle function ...................................................115 

6.4 Are changes in inflammation an underlying mechanism by which dietary fatty acids 

affect skeletal muscle function? .............................................................................................117 

6.5 The development and use of an adipose tissue-skeletal muscle crosstalk model  ...........119 

6.6 Concluding remarks .........................................................................................................122 

References ...................................................................................................................................123 

Appendix A: Western blotting conditions ..................................................................................157 

Appendix B: Adiponectin concentrations in adipose-conditioned medium treated with n-3  

                      PUFA  ....................................................................................................................158 



xii�
�

Appendix C: Adipokine protein concentrations of adipose-conditioned medium from  

                      rodent adipose tissue explants standardized by mass of tissue. .............................159 

Appendix D: Total protein content of adipose tissue explants ...................................................161 

Appendix E: Timecourse of adipokine secretion in adipose-conditioned medium ....................162 

Appendix F: Glucose transport in soleus muscle exposed to adipose-conditioned medium  

                     for 4 hours. ..............................................................................................................164 

Appendix G: Changes in ATP and PCr content in soleus and EDL muscle incubated for 8  

hours in M199 ......................................................................................................165 

�

� �



xiii�
�

List of Tables 

Chapter 3: 

Table 3.1 Fatty acid composition of total lipids in human adipocytes cultured for 48 h ..48 

Chapter 4: 

Table 4.1 Composition of experimental diets ...................................................................66 

Table 4.2 Fatty acid composition of experimental diets ...................................................67 

Table 4.3 Body mass and blood measurements ................................................................73 

Chapter 5: 

Table 5.1 Body mass and blood measurements ................................................................96 

Appendix A: Western blotting conditions ..................................................................................157 

Appendix G: Changes in ATP and PCr content in soleus and EDL muscle incubated for 8 hours    

                        in M199 ................................................................................................................165 

 

  



xiv�
�

List of Figures 

Chapter 1: 

Figure 1.1 Lean vs. Obese Adipose Tissue: in obesity, adipose tissue exhibits adipocyte 

hypertrophy, increased macrophage infiltration and an altered secretory profile ...............2  

Figure 1.2 Proposed mechanism by which adiponectin suppresses hepatic glucose 

production.  Upon binding to its receptor, full-length adiponectin decreases 

gluconeogenic enzyme expression through an AMPK-dependent mechanism, resulting in 

downregulated gluconeogenesis ..........................................................................................6 

Figure 1.3 Proposed mechanism by which adiponectin stimulates skeletal muscle fatty 

acid oxidation.  Upon binding to its receptor, globular adiponectin deactivates ACC 

either, directly or via stimulation of AMPK, to decrease malonyl CoA.  This acts to 

relieve the inhibition on CPT1, allowing for fatty acid uptake into the mitochondria for 

oxidation ..............................................................................................................................7 

Figure 1.4 Modulation of adiponectin secretion from adipocytes.  TZDs and n-3 PUFA 

activate PPARȖ, and possibly AMPK, to upregulate adiponectin secretion.  SFA activate 

TLR4 to stimulate inflammatory pathways involving NF-țB to downregulate adiponectin 

secretion .............................................................................................................................25 

Figure 1.5 Proposed mechanism for the activation of TLR4/NF-țB signalling pathway 

by SFA.  SFA activate TLR4 to stimulate, which decreases IțBĮ and allows for the 

translocation of NF-țB to the nucleus to upregulate the expression of inflammatory 

genes.  n-3 PUFA act to inhibit the activation of this pathway. ........................................29 

Chapter 3: 

Figure 3.1 Fatty acid dose response and timecourse pilot work .......................................44 



xv�
�

Figure 3.2 Effect of fatty acids on (a) total and (b) high molecular weight (HMW) 

adiponectin protein secreted from cultured human adipocytes ..........................................50 

Figure 3.3 Effect of fatty acids on (a) total and (b) high molecular weight (HMW) 

cellular adiponectin protein content in cultured human adipocytes ...................................52 

Figure 3.4 Effect of peroxisome proliferator–activated receptor-Ȗ (PPARȖ) antagonism 

on the fatty acid-mediated regulation of (a) secreted and (b) cellular adiponectin protein 

in cultured human adipocytes ............................................................................................54 

Figure 3.5 Effect of rosiglitazone (a peroxisome proliferator–activated receptor-Ȗ 

(PPARȖ) agonist) alone or in combination with EPA or DHA on (a) secreted and (b) 

cellular adiponectin protein cultured human adipocytes ...................................................56 

Chapter 4: 

Figure 4.1 Basal and globular adiponectin-stimulated palmitate oxidation in soleus 

muscle ................................................................................................................................74 

Figure 4.2 Basal and insulin-stimulated glucose transport in soleus muscle ....................75 

Figure 4.3 The effect of high-SFA diet and fish oil supplementation on total protein 

content of adiponectin signalling intermediates in soleus muscle. A) APPL1. B) AMPK. 

C) ACC ..............................................................................................................................76 

Figure 4.4 The effect of high SFA diet and fish oil supplementation on total protein 

content of insulin signalling intermediates in soleus muscle. A) Total Akt. B) Acute 

effect of 10-min insulin exposure (10 mU/ml) on protein content of Thr308-

phosphorylated Akt.  ..........................................................................................................77 



xvi�
�

Figure 4.5 The effect of high SFA diets and fish oil supplementation on total protein 

content of inflammatory signalling intermediates in soleus muscle. A) TLR4. B) IțBĮ. C) 

Ser32 phosphorylated IțBĮ. D) NF-țB. E) Ser536 phosphorylated NF-țB. F) SOCS3 ......79 

Chapter 5: 

Figure 5.1 Concentrations of A) adiponectin, B) IL-6, C) leptin, D) MCP-1, E) FFA in 

adipose-conditioned medium from LF, SFA, and SFA/n-3 PUFA fed animals ................97 

Figure 5.2 Gene expression of inflammatory signalling intermediates in i) soleus and ii) 

EDL muscle. A) TLR4, B) NF-țB.....................................................................................99 

Figure 5.3 Gene expression of inflammatory cytokines in i) soleus and ii) EDL muscle. 

A) TNF-Į B) IL-6 C) MCP-1 ..........................................................................................101 

Figure 5.4 Basal and insulin-stimulated glucose transport in A) soleus muscle, and B) 

EDL muscle .....................................................................................................................103 

Appendices: 

Appendix B: Adiponectin concentrations in adipose-conditioned medium from rodent 

adipose tissue explants treated with 500 µM EPA or DHA for 48 hours ........................158 

Appendix C: Protein concentrations of A) adiponectin, B) leptin, C) IL-6, and D) MCP-1 

in adipose-conditioned medium from rodent adipose tissue explants standardized by mass 

from animals fed CON, SFA, or SFA/n-3 PUFA for 4 weeks ........................................159 

Appendix D: Total protein content of perigonadal adipose tissue explants from animals 

fed LF, SFA, or SFA/n-3 PUFA for 4 weeks ..................................................................161 

Appendix E: Timecourse of A) adiponectin, B) leptin, C) IL-6, and D) MCP-1 protein 

concentrations in adipose-conditioned medium from rodent adipose tissue explants from 

animals fed CON, SFA, or SFA/n-3 PUFA for 4 weeks. ................................................162 



xvii�
�

Appendix F: Basal and insulin-stimulated glucose transport in soleus muscle incubated 

in CON, ACM LF, ACM SFA, or ACM SFA/n-3 PUFA for 4 hours. ............................164 

  



xviii�
�

List of Abbreviations 

 

ACC      acetyl CoA carboxylase 

ACM      adipose conditioned medium 

Ad      adiponectin 

AdipoR1/R2     adiponectin receptor 1/2 

AMPK      AMP-activated protein kinase 

ANOVA     analysis of variance 

APPL1/2     adaptor protein containing pleckstrin homology    

                                                                        domain, phosphotyrosine binding domain, and  

                                                                        leucine zipper motif 1/2 

BADGE     bisphenol-A-diglycidyl ether 

BMI      body mass index 

BSA      bovine serum albumin 

CoA      coenzyme A 

CPT1      carnitine palmitoyltransferase 1 

CVD      cardiovascular disease 

DAG      diacylglycerol 

DHA      docosahexaenoic acid 

DMEM     Dulbecco's modified eagle medium 

EDL      extensor digitorum longus 

ELISA      enzyme-linked immunosorbent assay 

EPA      eicosapentaenoic acid 



xix�
�

ER      endoplasmic reticulum 

FAO      fatty acid oxidation 

FAT/CD36     fatty acid translocase/cluster of differentiation 36 

FBS      fetal bovine serum 

FFA      free fatty acid 

G6P      glucose 6 phosphate 

gAd      globular adiponectin 

GLUT4      glucose transporter 4 

HMW      high molecular weight 

IțBĮ      nuclear factor of ț light polypeptide gene enhancer   

                                                                        in B-cells inhibitor Į 

IKK        IțB kinase 

IL-6/15     interleukin-6/15 

IRS-1      insulin receptor substrate-1 

JNK      c-Jun N-terminal kinases 

M199      medium 199 

MCP-1      monocyte chemoattractant protein-1 

mRNA      messenger RNA 

NF-țB      nuclear factor-țB 

p      phosphorylation 

PBS      phosphate buffer saline 

PEPCK     phosphoenolpyruvate carboxykinase 

PPARĮ/Ȗ     peroxisome proliferator-activated receptorĮ/Ȗ 



xx�
�

PPRE      PPAR-responsive elements 

PUFA      polyunsaturated fatty acids 

ROS      reactive oxygen species 

SE      standard error 

SEM      standard error of the mean 

SFA      saturated fatty acids 

SOCS3     suppressor of cytokine signalling-3 

T2D      type 2 diabetes 

TAG      triacylglyceride 

TLR4      toll-like receptor 4 

TNF-Į      tumour necrosis factor-Į 

TZDs      thiazolidinediones 

  



1�
�

Chapter 1: Review of Literature 

This review of literature is adapted from the following:  

1. Tishinsky JM, Robinson LE, and Dyck DJ (2011) Insulin-sensitizing properties of 

adiponectin.  Biochimie 2012 Jan 31. [Epub ahead of print]. 

2. Tishinsky JM, Dyck DJ, and Robinson LE (2012) Lifestyle factors increasing adiponectin 

synthesis and secretion.  Vitamins and Hormones Vol 90, 2012. 

 

Section 1.1: Introduction: obesity and adipose tissue biology 

Obesity is currently considered to be an epidemic.  In 2005, the Canadian Community 

Health Survey estimated that 17% of adults aged 25 to 64 years were obese (body mass index 

(BMI) � 30 kg/m2) and 53% were overweight or obese (BMI � 25 kg/m2) (149).  Although 

genetics are undoubtedly a contributing factor (124), the alarming increase in obesity rates in 

today’s society is largely credited to lifestyle factors, including increased caloric intake and 

physical inactivity.  Given that obesity is strongly linked to the development of numerous 

pathologies (54), most notably type 2 diabetes and cardiovascular disease (CVD), there is a 

growing interest in understanding the underlying link between excess adipose tissue and 

metabolic disease.    

In addition to its role as a storage depot for lipid, adipose tissue represents an active 

endocrine organ that secretes hundreds of adipose-derived cytokines (or adipokines) into the 

circulation (72).  These adipokines include inflammatory mediators such as tumour necrosis 

factor (TNF)-Į, interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, and resistin as 

well as the anti-inflammatory adipokine, adiponectin.  These adipose-derived factors act as 

important regulators of lipid metabolism and insulin sensitivity in peripheral tissues, such as 
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skeletal muscle and the liver (48).  In obesity, adipose tissue expands and is characterized by 

adipocyte hypertrophy, increased macrophage infiltration, impaired blood flow, hypoxia, 

increased free fatty acid release, and altered adipokine secretion (Figure 1.1).  While adiponectin 

secretion is downregulated in obesity, release of pro-inflammatory cytokines is increased (164), 

contributing to a state of chronic whole body low-grade inflammation. 

 

 
 

 

Figure 1.1: Lean vs. Obese Adipose Tissue.  In obesity, adipose tissue exhibits adipocyte 

hypertrophy, increased macrophage infiltration and an altered secretory profile.  Adipocyte = 

white, macrophage = black.  Thick arrows = increased release of adipose-derived factors; thin 

arrows = decreased release of adipose-derived factors. 
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Section 1.2:  Adiponectin 

 

1.2.1 Adiponectin Overview 

 

a) Adiponectin isoforms and its receptors: 

Adiponectin plays a pivotal role in protecting against the development and progression of 

obesity, type 2 diabetes, and CVD (12, 59, 96, 139) Adiponectin circulates in different 

oligomeric forms of trimeric, hexameric, or high molecular weight (HMW) (65), with the HMW 

isoform most closely correlated with whole body insulin sensitivity (56).  While circulating 

adiponectin exists predominantly in full-length form, its proteolytic cleavage produces a globular 

form of adiponectin (gAd) that represents <1% of total adiponectin (46) and possesses biological 

activity, particularly in skeletal muscle (108).  Unlike other adipokines, circulating adiponectin 

concentrations are inversely correlated with increasing adiposity (6) and insulin resistance (58). 

Two transmembrane proteins, AdipoR1 and AdipoR2, have been identified as receptors 

for adiponectin (190).  AdipoR1 is expressed ubiquitously among tissues and is most highly 

concentrated in skeletal muscle (190).  AdipoR1 has a high affinity for gAd and a lower affinity 

for full-length adiponectin, suggesting that gAd acts primarily in skeletal muscle (190).   In 

contrast, AdipoR2 is expressed predominantly in the liver and has an intermediate affinity for 

both gAd and full-length adiponectin, suggesting that full-length adiponectin exerts its functions 

predominantly in the liver (190).  In addition, Hug et al. have identified a third adiponectin 

receptor, T-cadherin, that is exclusively expressed in endothelial and smooth muscle cells (61).   
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b) Adiponectin signalling in liver and muscle: 

Adiponectin is known to exert insulin-sensitizing effects in both the liver and skeletal 

muscle, two key tissues involved in glucose homeostasis.  Upon binding to its receptor, it is 

believed that adiponectin signals primarily through AMP-activated protein kinase (AMPK) to 

inhibit gluconeogenesis in the liver and to promote fatty acid oxidation in skeletal muscle (163, 

191).  An adaptor protein (APPL1) upstream of AMPK seems necessary for adiponectin 

signalling given that adiponectin-induced AMPK activation in myocytes is enhanced or 

suppressed when APPL1 is overexpressed or inhibited, respectively (100).  In contrast, APPL2, 

an isoform of APPL1, acts as a negative regulator of adiponectin signalling (176).   In addition to 

AMPK, adiponectin also activates peroxisome proliferator-activated receptor (PPAR)-Į (190, 

197), a nuclear hormone receptor that leads to upregulation of numerous lipid and glucose 

metabolism genes (52).  As such, adiponectin treatment of hepatocytes and myocytes stimulates 

PPAR-Į ligand activity and increases fatty acid oxidation in myocytes (190), while the targeted 

disruption of AdipoR2 in the liver of diabetic mice decreases expression of PPAR-Į target genes 

involved in glucose metabolism (194). 

 

c) Adiponectin effects in liver and muscle: 

In the first study to provide evidence for an insulin-sensitizing effect of adiponectin in 

liver, the administration of a single dose of recombinant, full-length adiponectin led to a 

significant decrease in circulating glucose levels in wildtype mice and normalized hyperglycemia 

in three diabetic mouse models (11).  To further elucidate the mechanism by which adiponectin 

improves whole body insulin-sensitivity, Combs et al. (24) used a pancreatic insulin clamp 

technique to determine if the adiponectin-mediated decrease in circulating glucose levels could 
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be attributed to a decrease in hepatic glucose production, an increase in skeletal muscle mediated 

glucose clearance, or both.  This study found an adiponectin-mediated inhibition of hepatic 

glucose production without any changes in glucose clearance, glycolysis, or glycogenesis (24).  

While no change in peripheral glucose clearance was found in the aforementioned work, it is 

important to recognize that those studies utilized full-length adiponectin, known to signal 

primarily via AdipoR2, which is expressed predominantly at the liver (190).  There is evidence 

to suggest that gAd signals via AdipoR1 to enhance glucose uptake in skeletal muscle (190), 

further contributing to overall improvements in whole body insulin sensitivity (see below).   

Adiponectin is thought to improve hepatic insulin sensitivity primarily by suppressing 

high rates of endogenous glucose production, a known contributor to systemic glucose 

intolerance (98) (Figure 1.2).  In support of this, numerous studies have demonstrated that 

adiponectin decreases expression of key gluconeogenic genes, including glucose 6-phosphatase 

and phosphoenolpyruvate carboxykinase (96, 100, 176, 197).  Although the precise signalling 

mechanism by which adiponectin downregulates gluconeogenesis is presently unknown, AMPK 

is thought to be involved.  Yamauchi et al. demonstrated that adiponectin activates AMPK in 

both isolated hepatocytes and in liver from mice in vivo, and this was associated with a reduction 

in circulating glucose levels (191).  When co-administered with an adenovirus that encodes for a 

dominant negative form of AMPK, adiponectin failed to reduce glucose levels (191), suggesting 

that activation of hepatic AMPK is required for adiponectin-mediated improvements in glucose 

tolerance.  
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Figure 1.2: Proposed mechanism by which adiponectin suppresses hepatic glucose 

production.  Upon binding to its receptor, full-length adiponectin decreases gluconeogenic 

enzyme expression through an AMPK-dependent mechanism, resulting in downregulated 

gluconeogenesis.  AMP-activated protein kinase (AMPK), glucose 6-phosphate (G6P), 

phosphoenolpyruvate carboxykinase (PEPCK). 

 
The first study to demonstrate that adiponectin enhances fatty acid oxidation in skeletal 

muscle was conducted by Lodish’s group in 2001 (46).  Administration of gAd decreased 

elevated plasma fatty acid levels in response to high fat feeding, and this was attributed to 

increased skeletal muscle fatty acid oxidation evidenced by an acute stimulation of oleate 

oxidation by gAd in cultured C2C12 myocytes (46).  Mechanistically, gAd in skeletal muscle is 

thought to activate AMPK and downregulate acetyl CoA carboxylase (ACC) in skeletal muscle 

(108), thereby decreasing malonyl CoA and alleviating inhibition of carnitine 

palmitoyltransferase (CPT) 1, allowing for entry of fatty acids into the mitochondria for 

oxidation (Figure 1.3).  However, the direct activation of AMPK by gAd in oxidative muscle 
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remains controversial (163) and, as such, it is possible that gAd may act directly to deactivate 

ACC (108).  There is evidence to suggest that the accumulation of lipid species in skeletal 

muscle may play a causative role in impairing insulin signalling (121), although this too remains 

controversial.  Therefore, it is possible that adiponectin may enhance skeletal muscle insulin 

sensitivity by increasing fatty acid oxidation and reducing intramuscular lipids.  In support of 

this, gAd-stimulated fatty acid oxidation has been associated with an increase in glucose 

transport in both cultured myocytes (191) and isolated skeletal muscle (16).  In summary, there is 

good evidence to suggest that adiponectin exerts insulin sensitizing effects in both liver and 

skeletal muscle by downregulating hepatic glucose production and enhancing fatty acid 

oxidation and glucose transport, respectively. 

 

 
Figure 1.3: Proposed mechanism by which adiponectin stimulates skeletal muscle fatty acid 

oxidation.  Upon binding to its receptor, globular adiponectin deactivates ACC, either directly or 

via stimulation of AMPK, to decrease malonyl CoA.  This acts to relieve the inhibition on CPT1, 

allowing for fatty acid uptake into the mitochondria for oxidation.  AMP-activated protein kinase 

(AMPK), acetyl CoA carboxylase (ACC), carnitine palmitoyltransferase (CPT)1. 
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d) Peripheral adiponectin resistance 

Coupled with a decrease in circulating adiponectin, there is also compelling evidence that 

tissue responsiveness to adiponectin is impaired in obesity and related diseases.  Insulin has been 

shown to downregulate adiponectin receptor expression in both myocytes and hepatocytes (166), 

suggesting that hyperinsulinemia may impair peripheral adiponectin signalling.  In support of 

this, decreased skeletal muscle expression of AdipoR1 and AdipoR2 has been reported in mouse 

models of obesity and diabetes (166, 194), as well as in individuals with a strong family history 

of diabetes compared to those with no family history (22).  There are also reports of decreased 

hepatic adiponectin receptor expression in patients with non-alcoholic fatty liver disease (145) 

and chronic hepatitis C virus-infected patients (26), two pathologies that are closely associated 

with insulin resistance.  In contrast, no correlation between adiponectin receptor expression and 

insulin sensitivity was found in human myotubes (151), and no difference in AdipoR1 or 

AdipoR2 expression was found in skeletal muscle of lean and obese diabetic individuals (28), 

indicating that adiponectin resistance may occur downstream of the adiponectin receptor. 

Several studies have aimed to directly assess tissue responsiveness to adiponectin in 

obesity and insulin resistance (16, 21, 92, 108, 166).  In a study using cultured primary myotubes 

from skeletal muscle of lean, obese, and obese diabetic subjects, Chen et al. reported a blunted 

activation of AMPK signalling and fatty acid oxidation by adiponectin in both the obese and 

obese diabetic myotubes (21).  These findings are supported by an impaired ability of 

adiponectin to activate AMPK in skeletal muscle of ob/ob mice (166), as well as a reduction in 

adiponectin-stimulated fatty acid oxidation in muscle from obese subjects compared to lean (16).  

Furthermore, adiponectin was unable to stimulate hepatic AMPK expression or lower circulating 

glucose levels in insulin receptor knockout mice compared to wildtype mice (92).  Finally, in 
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addition to reports of adiponectin resistance in obese and diabetic models, it has been 

demonstrated that impairments in skeletal muscle response to adiponectin are inducible by high 

fat feeding in rodents (108).  For example, as little as 3 days of high fat intake abolished 

adiponectin’s stimulatory effect on skeletal muscle fatty acid oxidation in rats and, importantly, 

this preceded the development of diet-induced insulin resistance which occurred at 4 weeks 

(108).  In summary, these studies illustrate that the state of hypoadiponectinemia observed in 

obesity is exacerbated by an impaired tissue response to circulating adiponectin, resulting in a 

loss of adiponectin action. 

 

1.2 b Lifestyle factors that regulate adiponectin synthesis and secretion 

Given the known insulin-sensitizing properties of adiponectin (193), and that circulating 

adiponectin concentrations are markedly reduced in obesity and type 2 diabetes (28, 151), 

strategies to augment adiponectin synthesis and secretion from adipose tissue are of significance.  

The following section will discuss the regulation of adiponectin by saturated fatty acids (SFA), 

long-chain n-3 polyunsaturated fatty acids (PUFA), and thiazolidinediones (TZDs).  

 

a) Saturated fatty acids 

Consumption of saturated fatty acids (SFA) has been demonstrated to modulate the 

secretion of adipose tissue-derived factors such as adiponectin (118), representing a possible 

mechanistic link between high dietary SFA intake and elevated risk of developing insulin 

resistance (172) and CVD (188).   
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Evidence from cell culture studies: 

Studies examining SFA-induced modulation of cellular adiponectin content have yielded 

conflicting results.  In 3T3-L1 adipocytes, treatment with 250 µM palmitic acid for 48 hours led 

to a significant decrease in adiponectin gene expression (17).  Similarly, exposure of cultured rat 

adipocytes to 300 µM palmitic acid induced a 43% and 36% decrease in adiponectin mRNA and 

protein expression, respectively. (187).  However, neither of these studies measured adiponectin 

concentration in the medium, making it impossible to determine if gene expression changes 

reflected SFA-induced changes in cellular or secreted adiponectin protein.   

In contrast to the aforementioned studies, our laboratory demonstrated that treatment of 

3T3-L1 murine adipocytes with 125 µM palmitic acid for 24 hours had no effect on either 

adiponectin gene expression or secreted adiponectin protein measured in the culture mediim 

(119).  Our results are consistent with reports that short-term (2 hour) incubations of primary rat 

adipocytes with 0.06 - 0.5 mM concentrations of palmitic acid did not alter secreted adiponectin 

protein in the medium (158).  Lastly, in a study that treated 3T3-L1 adipocytes with palmitic and 

stearic acid for 24 hours, both 10 and 100 µM concentrations of these SFA increased secreted 

adiponectin protein (138).  These discrepancies among studies may be somewhat attributable to 

differences in both fatty acid concentration and exposure time, although it is apparent that these 

contributing factors do not consistently account for differences in findings and more work is 

required to fully understand the role of SFA in adiponectin synthesis and secretion.   

 

Evidence from rodent studies: 

The majority of in vivo studies have reported a negative association between dietary SFA 

and adiponectin.  For example, consumption of a high SFA diet led to a significant decrease in 
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adiponectin gene expression in both diabetic and wildtype mice (162), as well as in male Wistar 

rats (137).  In a study by Bueno et al., mice fed a diet high in lard (17.5% of kcal) had 

significantly lower serum adiponectin concentrations both acutely (2 days) and chronically (8 

weeks) (17).  Furthermore, acute ingestion of the lard-enriched diet led to a decrease in 

adiponectin mRNA expression in retroperitoneal adipose tissue (17).  Interestingly, no 

significant changes in adiponectin gene expression in the epididymal or subcutaneous fat pads 

were found, suggesting that SFA-induced modulation of adiponectin mRNA may be adipose 

tissue depot specific.  Additionally, as little as 3 days of a high SFA diet (60% of kcal) induced a 

significant decrease in plasma adiponectin concentrations in Sprague-Dawley rats (110).  As 

with the cell culture evidence discussed above, it is noteworthy that most rodent studies in this 

area have focused primarily on lard-based diets (containing palmitic acid as the most abundant 

SFA, as well as high levels of the monounsaturated oleic acid, 18:1n-9) and the ability of 

different types of SFA to modulate adiponectin requires further study.  

 

Evidence from human studies: 

Plasma concentrations of SFA have been found to be negatively associated with 

circulating adiponectin levels in both lean and obese (non-diabetic) humans (43).  More 

specifically, percentages (of total fatty acids) of myristic and palmitic acid in the blood were 

correlated strongly with lower circulating adiponectin (43).  These findings are supported by an 

intervention study in which consumption of a high SFA (19% of kcal) diet for 8 weeks in 

overweight subjects at risk for the metabolic syndrome led to decreased adiponectin gene 

expression in subcutaneous adipose tissue, as well as significantly lower plasma adiponectin 

levels (169).   



12�
�

Collectively, cell culture, rodent, and human studies suggest that SFA may decrease 

adiponectin, providing a potential mechanistic link between SFA consumption and elevated risk 

of metabolic disease. 

 

b) Long-chain n-3 polyunsaturated fatty acids 

Since SFA are a significant dietary component, particularly in western societies, 

delineating the role of other fatty acids thought to play a more protective role in metabolism is of 

value.  Dietary consumption of the long-chain n-3 polyunsaturated fatty acids (PUFA), 

eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3) is associated 

with a reduced risk of developing type 2 diabetes and CVD (12).  The anti-inflammatory and 

insulin-sensitizing properties of long-chain n-3 PUFA are thought to be at least partly 

attributable to the regulation of adipose tissue-derived factors, including adiponectin (130).   

 

Evidence from cell culture studies: 

Studies using cultured adipocytes report conflicting findings regarding the regulation of 

adiponectin gene expression, cellular protein content, and secretion by long-chain n-3 PUFA. 

Work from our laboratory showed that treatment of 3T3-L1 murine adipocytes with 125 µM of 

EPA and DHA for 24 hours induced an increase in both adiponectin gene expression and 

secreted protein concentration in the culture medium (119).  Our findings are consistent with 

those of Banga and colleagues who observed a significant increase in adiponectin secretion from 

rat adipocytes treated overnight with 25 µM EPA or DHA (9).  Interestingly, this occurred in the 

absence of any changes in cellular gene or protein expression adiponectin (9), indicating that n-3 

PUFA may exert a direct stimulatory effect on adiponectin translation.  EPA has also been 
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shown to effectively reverse the decrease in adiponectin secretion from 3T3-L1 adipocytes that 

were induced by a co-culture with RAW264 macrophages (64).  The restoration of adiponectin 

secretion occurred in parallel with a decrease in macrophage TNF-Į mRNA expression (64), 

suggesting that n-3 PUFA may elicit changes in adiponectin secretion from adipose tissue by 

regulating the paracrine interactions between adipocytes and macrophages.     

In contrast to the above studies, incubation of rat adipocytes with 100 or 200 µM EPA for 

96 hours resulted in a decrease in both adiponectin gene expression and secreted protein (95).  

Similarly, treatment of 3T3-L1 adipocytes with 250 µM EPA or DHA for 48 hours decreased 

adiponectin gene expression, with lipid peroxidation reported as a possible mechanism for this 

effect of n-3 PUFA (17).  Lastly, EPA had no effect on adiponectin gene expression in 3T3-L1 

adipocytes after 12 hours (113), possibly due to the relatively short fatty acid exposure time.  

Due to the discrepancies in these studies, further research is necessary to elucidate the 

modulation of adiponectin by n-3 PUFA.  It is also noteworthy that all of the cell culture work to 

date has utilized mouse and rat adipocyte models and, as such, there is a strong need to evaluate 

the effects of n-3 PUFA on adiponectin in human adipocytes.   

 

Evidence from rodent studies: 

Numerous rodent-based studies also provide evidence for a role of n-3 PUFA in 

modulating adiponectin secretion.  For example, 15 days of dietary fish oil, rich in both EPA and 

DHA, increased plasma adiponectin levels in a dose-dependent manner in mice compared with 

those fed an isocaloric safflower oil diet, rich in linoleic acid (18:2 n-6) (113).   Interestingly, 

fish oil induced adiponectin gene expression in epididymal adipose tissue, but elicited no change 

in adiponectin mRNA in subcutaneous fat, suggesting that the effects of n-3 PUFA may vary 
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depending on adipose tissue depot (113).  Similar elevations in circulating adiponectin were 

observed in both genetically obese (ob/ob) mice and high-fat diet induced obese mice fed EPA 

(5% of kcal) (64). 

Significant uptake of DHA in murine heart, liver, and adipose tissue occurs in as little as 

4 days of supplementation; furthermore, plasma concentrations remain stable for a significant 

period i.e. 16 days after DHA supplementation has stopped (89).  Although there is a general 

consensus that n-3 PUFA increase adiponectin in rodent models, there is also some evidence for 

a negative association between consumption of a fish oil-enriched diet and adiponectin (17).  

This negative association was only evident with acute (2 days) but not chronic (60 days) fish oil 

administration, and was accompanied by a reduction in adiponectin gene expression in 

retroperitoneal, but not epididymal or subcutaneous adipose tissue (17).  Thus, it is possible that 

acute administration of a fish-oil enriched diet may produce a transient and depot-specific 

impairment in adiponectin secretion that is subsequently followed by a sustained elevation in 

adiponectin; however, this requires further study.    

Additionally, n-3 PUFA have been demonstrated to counter the reduction in adiponectin 

secretion induced by high fat diets (44, 69, 162).  For example, incorporation of EPA (16% of 

kcal) into a high fat diet resulted in plasma adiponectin concentrations that were similar to those 

in the low fat control group in wildtype mice (69).  Similarly, inclusion of n-3 PUFA in a high 

fat diet effectively prevented a decrease in adiponectin gene expression and restored serum 

adiponectin levels in both wildtype (44) and db/db mice (162).  Lastly, dietary fish oil has been 

demonstrated to restore impairments in adiponectin levels induced by long-term exposure to a 

high sucrose diet (136).  In rats fed a sucrose-rich diet for 7 months, fish oil supplementation 

restored plasma adiponectin levels and this was also associated with a reversal of whole body 
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insulin resistance and dyslipidemia (136).  These studies strongly suggest a valuable role for n-3 

PUFA in normalizing diet-induced impairments in adiponectin, findings that may have important 

implications for common dietary habits in today’s society.        

 

Evidence from human studies: 

Numerous clinical studies have found that n-3 PUFA consumption is positively 

correlated with circulating adiponectin concentrations in humans (3, 64, 76, 78, 116).  EPA 

supplementation (1.8 g/day) for 3 months significantly increased plasma adiponectin levels in 

obese men and women with metabolic syndrome (64).  Similarly, in overweight insulin resistant 

women undergoing a 24 week weight loss program, supplementation with 4.2 g/day of EPA and 

DHA led to an 18% increase in serum adiponectin, while weight loss alone had no effect (78).  A 

positive correlation between plasma adiponectin levels and erythrocyte n-3 PUFA content has 

also been observed in dialysis patients (3).  Furthermore, increases in serum adiponectin 

concentrations were observed in non-obese Japanese women consuming a minimum of 3 g/day 

of n-3 PUFA in the form of fish for 8 weeks, suggesting that n-3 PUFA can also elevate 

circulating adiponectin levels in lean, healthy populations (76).  However, this study is limited 

by a relatively small sample size (17 subjects), as well as variability in the quantity and type of 

fish consumed.  In contrast, in a study that supplemented hyperlipidemic patients with 1.8 g of 

EPA daily for 6 months, a significant increase in adiponectin levels was observed in only those 

subjects with type 2 diabetes and initial hypoadiponectinemia (116), implying that response to n-

3 PUFA intake may be influenced by baseline adiponectin levels.  Thus, additional studies are 

needed to clarify the role of n-3 PUFA in regulating adiponectin concentrations in healthy 

individuals. 
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Although the aforementioned studies provide evidence that dietary n-3 PUFA intake can 

augment circulating adiponectin in humans, there are also studies that observe no significant 

association (77, 82, 171).  For example, moderately obese men and women who consumed 2.9 

g/day of n-3 PUFA for 14 weeks had no change in either total plasma or HMW adiponectin (77).  

Likewise, 3.5 g/day of n-3 PUFA for 6 weeks failed to elicit any changes in circulating 

adiponectin levels in women with polycystic ovary syndrome (171).  Finally, no significant 

changes in plasma adiponectin were found in non-obese healthy men consuming 2.4 g/day of 

EPA and DHA in the form of salmon for 4 weeks, although a trend (P = 0.086) for a positive role 

of n-3 PUFA was evident (82). 

  While most of the work to date has examined the ability of adiponectin to mitigate pre-

existing hypoadiponectinemia present in obese and/or diabetic models, there does remain a need 

to further evaluate the role and physiological relevance of n-3 PUFA in modulating adiponectin 

secretion in lean, healthy populations.  Furthermore, the ability of n-3 PUFA to target secretion 

of higher order multimers of adiponectin warrants examination.  In summary, despite 

considerable variability among studies in terms of n-3 PUFA dosage, duration of dietary intake 

or supplementation, and composition of the background diet, there is evidence that n-3 PUFA 

increase adiponectin, thereby improving the secretory profile of adipose tissue and associated 

metabolic outcomes. 

 

c) Thiazolidinediones 

Thiazolidinediones (TZDs) are a class of antidiabetic drugs commonly prescribed to type 

2 diabetic patients to improve insulin sensitivity (27).  They were initially discovered in the early 

1980s and include the clinically available drugs, rosiglitazone and pioglitazone, as well as 
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troglitazone, which was withdrawn from the market due to risk of hepatotoxicity (14).  Although 

the precise mechanisms by which TZDs ameliorate insulin resistance remain somewhat unclear, 

considerable evidence suggests that an increase in adiponectin secretion is involved.  In support 

of this, rosiglitazone-induced improvements in insulin sensitivity in obese mice are significantly 

attenuated when these mice concomitantly lack adiponectin (112).  Additionally, research 

suggests that genetic variations in the adiponectin gene may actually be predictive of TZD 

responsiveness in type 2 diabetic patients (71), further implicating a role of adiponectin in TZD-

mediated improvements in insulin sensitivity.   

TZDs have been shown to increase adiponectin secretion from cultured murine 3T3-L1 

adipocytes (25, 97), rat adipocytes (9), and isolated primary human adipocytes (107), as well as 

to increase circulating adiponectin in animal models (25, 97).  Elevations in plasma adiponectin 

concentrations have also been achieved with both short- (14 days) (25) and long-term (12 weeks) 

(97, 126) TZD interventions in humans.  In an initial study by Maeda et al., troglitazone led to a 

significant increase in plasma adiponectin concentrations in glucose intolerant individuals in the 

absence of any changes in body weight (97).  In the same study, adiponectin expression was 

upregulated in adipose tissue from both lean and obese mice treated with troglitazone, 

pioglitazone or rosiglitazone, and troglitazone increased adiponectin mRNA expression in a 

dose- and time-dependent manner in 3T3-L1 adipocytes (97).  Similarly, both obese and obese 

diabetic individuals exhibited a twofold increase in circulating adiponectin levels in response to 

12 weeks of troglitazone administration (200).  Interestingly, elevations in circulating 

adiponectin in response to TZD treatment have also been observed in healthy, nondiabetic 

individuals.  Both Combs et al. (25) and Yu et al. (200) reported increased plasma adiponectin 

levels with TZD treatment in lean, healthy subjects with normal baseline adiponectin 
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concentrations, suggesting that TZD-mediated increases in adiponectin are not limited to obese 

or diabetic individuals typically characterized by initial hypoadiponectinemia.  

In addition to modulating total adiponectin secretion, TZDs are thought to specifically 

increase higher order multimers of adiponectin (55, 120, 127).  Scherer’s group illustrated that 

rosiglitazone induced a dramatic increase in the ratio of HMW to total adiponectin in both 

diabetic mice and humans (120).  Interestingly, improvements in insulin sensitivity with TZD 

treatment correlated with the ratio of HMW adiponectin to total, but not with total adiponectin 

itself (120), suggesting that the shift in the secretion of higher order multimers of adiponectin is 

the prevailing factor by which TZD-mediated increases in adiponectin enhance insulin 

sensitivity.  Phillips et al. confirmed that TZD treatment increases circulating HMW adiponectin 

in type 2 diabetic individuals but found no effect of TZD treatment on cellular multimer 

distribution of adiponectin (127), indicating that TZDs may upregulate secretion of HMW 

adiponectin without necessarily increasing cellular content.   

In short, these studies provide convincing evidence for a TZD-mediated increase in 

adiponectin, which may serve as an important mechanism by which TZD treatment enhances 

insulin sensitivity.  

 

1.2.3 Mechanisms by which dietary fatty acids and TZDs regulate adiponectin: 

Various mechanisms have been proposed for the role of SFA, long-chain n-3 PUFA, and 

TZDs in modulating adiponectin in rodents and humans.  The following section will discuss the 

role of PPARȖ and AMPK activation, as well as changes in adipose tissue morphology and 

inflammation, as potential underlying mechanisms by which dietary fatty acids and TZDs 

influence adiponectin synthesis and secretion. 
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a) PPARȖ 

PPARȖ represents a nuclear receptor protein involved in the regulation of adipogenesis 

and carbohydrate and lipid metabolism (90).  PPARȖ is a ligand-activated transcription factor 

known to heterodimerize with retinoid x receptor and bind to PPAR-responsive elements 

(PPRE), thereby upregulating expression of its target genes (140).  Iwaki et al. identified the 

existence of a PPRE in the promoter region of the adiponectin gene (65), and research strongly 

suggests that PPARȖ agonists serve to upregulate the expression of adiponectin (53, 113, 119).  

Interestingly, long-chain n-3 PUFA and their derivatives are activators of PPARȖ (189).  

Recently, both in vitro and in vivo studies have signified the necessity of PPARȖ in the n-3 

PUFA-mediated upregulation of adiponectin (8, 113, 119).  Work from our laboratory 

demonstrated that antagonism of PPARȖ significantly attenuates the n-3 PUFA-mediated 

induction of adiponectin secretion from mouse adipocytes (119), and these results are in 

agreement with findings in rat adipocytes (8).   

Perhaps the strongest in vivo evidence for a role of PPARȖ in mediating n-3 PUFA-

induced increases in adiponectin comes from a study in which the feeding of a 27% (of kcal) fish 

oil diet for 15 days led to a 2-3 fold increase in plasma adiponectin concentrations in mice (113).  

However, administration of the fish oil diet combined with the PPARȖ antagonist, BADGE 

completely abolished the n-3 PUFA-mediated rise in circulating adiponectin (113).  It is also 

noteworthy that when PPARĮ-null mice received the same fish oil diet, adiponectin levels 

increased to similar levels observed in the wildtype mice, suggesting that n-3 PUFA mediate 

adiponectin specifically via the gamma isoform of PPAR (113).  Finally, in contrast to n-3 

PUFA, evidence suggests that SFA may actually downregulate PPARȖ expression (169).  In 

overweight subjects at risk for metabolic syndrome, consumption of a high SFA diet for 8 weeks 
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led to a significant decrease in PPARȖ expression in subcutaneous adipose tissue (169), which 

may serve as an underlying mechanism for the dietary SFA-induced impairment in adiponectin 

secretion, but this requires further study.   

Similar to n-3 PUFA, PPARȖ is also the primary molecular target of TZDs (90).  Data 

from an adiponectin knockout mouse model demonstrated that adiponectin is necessary for TZD-

mediated improvements in insulin sensitivity (112), implicating a role for PPARȖ agonism in the 

upregulation of adiponectin.   Indeed, other work has shown that pioglitazone directly stimulates 

expression of PPARȖ and this is required for TZD-mediated increases in adiponectin secretion 

from cultured adipocytes (53).  Additionally, rosiglitazone treatment failed to increase 

adiponectin levels in patients with a dominant-negative PPARȖ mutation, further emphasizing 

that TZDs induce adiponectin transcription via a PPARȖ-dependent mechanism at the whole 

body level (25).  Given that PPARȖ is well established as the primary receptor protein for TZDs 

(90), it is logical to largely accredit the enhancement of adiponectin secretion by TZD treatment 

to a PPARȖ-dependent mechanism.   

In summary, substantial evidence exists for a mechanistic role of PPARȖ in the n-3 

PUFA- and TZD-mediated upregulation of adiponectin.     

 

b) AMPK 

A more limited body of evidence suggests that lifestyle factors, including dietary n-3 

PUFA, may also increase adiponectin via stimulation of AMPK.  Pharmacological activation of 

AMPK by AICAR has been demonstrated to increase adiponectin gene expression in a dose-

dependent manner in adipose tissue explants from normal and overweight individuals (91).  

Although the direct AMPK-mediated regulation of adiponectin secretion by n-3 PUFA has yet to 
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be examined, several groups have reported that n-3 PUFA can effectively stimulate AMPK (49, 

94, 106).  Incubation of both mature murine adipocytes and pre-adipocytes with 100-200 µM 

EPA for 24 hours induced a significant increase in the phosphorylation of AMPK (94).  

Furthermore, dietary n-3 PUFA increased adiponectin mRNA expression in liver and skeletal 

muscle of high fat fed rats (106), and induced AMPK phosphorylation in liver, skeletal muscle, 

and adipose tissue of ob/ob mice (49).   

In contrast to the abovementioned studies, 14 days of dietary fish oil (5% of kcal) did not 

affect AMPK phosphorylation and protein content in skeletal muscle, liver and heart in wildtype 

mice (34).  In addition to using a healthy animal model, the n-3 PUFA feeding duration was 

relatively short (14 days vs. 5-6 weeks in preceding studies), which may provide an explanation 

for their conflicting results.  Given that n-3 PUFA can successfully stimulate AMPK (49, 94, 

106), and AMPK activation is known to increase adiponectin secretion (91), investigating the 

role of AMPK as a potential mechanism by which n-3 PUFA increase adiponectin is warranted.  

Additionally, while TZDs are classically accepted as PPARȖ agonists, a single dose of 

troglitazone has also been shown to phosphorylate AMPK in skeletal muscle, liver and adipose 

tissue in Sprague-Dawley rats (86), suggesting that TZDs may also regulate adiponectin via 

AMPK although this requires further study.   

 

c) Adipose tissue morphology 

In addition to increasing adiponectin expression and secretion directly, n-3 PUFA may 

also stimulate adiponectin by regulating adipogenesis and inflicting a change in adipocyte 

morphology.  Since adipocyte size represents a known determinant of the adipokine secretory 

profile, with smaller adipocytes synthesizing and secreting more adiponectin than larger 
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adipocytes (192), such a change may provide another mechanism for lifestyle-induced 

modifications of adiponectin.  Manickam and colleagues found that incubation of 3T3-L1 

adipocytes with 100 µM EPA exerted a suppressive effect on lipid droplet formation and this 

was associated with an elevation in adiponectin gene expression (99).  Similarly, 25-200 µM 

DHA inhibited adipocyte differentiation, induced apoptosis, and promoted lipolysis in post-

confluent preadipocytes (74).  Evidence from these in vitro studies is complemented by a study 

examining the n-3 PUFA-mediated regulation of adipocyte proliferation and differentiation in 

mice with diet-induced obesity (57).  After consuming a high fat (35% of energy) corn oil-based 

diet for 8 weeks, the replacement of 15% of the dietary fat with an n-3 PUFA concentrate 

resulted in an increase in plasma adiponectin and a corresponding decrease in epididymal fat pad 

weight as well as adipocyte size (57).       

Likewise, TZD administration has also been shown to regulate adipose tissue mass and 

morphology.  More specifically, 15 days of troglitazone treatment resulted in a four-fold increase 

in the number of small adipocytes and induced apoptosis of larger adipocytes, without any 

change in total adipose tissue weight, in obese Zucker rats (117).  Similarly, rosiglitazone 

treatment led to a significant decrease in adipocyte size in Sprague-Dawley rats fed either a low- 

or high-fat diet (66).  Given that the secretion of adipokines, including adiponectin, from adipose 

tissue is highly dependent on both adiposity (6) and adipocyte size (193), it stands to reason that 

n-3 PUFA and TZD may upregulate adiponectin, in part, by reducing adipocyte hyperplasia and 

hypertrophy.   
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d) Macrophage infiltration and inflammation 

Changes in the release of inflammatory adipokines from adipose tissue in obesity are 

largely accredited to an increase in macrophage infiltration (183).  Macrophages have been 

shown to inhibit adiponectin secretion and promote the release of inflammatory cytokines, 

including TNF-Į and IL-6 (156).  Furthermore, there is considerable evidence to suggest that the 

release of pro-inflammatory adipokines from adipose tissue-derived macrophages can exert 

paracrine effects on adipocytes, thereby inhibiting the synthesis and secretion of adiponectin.  

Treatment of 3T3-L1 adipocytes with IL-6 decreased the expression and secretion of adiponectin 

by 50% and 75%, respectively (41).  Similar impairments in adiponectin transcription are 

reported with TNF-Į treatment in adipocytes (202).  Recently, data has emerged to suggest that 

n-3 PUFA may act to prevent impairments in adiponectin secretion induced by inflammatory 

cytokines (60, 64, 123, 162).  In a study by Itoh and colleagues using a co-culture system of 3T3-

L1 adipocytes and RAW264 macrophages, 100-200 µM EPA was shown to mitigate the co-

culture-induced increase in TNF-Į gene expression in macrophages (64).  Furthermore, 5 weeks 

of EPA supplementation (1 g/kg/day) in high fat fed Wistar rats was shown to effectively prevent 

the induction of TNF-Į expression in adipose tissue (123).  From these two studies, it seems 

likely that n-3 PUFA may alleviate reductions in adiponectin by downregulating expression of 

pro-inflammatory adipocytes that interfere with its secretion.  

Moreover, n-3 PUFA may also prevent the decrease in adiponectin that is induced by 

pro-inflammatory cytokines through inhibition of macrophage infiltration into the adipose tissue 

itself.  Todoric et al. found that feeding a high SFA diet (30% of kcal from lard) for 6 weeks 

induced a marked increase in macrophage infiltration in obese diabetic mice and this was 

paralleled by an increase in inflammatory gene expression (162).  However, replacement of 12% 
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of the lard with a high n-3 PUFA fish oil concentrate completely prevented the exacerbated state 

of adipose tissue macrophage infiltration and upregulated inflammatory gene expression that was 

triggered by the high SFA diet (162).  Intriguingly, n-3 PUFA have also been shown to 

downregulate expression of matrix metalloproteinases required for macrophage infiltration into 

adipose tissue (60), supporting a role for n-3 PUFA in preventing inflammation by contributing 

to a remodelling of adipose tissue.  

In addition to increases in macrophage infiltration in obesity, the activation of 

inflammatory pathways may also contribute to a downregulation of adiponectin secretion by pro-

inflammatory cytokines.  SFA are known ligands for toll-like receptor (TLR)4 and, upon 

binding, initiate an inflammatory cascade that culminates in the activation of nuclear factor (NF)-

țB and expression of inflammatory cytokines (101).  Shi et al demonstrated that SFA treatment 

induced a TLR4 dependent activation of NF-țB in macrophages and this resulted in increased 

IL-6 expression (144).  Interestingly, research suggests that n-3 PUFA may aid in 

downregulating the SFA-mediated activation of TLR4 and NF-țB, thereby preventing increases 

in pro-inflammatory adipokines that can inhibit adiponectin secretion.  For example, 5 µM EPA 

or DHA prevented lauric acid-induced activation of NF-țB in RAW264 macrophages (88), while 

EPA effectively suppressed induction of NF-țB activity by palmitic acid in RAW264 

macrophages (64).  Taken together, these studies suggest that n-3 PUFA may downregulate 

inflammatory signalling pathways induced by SFA, thereby alleviating the suppression of 

adiponectin by pro-inflammatory cytokines.  
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Figure 1.4: Modulation of adiponectin secretion from adipocytes.  TZDs and n-3 PUFA 

activate PPARȖ, and possibly AMPK, to upregulate adiponectin secretion.  SFA activate TLR4 

and stimulate inflammatory pathways involving NF-țB to downregulate adiponectin secretion.  

n-3 polyunsaturated fatty acids (PUFA), thiazolidinediones (TZD), AMP-activated protein 

kinase (AMPK), peroxisome proliferator-activated receptor (PPAR)Ȗ, saturated fatty acids 

(SFA), toll-like receptor (TLR)4, nuclear factor (NF)-țB, tumour necrosis factor (TNF)-Į, 

interleukin (IL)-6. 

 
To summarize, there is good evidence to suggest that activation of PPARȖ and AMPK 

and changes in inflammatory signalling pathways are underlying mechanisms by which dietary 

fatty acids and TZDs regulate the synthesis and secretion of adiponectin.  Adiponectin is also 

known to undergo considerable post-translational modifications prior to its release from 

adipocytes (180), and TZDs have been shown to regulate endoplasmic reticulum chaperone 

proteins involved in the release of adiponectin from the cell (181).  Although it is not a focus of 
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this thesis, research investigating the role of n-3 PUFA in modulating the expression and 

function of these aforementioned chaperone proteins is also warranted. 

 

Section 1.3: High saturated fat diets and skeletal muscle insulin response 
 
 While changes in adipokine secretion from adipose tissue in obesity are known to 

contribute to systemic inflammation and insulin resistance, the influence of adipose-derived 

factors on the function of peripheral tissues such as skeletal muscle also plays an important role 

in governing whole body metabolism. 

 

1.3.1 Fatty acid overload and impairments in insulin response 

Skeletal muscle is responsible for approximately 80% of insulin-stimulated glucose 

disposal (29), rendering it a vital tissue in the maintenance of whole body glucose homeostasis.  

Exposure of skeletal muscle to excess fatty acids is a known contributor to impairments in 

insulin responsiveness.  Indeed, skeletal muscle insulin resistance has been induced by SFA 

exposure in cultured L6 myotubes (33) and isolated muscle strips (161), as well as in response to 

lipid infusion (35) and administration of a high SFA diet (108).  Impairments in skeletal muscle 

insulin signalling in response to fatty acid surplus are attributed to several factors, most notably 

the accumulation of muscle lipid species (129, 199) and activation of intracellular inflammatory 

signalling pathways (144). 

 

1.3.2 Accumulation of muscle lipids 

The evidence supporting a connection between the accumulation of lipid species in 

skeletal muscle and impairments in insulin signalling is exceedingly convincing.  Upon uptake 
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into skeletal muscle, fatty acids are either oxidized or partitioned into storage, primarily in the 

form of triacylglycerides (TAGs), as well as diacylglycerides (DAGs) and ceramides.  

Accumulation of intramuscular TAGs is negatively correlated with insulin sensitivity and has 

traditionally served as a classic marker of insulin resistance (121).  However, more recent studies 

suggest that TAGs are relatively inert in function and simply represent a surrogate marker for 

other more reactive lipid species (93).  In fact, evidence suggests that TAG stores may even 

provide a protective effect with regards to insulin sensitivity by shunting fatty acids away from 

deleterious DAG and ceramide pools (93).  Both DAGs and ceramides are also increased in 

obese muscle (105) and in contrast to TAGs, have been shown to directly interfere with insulin 

signalling (129, 199).  DAGs are thought to signal via protein kinase C to interfere with 

phosphorylation of IRS-1 (199), whereas ceramides act to directly inhibit Akt (129).  As such, 

the accumulation of intramuscular DAGs and ceramides represents an important link between 

fatty acid oversupply and the development of skeletal muscle insulin resistance.   

The cellular mechanisms contributing to the accumulation of muscle lipids in response to 

fatty acid overload is a multifactorial process.  One contributing factor is an increase in fatty acid 

uptake resulting from the redistribution of fatty acid transporters (i.e. FAT/CD36) from the 

cytosol to the plasma membrane (13).  Bonen et al. showed a 4-fold increase in rate of fatty acid 

uptake in muscle from obese and type 2 diabetics that was associated with an increase in 

FAT/CD36 content at the membrane, leading to an increase in muscle lipid content (13).  

Additionally, impaired rates of fatty acid oxidation may also play a role in muscle lipid 

accumulation; however, the evidence is inconsistent.  Exercise-induced increases in fatty acid 

oxidation are associated with improvements in insulin sensitivity (50) and a blunted rate of 

palmitate oxidation has been reported in muscle from extremely obese individuals (62).  Obese 
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muscle is also resistant to both adiponectin (108) and leptin’s (154) stimulatory effects on fatty 

acid oxidation.  Despite this, recent studies generally concede that rates of fatty acid oxidation in 

obese muscle are similar (16, 154), if not increased (168), perhaps as a compensatory 

mechanism.  Consequently, the relative contribution of reduced rates of oxidation to skeletal 

muscle lipid accumulation remains unclear.  Finally, a more recent body of evidence also 

suggests a role for increased production of mitochondrial reactive oxygen species in response to 

fatty acid overload in the etiology of skeletal muscle insulin resistance (5). 

 

1.3.3 Activation of intracellular inflammatory pathways 

Chronic exposure to a high SFA diet evokes a systemic inflammatory response that is 

characterized not only by an increase in circulating inflammatory cytokines but also by the 

activation of cellular inflammatory pathways in tissues including skeletal muscle.  TLR4 

represents a ligand-activated membrane receptor that plays an important role in innate immunity 

(165).  Although lipopolysaccharides are considered classical activators of TLR4 (165), evidence 

suggests that SFA also serve as TLR4 ligands (144).  SFA activate TLR4 to initiate a 

downstream signalling cascade involving the activation of IKK, subsequent inactivation of IțBĮ 

and translocation of NF-țB to the nucleus to upregulate inflammatory gene expression (144) 

(Figure 1.5).  As such, both lipid infusion (131) and high SFA diets (196) have been 

demonstrated to activate the TLR4/NF-țB pathway in skeletal muscle.  Importantly, unsaturated 

fatty acids are incapable of stimulating TLR4 (88, 146) and both DHA and EPA have been 

shown to actually inhibit TLR signalling (87, 102), suggesting a role for n-3 PUFA in preventing 

SFA-induced activation of skeletal muscle inflammation.      
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Figure 1.5: Proposed mechanism for the activation of TLR4/NF-țB signalling pathway by 

SFA.  SFA activate TLR4 to stimulate IKK, which decreases IțBĮ and allows for the 

translocation of NF-țB to the nucleus to upregulate the expression of inflammatory genes.  n-3 

PUFA act to inhibit the activation of this pathway.  Saturated fatty acids (SFA), n-3 

polyunsaturated fatty acids (PUFA), toll-like receptor (TLR)4, IțB kinase (IKK), inhibitor of 

kappa B alpha (IțBĮ), nuclear factor (NF)-țB. 

 

In addition to intramuscular lipid accumulation, activation of the aforementioned 

inflammatory pathways in skeletal muscle may represent an underlying mechanism by which 

excess dietary lipid consumption contributes to insulin resistance.  Sinta et al. found that 

inhibition of NF-țB either directly or by inhibiting its upstream activator, IKK effectively 

prevents palmitate-induced impairments in insulin-stimulated glucose transport in myocytes 
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(146).  Similarly, blocking TLR4 activity has been shown to prevent reductions in glucose 

uptake in cultured L6 myotubes treated with palmitate (131).  These findings are complemented 

by in vivo studies demonstrating that TLR4 knockout mice display partial protection against 

insulin resistance induced by both lipid infusion (131, 144) and administration of a high fat diet 

(144).  Lastly, muscle from obese insulin resistant humans exhibits both elevated TLR4 

expression and IțB/NF-țB signalling compared to muscle from lean, insulin sensitive humans 

(133).  Collectively, these studies support a role for inflammation as an important underlying 

mechanism by which lipid oversupply impairs skeletal muscle insulin response.  

 

Section 1.4: Adipose tissue-skeletal muscle cross-talk 

Given the strong causal link between obesity and skeletal muscle insulin resistance, the 

role of adipose-derived factors in communicating with skeletal muscle to affect its function is of 

interest.  The following section will summarize the research conducted to date on the cross-talk 

that occurs between adipocytes and myocytes, as well as highlight some of the limitations of this 

current body of work. 

 

1.4.1 Regulation of myocyte insulin signalling by adipocyte-derived factors 

In 2002, Dietze and colleagues developed a novel in vitro co-culture system to study the 

paracrine communication between adipocytes and myocytes and its role in the development of 

skeletal muscle insulin resistance (30).  Co-culture of human myocytes with isolated human 

adipocytes for 48 hours was shown to impair myocyte insulin signalling, as evidenced by blunted 

insulin-stimulated phosphorylation of both IRS-1 and Akt (30).  Thus, it appears that adipocyte-
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derived factors may communicate with myocytes to interfere with insulin signalling, thereby 

contributing to the development of insulin resistance.   

As the adipocyte secretory profile is known to change in response to expanding adipose 

tissue mass (148), Skurk et al. assessed the role of both BMI and adipocyte size in mediating the 

communication between adipose tissue and skeletal muscle (147).  In keeping with the results of 

Dietze et al. (30), exposure of human myocytes to adipocyte-conditioned medium significantly 

blunted Akt phosphorylation by insulin (147).  Importantly, this impairment was significantly 

exacerbated with both an increasing BMI and adipocyte volume (147).  It is also noteworthy that 

adipocytes obtained from the omental depot induced a more pronounced blunting in Akt 

phosphorylation compared to subcutaneous adipocytes (147).  Therefore, the communication 

between adipocytes and myocytes appears to be regulated by adiposity, adipocyte size, and 

anatomical location of fat, providing a potential underlying mechanism by which obesity 

contributes to skeletal muscle insulin resistance. 

 

1.4.2 MCP-1 and activation of NF-țB as regulators of adipocyte-myocyte cross-talk 

In an attempt to identify key factors responsible for the observed impairments in myocyte 

insulin signalling, levels of inflammatory cytokines in the co-culture medium were quantified 

and compared to those required to reduce insulin signalling as determined by dose-response 

studies (30).  Levels of TNF-Į and resistin in the co-culture medium were found to be 

considerably lower than those required to impair muscle insulin signalling, suggesting that these 

adipokines are not responsible for the observed loss of insulin response (30).  Similarly, in a 

follow-up study, levels of IL-6, IL-8, and macrophage inflammatory protein-1Į/ȕ released from 

human adipocytes were found to be insufficient to induce impairments in insulin signalling in 
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isolated muscle cells (141).  However, it must be acknowledged that although the concentration 

of each cytokine in isolation was inadequate to impair insulin signalling in accordance with the 

dose-response studies, it is possible that their cumulative effects would indeed be sufficient.  In 

contrast to the abovementioned cytokines, MCP-1 concentration in the medium was 

representative of that required to impair both insulin signalling and glucose uptake in myocytes, 

suggesting MCP-1 may represent a key mediator of adipose-muscle cross-talk and ensuing 

changes in insulin sensitivity (141).   

Furthermore, there is also evidence to suggest that adipose-derived signals may mediate 

changes in insulin signalling in skeletal muscle via inflammatory pathways involving activation 

of IKK and its downstream target, NF-țB.  In support of this, decreased Akt phosphorylation in 

response to acute exposure of human myocytes to adipose-conditioned medium for 30 minutes 

was paralleled by an activation of NF-țB in myocytes (31).  Notably, both NF-țB activation and 

impairments in insulin signalling were prevented by co-administration of an IKK inhibitor (31), 

further substantiating an important role for inflammation in mediating the communication 

between adipocytes and myocytes.  As activation of NF- țB has been previously shown to 

induce MCP-1 expression (157), it is also possible that activation of these intracellular 

inflammatory pathways further perpetuates impairments in myocyte insulin signalling induced 

by MCP-1 in a feedforward manner, but this requires further study.  Importantly, the role of 

dietary fatty acids known to alter the adipokine secretory profile (42, 43) and induce changes in 

inflammation (7), in regulating the communication between adipose tissue and skeletal muscle 

has yet to be examined and also merits investigation.  

 

 



33�
�

1.4.3 Prevention and reversibility of adipocyte-induced changes in myocyte function 

Studies have addressed the ability of factors to prevent adipocyte-myocyte co-culture 

induced impairments in insulin signalling.  In a co-culture of human myocytes and adipocytes, 

the addition of troglitazone to the culture medium prevented the decrease in insulin-stimulated 

IRS-1 and Akt phosphorylation in the myocytes (30).  Given the experimental design, however, 

it was impossible to determine if troglitazone exerted this protective effect by acting on the 

adipocytes or the myocytes or both, limiting the mechanistic interpretations that can be drawn 

from this work.  In a subsequent study by the same group, the addition of synthetic adiponectin 

to a co-culture of human adipocytes and myocytes also effectively prevented impairments in 

myocyte insulin signalling (32).  To advance understanding of the mechanisms involved, 

myocytes were concomitantly incubated with adipose-conditioned medium and synthetic 

adiponectin to determine if the same protective effect would be observed in the absence of 

adipocyte exposure to adiponectin (32).  Interestingly, Akt phosphorylation remained blunted, 

indicating that the prevention of impairments in insulin signalling was attributable to an effect of 

adiponectin on the adipocytes themselves (32).     

Given that the adipokine-induced disruption of myocyte insulin signalling can be 

prevented by exposure to sensitizing factors such as troglitazone and adiponectin, Sell and 

colleagues subsequently addressed the potential reversibility of co-culture induced insulin 

resistance in myocytes (142).  To this end, human myocytes were exposed to adipose-

conditioned medium for 24 hours at which point the adipose-conditioned medium was removed 

and replaced with normal, adipose-free culture medium for an additional 24 or 48 hours (142).   

Regeneration of the myocytes in adipose-free medium effectively restored insulin signalling as 

evidenced by normalization of Akt phosphorylation (142).  However, it is noteworthy that while 
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impairments in insulin signalling were reversed, the adipose-induced increase in MCP-1 

secretion from the myocytes remained elevated at both 24 and 48 hours post-removal of the 

adipose-conditioned medium (142).  Therefore, while the withdrawal of signals from adipocytes 

may reverse impairments in myocyte insulin signalling, it is possible that changes induced in the 

myocyte secretory profile may persist in an irreversible manner. 

 

1.4.4 Regulation of adipose tissue by muscle-derived factors 

Although most adipose-muscle cross-talk research to date is adipocentric in nature, 

myocyte-derived factors (or myokines) are also known to regulate the function of adipocytes as 

well.  IL-6 is a classic example of a cytokine that is released from both myocytes and adipocytes 

(170) and, therefore, represents a factor involved in the bi-directional communication between 

adipose tissue and skeletal muscle.  Secretion of IL-6 from skeletal muscle increases during 

exercise (152), and has been shown to stimulate lipolysis in adipose tissue (170).  As such, IL-6 

appears to serve an important role in the acute liberation of fatty acids for oxidation during 

exercise.  Conversely, plasma IL-6 levels are positively correlated with obesity (173) and chronic 

exposure of skeletal muscle to IL-6 is associated with impairments in insulin responsiveness 

(115).  Therefore, while IL-6 exerts favourable effects acutely during exercise, chronic elevation 

of circulating IL-6 levels may contribute to the development of insulin resistance, illustrating an 

interesting paradoxical role of IL-6 in the communication between adipose tissue and skeletal 

muscle.   

Furthermore, IL-15 represents a second myokine known to communicate with adipose 

tissue to regulate its function.  In addition to its important immunological role, IL-15 is highly 

expressed in skeletal muscle where it functions in an autocrine manner to stimulate muscle 
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growth by upregulating expression of contractile proteins (19).  Interestingly, IL-15 has also 

been shown to regulate adiposity (19).   Subcutaneous injection of IL-15 for 7 days led to a 33% 

decrease in adipose tissue mass in male Wistar rats and this was associated with both a decrease 

in lipoprotein lipase activity and a decreased rate of lipogenesis (19).  Therefore, while IL-15 

functions in an autocrine manner to stimulate muscle growth, it may also decrease adiposity in an 

endocrine fashion.  In support of this, a negative association between plasma IL-15 levels and 

both total fat mass and trunk fat mass has been demonstrated in humans (114).  To summarize, 

although research investigating the role of myocyte-derived factors in mediating muscle-adipose 

cross-talk is limited, IL-6 and IL-15 represent two myokines involved in the regulation of 

adiposity, thus further substantiating the significance of cross-talk between these two tissues.   

 

1.4.5 Summary and limitations of current adipose tissue-skeletal muscle cross-talk research     

In summary, a significant body of literature exists at the in vitro level suggesting that 

adipocytes communicate with myocytes to impair insulin signalling, ultimately contributing to 

the development of insulin resistance.  However, as adipose tissue is comprised of multiple cell 

types, the role of non-adipocyte cells in mediating the cross-talk between adipose tissue and 

skeletal muscle requires examination.  This is especially true of adipose tissue resident 

macrophages given their abundant secretion of inflammatory cytokines including MCP-1, which 

has been implicated as a key mediator of adipose-muscle cross-talk with regards to insulin 

sensitivity (141).  It is also important to acknowledge that in addition to adipokines, free fatty 

acids are also released from adipose tissue and likely play an important role in mediating 

adipose-muscle cross-talk.  Therefore, while the current evidence derived from adipocyte-

myocyte co-culture studies at the cellular level is indeed intriguing, additional work at the whole 
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adipose tissue-skeletal muscle level is warranted to better understand the role of adipose tissue-

skeletal muscle communication in mediating changes in insulin sensitivity.  In addition, the role 

of dietary fatty acids known to modify the adipose tissue secretory profile (42, 43) has not been 

evaluated in adipose tissue-skeletal muscle cross-talk studies to date and also requires 

examination.      

 

Section 1.5: Conclusions 

Adipose tissue represents an active endocrine organ that can communicate with skeletal 

muscle to regulate lipid metabolism and insulin sensitivity.  Adipose-derived adiponectin is an 

anti-inflammatory adipokine that stimulates skeletal muscle fatty acid oxidation, thereby 

improving insulin responsiveness.  However, both the secretion of adiponectin from adipose 

tissue and its stimulatory effects on skeletal muscle are impaired in obesity and in response to a 

high SFA diet.  In contrast, dietary long-chain n-3 PUFA are thought to increase adiponectin 

secretion from adipocytes, possibly through a PPARȖ-dependent mechanism, although this has 

not been studied in human cells.  In addition, the role of n-3 PUFA in mediating the response of 

skeletal muscle to adiponectin, as well as any associated functional effects on insulin response, 

are completely unknown.  Finally, despite convincing evidence at the cellular level to suggest 

that adipocytes communicate with myocytes to regulate insulin signalling, the role of adipocyte-

derived factors in regulating muscle insulin response at the whole tissue level has yet to be 

directly examined.  Investigation of n-3 PUFA-mediated modulation of adiponectin secretion and 

ensuing changes in skeletal muscle adiponectin and insulin responsiveness would enhance our 

understanding of a promising nutritional approach to aid in the management of obesity and 

related pathologies.   
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Chapter 2: Aims of the Thesis 

Obesity is characterized by dysregulated adipokine secretion from adipose tissue, 

contributing to a state of whole body low-grade inflammation and impairments in lipid 

metabolism and insulin response in peripheral tissues, including skeletal muscle.  Adiponectin is 

a beneficial adipokine that has been shown to exert peripheral effects on skeletal muscle to 

stimulate fatty acid oxidation (36); however, this effect is blunted in obesity (16, 154) and in 

response to consumption of a high SFA diet (108).  Whereas high SFA diets are closely linked to 

obesity and the development of insulin resistance, fish-oil derived n-3 PUFA are thought to exert 

protective effects, possibly by modulating adiponectin, an anti-inflammatory and insulin-

sensitizing adipokine. 

To date, studies examining dietary fat-mediated modulation of adiponectin secretion from 

rodent adipocytes have yielded inconsistent findings (17, 64, 95, 113) and, importantly, no such 

studies have been conducted with human adipocytes.  Additionally, given the strong causal link 

between obesity and insulin resistance, the role of adipose-derived factors in communicating 

with skeletal muscle to affect its function is of importance.  Despite a reported positive 

association between n-3 PUFA and circulating adiponectin (3, 64, 76, 78, 116), the role of n-3 

PUFA in mediating skeletal muscle response to adiponectin, as well as any associated functional 

effects in muscle, such as insulin responsiveness, is unknown.  In a co-culture of human 

adipocytes and myocytes, adipocyte-derived factors impair myocyte insulin signalling (30), 

suggesting that cross-talk between these two tissues may play a key role in regulating insulin 

sensitivity.  However, the communication between adipose and muscle, as well as its modulation 

by dietary fatty acids, had never been studied at the whole tissue level.  Given the important 

contribution of non-adipocyte cells such as macrophages to the secretory profile of adipose tissue 
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(156), as well as the association between dietary fatty acid intake and circulating adipokine 

levels (43), such investigation is warranted. 

  
The primary objective of the thesis was to investigate the role of n-3 PUFA in the 

modulation of adiponectin secretion and ensuing changes in skeletal muscle inflammation and 

adiponectin and insulin responsiveness.  To this end, three studies were conducted. 

 
The specific objectives of study 1 were: 

1) To examine the modulation of adiponectin secretion and cellular protein content by long-

chain n-3 PUFA and rosiglitazone (a TZD) in cultured primary human adipocytes. 

2) To determine if n-3 PUFA mediate their effects on adiponectin via a PPARȖ-dependent 

mechanism.  

 
The specific objectives of study 2 were: 

1) To determine if long-chain n-3 PUFA could prevent and/or restore high SFA diet-induced 

impairments in adiponectin and insulin response in rodent soleus muscle. 

2) To elucidate the potential mechanisms by which n-3 PUFA exert these effects.   

 
The specific objectives of study 3 were: 

1) To develop an ex vivo model to study the communication between adipose and skeletal 

muscle at the whole tissue level. 

2) To determine the effects of a high SFA diet, with or without long-chain n-3 PUFA, on the 

adipose tissue secretory profile and ensuing changes in skeletal muscle inflammation and 

insulin sensitivity in rodents. 
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The overall hypotheses of the thesis were: 

1) Treatment with n-3 PUFA, as well as rosiglitazone, would increase adiponectin secretion 

and cellular protein content and this would occur via a PPARȖ-dependent mechanism. 

2) Dietary n-3 PUFA would prevent and restore high SFA diet-induced impairments in both 

adiponectin and insulin response via reduced activation of inflammatory pathways. 

3) Consumption of a high SFA diet would decrease adiponectin and increase pro-

inflammatory cytokine release from adipose tissue, leading to skeletal muscle 

inflammation and impaired insulin sensitivity, and this would be prevented by dietary n-3 

PUFA. 
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Chapter 3:  Eicosapentaenoic acid and rosiglitazone increase adiponectin in an additive 

and PPARȖ-dependent manner in cultured human adipocytes.   

 

As published with minor revisions: 

Tishinsky JM, Ma DWL, and Robinson LE.  Eicosapentaenoic acid and rosiglitazone 

increase adiponectin in an additive and PPARȖ-dependent manner in cultured human 

adipocytes.  Obesity (Silver Spring). 2011 Feb;19(2):262-8. 

 

3.1 Abstract 

Adiponectin, an anti-inflammatory and insulin-sensitizing protein secreted from adipose 

tissue, may be modulated by dietary fatty acids, although the mechanism is not fully known.  Our 

objective was to investigate the effect of long-chain n-3 polyunsaturated fatty acids (PUFA) on 

adiponectin in cultured human adipocytes, and to elucidate the role of PPARȖ in this regulation.  

Isolated human adipocytes were cultured for 48 h with 100 µM eicosapentaenoic acid (C20:5n-3, 

EPA), docosahexaenoic acid (C22:6n-3, DHA), palmitic acid (C16:0), 100 µM EPA plus 100 

µM DHA or bovine serum albumin (control).  Additionally, adipocytes were treated for 48 h 

with a PPARȖ antagonist (BADGE) or agonist (rosiglitazone) in isolation or in conjunction with 

either EPA or DHA.  At 48 h, EPA and DHA increased (P < 0.05) adiponectin secretion by 88% 

and 47%, respectively, while EPA, but not DHA, also increased (136%, P < 0.001) cellular 

adiponectin protein.  Interestingly, PPARȖ antagonism completely abolished the DHA-mediated 

increase in secreted adiponectin, but only partially attenuated the EPA-mediated response.  Thus, 

EPA’s effects on adiponectin do not appear to be entirely PPARȖ mediated.  Rosiglitazone 

increased (P < 0.001) secreted and cellular adiponectin protein (90% and 582%, respectively).  
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Finally, the effects of EPA and rosiglitazone on adiponectin secretion were additive (+230% at 

48 h combined, compared to 121% and 124% by EPA or rosiglitazone alone, respectively).  

Overall, our findings emphasize the therapeutic importance of long-chain n-3 PUFA alone, or in 

combination with a PPARJ agonist, as a stimulator of adiponectin, a key adipokine involved in 

obesity and related diseases.  

 

3.2 Introduction 

Obesity, characterized by an excess accumulation of adipose tissue, and obesity-related 

diseases are increasing at an alarming rate (51).  It is now widely accepted that adipose tissue 

represents an active endocrine organ that secretes a multitude of proteins, collectively termed 

adipokines (1).  More specifically, excess adipose tissue in sedentary states is characterized by an 

elevated secretion of pro-inflammatory adipokines, such as interleukin-6, resistin, tumour 

necrosis factor-Į, and monocyte chemotactic protein-1 (132).  In contrast, adiponectin, an anti-

inflammatory and insulin-sensitizing adipokine, is negatively correlated with adiposity (184).  

The precise regulation of adiponectin remains unclear; however, evidence suggests that dietary 

fatty acids are involved (42).    

The long-chain n-3 polyunsaturated fatty acids (PUFA), eicosapentaenoic acid (C20:5n-

3, EPA) and docosahexaenoic acid (C22:6n-3, DHA) are well-known for their anti-inflammatory 

properties (135).  One mechanism by which EPA and DHA may exert such anti-inflammatory 

effects is by modulating adipokine production and secretion (18).  Recent studies examining the 

effects of PUFA on adiponectin secretion from isolated adipocytes have been inconsistent, 

reporting an increase (9), decrease (17, 95) and no change (64, 113); importantly, studies have 

not yet been extended to cultured human adipocytes.  Given the increased availability of n-3 
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PUFA-containing foods in today’s society, examination of how these fatty acids may impact 

adiponectin in a human model is warranted.  

The potential mechanism by which n-3 PUFA modulate adiponectin is unclear, but may 

involve PPARȖ, a nuclear receptor protein that regulates the transcription of several genes, 

including adiponectin (20).  Since long-chain n-3 PUFA are thought to represent natural ligands 

for PPARȖ, this suggests their potential usefulness as a nutrition strategy to modulate 

adiponectin.  In addition, synthetic ligands for PPARȖ, including the insulin-sensitizing drugs 

known as thiazolidenediones (TZD) have also been demonstrated to increase circulating levels of 

adiponectin (97). Thus, both long-chain n-3 PUFA and TZD may upregulate adiponectin by a 

mechanism involving PPARȖ, suggesting that both nutritional and pharmaceutical interventions 

may be useful therapeutic strategies in the treatment of obesity-related diseases.  To the best of 

our knowledge, the regulation of adiponectin by long-chain n-3 PUFA and TZD such as 

rosiglitazone, has yet to be examined using a human adipocyte model.   

Our objective in the current study was to determine the effects of long-chain n-3 PUFA 

on the secretion and cellular protein content of adiponectin in cultured human adipocytes, as well 

as to elucidate the role of PPARȖ in this regulation.  We hypothesized that EPA and DHA, as 

well as rosiglitazone, would increase adiponectin and that this would occur via a PPARȖ-

dependent mechanism.  
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3.3 Methods 

 

3.3.1 Adipocyte culture and differentiation 

Isolated primary subcutaneous human pre-adipocytes from a pooled sample of 5 

overweight female donors were obtained from Zen-Bio Inc. (Research Triangle Park, NC).  The 

donors were non-smokers without type 2 diabetes, with a mean BMI and age of 27.9 kg/m2 

(25.7-28.9 kg/m2) and 45.6 y (37-57 y), respectively.  Pre-adipocytes were incubated with 

preadipocyte medium (Zen-Bio Inc.) in a humidified incubator at 37 ºC with 5% CO2 until fully 

confluent.  The medium was then removed, replaced with 7 mL adipocyte differentiation 

medium (Zen-Bio Inc.) and after 7 d, 4.2 mL of medium was removed from each flask and 

replaced with 5.6 mL of adipocyte maintenance medium (Zen-Bio Inc.).  After 2 d, 4.2 mL of 

medium was removed and replaced with 4.2 mL of adipocyte maintenance medium.  This 

process was repeated for a subsequent 5 d until the adipocytes were fully differentiated and 

exhibited marked lipid accumulation as assessed by microscopy, at which time treatments were 

initiated as described below.  

 

3.3.2 Fatty acid treatments 

14 d after induction of differentiation, adipocytes were rinsed with phosphate buffer 

saline (PBS) (Thermo Fisher Scientific, Ottawa, Canada) and serum starved for 12 h in 

Dulbecco’s Modified Eagle’s Medium (DMEM) prior to fatty acid treatment.  Fatty acid 

treatment solutions were prepared by complexing fatty acids with bovine-serum albumin (BSA) 

in DMEM.  Adipocytes were treated for 48 h with 100 µM of EPA, DHA, palmitic acid, or 100 

µM of EPA plus 100 µM of DHA, all complexed with 20 µM BSA.  BSA alone served as the 
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control.  Fatty acid dosages and duration of treatment were chosen in accordance with pilot 

work, with DHA used as a representative fatty acid of interest (Fig. 3.1).  Samples of the culture 

medium were obtained every 12 h throughout the 48 h treatment period.  After 48 h, adipocytes 

were lysed for protein isolation and all samples were stored at -80 ºC until analysis.  All 

treatments were performed in triplicate and the entire experiment was replicated 3 separate times. 

 

 

Figure 3.1: Fatty acid dose response and timecourse pilot work. Cells were treated with 50, 100, 

125, or 250 µmol/l of DHA for 12, 24, 36, 48, 60, or 72 h. Bovine serum albumin alone acted as 

the control condition. Secreted adiponectin values are means ± s.e.m., n = 3 replicates. DHA, 

docosahexaenoic acid. 
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3.3.3 PPARȖ antagonist (BADGE) and agonist (rosiglitazone) treatment 

PPARȖ antagonist solutions were prepared by dissolving 100 mg of bisphenol A 

diglycidyl ether (BADGE, Cayman Chemical) in 1 mL ethanol and diluting to 100 µM in 

DMEM.  PPARȖ agonist solutions were prepared by dissolving 0.5 mg/mL of rosiglitazone 

(Cayman Chemical, MI, USA) in a 1:3 v/v dimethyl sulfoxide:PBS solution, diluting to 10 nM in 

DMEM.  Doses of rosiglitazone and BADGE were selected in accordance with pilot work (data 

not shown).  The PPARȖ agonist and antagonist solutions were added to the adipocytes alone or 

in combination with 100 µM EPA or DHA, according to the methods described above.  

Adipocytes were incubated for a period of 48 h, during which time the culture medium was 

sampled at 24 h and 48 h.  At 48 h, the adipocytes were lysed for protein isolation and all 

samples were stored at -80 ºC until analysis.  All treatments were performed in triplicate and the 

entire experiment was replicated 3 separate times. 

 

3.3.4 Protein isolation 

Medium was aspirated and the adipocytes were released in 0.25% 1 x Trypsin-

ethylenediamine tetraacetic acid (EDTA) (Invitrogen, Burlington, Canada) and combined with 

DMEM. All subsequent steps were performed on ice. Samples were centrifuged (Microfuge 22R, 

Beckman Coulter) and the cell pellets were washed twice by resuspension in PBS.  Cell pellets 

were then resuspended in PBS with protease inhibitor (Roche Diagnostics) and stored at -80 °C 

for subsequent analysis.   
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3.3.5 Cellular fatty acid composition 

Total lipids were extracted from cell lysates as described by Folch et al (45), then fatty 

acid methyl esters were prepared for analysis by gas liquid chromatography as previously 

described in Lau et al (83).  Fatty acids were identified by comparing the retention times of the 

samples with those of a known standard (GLC463; Nu-Chek Prep, Elysian, MN).   Fatty acid 

composition values are expressed as a percent of total fatty acids.  

 

3.3.6 Secreted and cellular adiponectin protein measurement 

Adiponectin in the cell culture medium was quantified by ELISA (Human Adiponectin 

ELISA, B-Bridge International, Inc., Mountain View, CA) according to the manufacturer’s 

instructions.  Cell lysates were centrifuged to pellet the cells and resuspended in PBS.  Total 

protein was quantified using a bicinchoninic acid protein assay (Fisher Scientific) according to 

the manufacturer’s instructions.  Volumes of cell lysate assayed were standardized by total 

protein.  Cellular adiponectin protein was quantified by ELISA in accordance with procedures 

described above.  A subset of samples consisting of three samples per group per time point was 

analyzed for both secreted and cellular high molecular weight (HMW) adiponectin protein by 

ELISA (Human High Molecular Weight Adiponectin ELISA, Millipore, Billerica, MA) 

 

3.3.7 Statistical analysis 

Adiponectin protein concentration in the medium was analysed for the effect of 

treatment, time, and treatment by time interaction using a two-way analysis of variance 

(ANOVA) for repeated measures.  Cellular adiponectin protein data (obtained at 48 h only) was 

analysed using a one-way ANOVA for effect of treatment.  A Tukey post-hoc test was used to 
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identify significant differences.  Total secreted adiponectin protein data for the fatty acid 

treatment experiments, as well as cellular adiponectin protein data for the PPARȖ antagonist and 

agonist experiments, were not normally distributed and were log-transformed prior to statistical 

analysis.  All other data were normally distributed. Data are expressed as mean ± SEM, unless 

otherwise indicated.  Statistical significance was set at P < 0.05 and all statistical analysis was 

performed using Sigma Stat version 2.03.  

 

3.4 Results 

 

3.4.1 Cellular fatty acid composition 

Adipocytes treated with EPA, DHA, and EPA plus DHA exhibited a significant (P < 

0.05) increase in the fatty acid corresponding to the specific treatment (Table 3.1).  In contrast, 

adipocytes treated with palmitic acid did not contain a higher amount of palmitic acid compared 

to control (P = 0.820).  The fatty acid composition of the adipocytes from the PPARȖ antagonist 

(BADGE) and agonist (rosiglitazone) experiments are not shown, as these did not affect cellular 

fatty acid composition. 
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Table 3.1: Fatty acid composition of total lipids in human adipocytes cultured for 48 h 

 
 

Control 
Palmitic 

Acid EPA DHA EPA+DHA
Fatty acid % of total fatty acids1 
C14:0  1.7 ± 0.5 1.8 ± 0.7 1.9 ± 0.2 1.5 ± 0.6 2.0 ± 1.1 
C16:0  25.1 ± 1.8 29.0 ± 2.4 24.6 ± 2.3 20.2 ± 1.5 20.2 ± 2.8 
C16:1c9  12.6 ± 3.7 11.3 ± 3.7 13.9 ± 3.0 8.9 ± 1.4 9.6 ± 3.7 
C18:0  15.1 ± 3.3 15.3 ± 3.4 11.9 ± 2.5 13.3 ± 2.1 12.9 ± 3.9 
C18:1c9+c11  39.0 ± 1.9 35.8 ± 1.3 33.7 ± 2.2 28.8 ± 4.1 26.3 ± 4.9 
C18:2n6  1.2 ± 0.4 1.2 ± 0.4 0.9 ± 0.2 1.0 ± 0.2 1.2 ± 1.6 
C19:0  1.5 ± 0.3 1.6 ± 0.6 1.1 ± 0.3 1.2 ± 0.5 1.2 ± 0.9 
C20:4n-6  1.0 ± 0.5 1.1 ± 0.4 0.8 ± 0.3 0.8 ± 0.3 0.8 ± 0.7 
C20:5n-3  ND2 ND 5.3 ± 0.8*3 0.9 ± 0.2 4.6 ± 1.8* 
C22:5n-6  0.8 ± 0.2 0.9 ± 0.4 1.0 ± 1.4 0.7 ± 0.4 0.8 ± 0.8 
C22:5n-3  1.2 ± 0.5 1.2 ± 0.6 4.4 ± 2.5* 0.8 ± 0.4 4.4 ± 1.6* 
C22:6n-3  0.6 ± 0.4 0.7 ± 0.4 0.5 ± 0.3 21.9 ± 7.1* 20.1 ± 5.9* 
Total saturates 43.5 ± 5.9 47.7 ± 7.2 39.6 ± 5.3 36.2 ± 4.7 36.3 ± 8.7 
Total 
monounsaturates 51.6 ± 5.6 47.2 ± 4.9 47.6 ± 5.2 37.7 ± 5.5 35.8 ± 8.6 
Total 
polyunsaturates 4.9 ± 2.0 5.2 ± 2.3 12.8 ± 5.5* 26.1 ± 8.6* 31.7 ± 12.4* 
Total n-6 
polyunsaturates 3.1 ± 1.1 3.3 ± 1.3 2.6 ± 1.9 2.6 ± 0.9 2.7 ± 3.1 
Total n-3 
polyunsaturates 1.8 ± 0.9 1.9 ± 1.0 10.1 ± 3.6* 23.5 ± 7.7* 29.0 ± 9.3* 
n6/n3 ratio 1.7 ± 1.2 1.7 ± 1.3 0.3 ± 0.5* 0.1 ± 0.1* 0.1 ± 0.3* 

 

1 Values are percentages of total fatty acids and are expressed as mean ± SD, n = 3 replicates in 

triplicate. 

2 ND, not detected 

3 Asterisk (*) indicates statistically different than control (P < 0.05) as determined by one-way 

ANOVA for effect of treatment. 
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3.4.2 Both EPA and DHA increase adiponectin concentration human adipocyte medium 

The concentration of adiponectin protein in the cell medium significantly increased over 

time (from 12 to 48 h) in all treatment groups (Fig. 3.1A, statistics not shown for clarity).  

Compared to control, secreted adiponectin protein was increased (P < 0.05) by EPA at 24 h, 36 h 

and 48 h by 44%, 86% and 88%, respectively (Fig. 3.2A).   Adiponectin concentration in the 

medium was also increased (P < 0.05) by DHA at 36 h and 48 h by 39% and 47%, respectively 

(Fig. 3.2A).  It is noteworthy that EPA increased secreted adiponectin protein to a greater extent 

than DHA at 36 h (+47%, P < 0.05) and also at 48 h (+41%, P = 0.09).  In contrast, treatment 

with either palmitic acid or the combination of EPA plus DHA, did not significantly affect the 

concentration of adiponectin in the medium (Fig. 3.2A).  HMW adiponectin secretion exhibited 

similar trends to total adiponectin in response to the fatty acid treatments (Fig 3.2B).  
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Figure 3.2: Effect of fatty acids on (A) total and (B) high molecular weight (HMW) adiponectin 

protein secreted from cultured human adipocytes. Cells were treated with 100 µmol/l of palmitic 

acid, EPA, DHA, or 100 µmol/l EPA plus 100 µmol/l DHA, all complexed with bovine serum 

albumin (BSA; 5:1 ratio) for a total of 48 h with medium samples taken every 12 h. BSA alone 

acted as the control condition. Total adiponectin values were log transformed before statistical 

analysis and are presented as geometric means ± pooled s.e.m., n = 3 replicates in triplicate. 

HMW values are means ± s.e.m., n = 3 replicates. Secreted adiponectin protein increased over 

time in all treatment groups (statistics not shown for clarity). Statistical significance is 

represented as *P < 0.05 or **P < 0.01. DHA, docosahexaenoic acid; EPA, eicosapentaenoic 

acid. 

 

3.4.3 EPA, but not DHA, increases cellular adiponectin protein content in human 

adipocytes 

At 48 h, EPA increased (P < 0.05) cellular adiponectin protein content by 136% 

compared to control (Fig. 3.3A).  Interestingly, although DHA increased secreted adiponectin 

protein (Fig. 3.2A,B), it did not affect cellular adiponectin protein (Fig. 3.3A).  Similarly, neither 

palmitic acid nor the combination of EPA and DHA significantly affected the cellular content of 

adiponectin protein at 48 h (Fig. 3.3A).  Once more, the effects of the fatty acids on HMW 

adiponectin protein content mirrored that of total adiponectin protein content (Fig 3.3B).     
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Figure 3.3: Effect of fatty acids on (A) total and (B) high molecular weight (HMW) cellular 

adiponectin protein content in cultured human adipocytes. Cells were treated with 100 µmol/l of 

palmitic acid, EPA, DHA, or 100 µmol/l EPA and 100 µmol/l DHA, all complexed with bovine 

serum albumin (BSA; 5:1 ratio) for 48 h. BSA alone acted as the control condition. Values are 

means ± s.e.m., n = 3 replicates in triplicate for total and n = 3 replicates for HMW. Statistical 

significance is represented as *P < 0.05 or **P < 0.01. DHA, docosahexaenoic acid; EPA, 

eicosapentaenoic acid. 

 

3.4.4 PPARȖ antagonism inhibits n-3 PUFA-induced increase in adiponectin, but to varying 

degrees 

To determine if EPA and DHA increase adiponectin via a PPARȖ-dependent mechanism, 

human adipocytes were incubated with a PPARȖ antagonist (BADGE) alone or in combination 

with EPA or DHA.  BADGE completely attenuated the DHA-mediated increase in secreted 

adiponectin protein, but only partially attenuated the EPA-mediated increase (Fig. 3.4A).  

However, the EPA-mediated increase in cellular adiponectin protein content was completely 

abolished in the presence of BADGE (Fig. 3.4B).  BADGE, alone or in combination with DHA, 

had no effect on cellular adiponectin protein content (Fig. 3.4B).   
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Figure 3.4: Effect of peroxisome proliferator–activated receptor-Ȗ (PPARȖ) antagonism on the 

fatty acid-mediated regulation of (A) secreted and (B) cellular adiponectin protein in cultured 

human adipocytes. Cells were treated with 100 µmol/l BADGE (a PPARȖ antagonist) alone or in 

combination with 100 µmol/l of EPA or DHA for 48 h. Bovine serum albumin alone acted as the 

control condition. Secreted adiponectin values are means ± S.E.M., n = 3 replicates in triplicate. 
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Cellular adiponectin protein values were log transformed before statistical analysis and are 

presented as geometric means ± pooled S.E.M., n = 3 replicates in triplicate for total and n = 3 

replicates for high molecular weight. Statistical significance is represented as *P < 0.05 or **P < 

0.01. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid. 

 

3.4.5 Rosiglitazone, a PPARȖ agonist, increases both secreted and cellular adiponectin 

protein in human adipocytes 

To further examine the regulation of adiponectin by PPARȖ, human adipocytes were 

treated with rosiglitazone, a known PPARJ agonist.  Rosiglitazone increased (P < 0.001) secreted 

adiponectin protein by 79% and 90% at 24 h and 48 h, respectively (Fig. 3.5A).  Rosiglitazone 

also increased (P < 0.001) the cellular protein content of adiponectin by 582% at 48 h (Fig. 

3.5B). 

 

3.4.6 EPA plus rosiglitazone elicits additive effects on adiponectin secretion from human 

adipocytes 

To determine if two different classes of PPARȖ agonists (n-3 PUFA and TZD) have an 

additive effect on adiponectin, adipocytes were treated with rosiglitazone alone or in 

combination with either EPA or DHA.  The combined treatment of rosiglitazone and EPA was 

additive, increasing the concentration of adiponectin in the medium to a greater extent (+230% at 

48 h; P < 0.001) than either rosiglitazone (124%, P < 0.001) or EPA (121%, P < 0.001) alone 

(Fig. 3.5A).  Compared to DHA alone, the combined treatment of rosiglitazone and DHA also 

increased the concentration of adiponectin in the medium (74% at 48 h, P < 0.001), but this was 

not significantly different than rosiglitazone on its own (Fig. 3.5A, P = 0.228).  Combining 
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rosiglitazone with either EPA or DHA failed to elicit an additive effect on cellular adiponectin 

protein (Fig. 3.5B).  

 

 

Figure 3.5: Effect of rosiglitazone (a peroxisome proliferator–activated receptor Ȗ (PPARȖ) 

agonist) alone or in combination with EPA or DHA on (a) secreted and (b) cellular adiponectin 

protein cultured human adipocytes. Cells were treated with 10 nmol/l rosiglitazone (a PPARȖ 

agonist) alone or in combination with 100 µmol/l of EPA or DHA for 48 h. Bovine serum 

albumin alone acted as the control condition. Secreted adiponectin values are means ± S.E.M., n 
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= 3 replicates in triplicate. Cellular adiponectin protein values were log transformed before 

statistical analysis and are presented as geometric means ± pooled s.e.m., n = 3 replicates in 

triplicate. Statistical significance is represented as *P < 0.05 or **P < 0.01. DHA, 

docosahexaenoic acid; EPA, eicosapentaenoic acid. 

 

3.5 Discussion 

A reduced adiponectin concentration in obesity is likely to be an important contributing 

factor to the various pathologies related to this state. Consequently, nutritional and 

pharmaceutical strategies to increase adiponectin are of great interest.  Our study is the first to 

investigate the effects of n-3 PUFA on adiponectin production and secretion in a human model 

of cultured adipocytes.  We demonstrate in human adipocytes that EPA and DHA, as well as 

rosiglitazone, increase the secretion of adiponectin.  Importantly, we show for the first time that 

the stimulatory effects of EPA and rosiglitazone on adiponectin secretion from human adipocytes 

are additive, indicating that this may be an extremely valuable therapeutic strategy.     

 

3.5.1 EPA and rosiglitazone increase adiponectin in an additive manner.  

Our findings are consistent with those of Kuda et al. (80) who reported an additive effect 

of rosiglitazone and a long-chain n-3 PUFA concentrate (46% DHA, 14% EPA) on plasma 

adiponectin levels in mice.  It is well established that rosiglitazone, a PPARȖ agonist, increases 

plasma concentrations of adiponectin in vivo (103); however, much less is known about the 

ability of rosiglitazone to stimulate adiponectin in adipocytes in culture.  Our results are 

consistent with findings in murine 3T3-L1 adipocytes (178), but contradict observations that 

rosiglitazone induces an increase in adiponectin secreted from human omental, but not 
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subcutaneous adipocytes (107).��In Motoshima et al. subcutaneous adipocytes were obtained 

from morbidly obese donors (mean BMI of 40.6 kg/m2), whereas the adipocytes used in the 

current study were obtained from an overweight population (mean BMI of 27.9 kg/m2) (107).  

This difference in degree of overweight or obesity and possible differences in the adipocytes 

themselves may account for the discrepancies between the studies, but this requires further study. 

 

3.5.2 EPA and DHA increase adiponectin partially and completely via a PPARȖ-dependent 

mechanism, respectively.�

The combination of DHA and rosiglitazone did not increase secreted adiponectin 

concentration to a greater extent than DHA on its own.  The disparity between the effects of EPA 

and DHA on adiponectin might be explained by the involvement of PPARJ.  To elucidate this as 

a possible mechanism, we combined EPA or DHA with BADGE, a PPARȖ antagonist with a 

dissociation constant (Kd) of 100 µM (186).  In the presence of BADGE, the EPA-mediated 

increase in adiponectin secretion was only partially attenuated, whereas the DHA-mediated 

increase in adiponectin secretion was completely abolished.  This suggests that both EPA and 

DHA elicit their effects on adiponectin at least partially via PPARȖ, which is consistent with the 

observations of Neschen et al (113), as well as with our own work in murine adipocytes (119).  

Overall, our results suggest that rosiglitazone and DHA upregulate adiponectin secretion 

exclusively via PPARȖ activation, whereas EPA likely mediates adiponectin through a 

combination of PPARȖ activation and an unknown additional mechanism.   Taken together, it 

seems that two different PPARȖ agonists (n-3 PUFA and TZD) may work additively.  
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3.5.3 EPA and DHA increase adiponectin secretion, and EPA (but not DHA) increases 

cellular adiponectin protein content. 

Our finding that long-chain n-3 PUFA upregulated adiponectin in human adipocytes is 

consistent with those of Banga et al. who observed an increase in adiponectin secretion from rat 

adipocytes treated overnight with 25 ȝM EPA or DHA (9).  Additionally, Yamazaki et al. 

demonstrated that 10, 30 and 50 ȝM of DHA enhanced the phenolamide-induced increase in 

adiponectin from human preadipocytes over 14 d; however, the effect of DHA on adiponectin in 

the absence of phenolamide treatment was not examined in this study (195).  In contrast, 

Lorente-Cebrian et al. (95) found decreased adiponectin secretion in response to 96 h treatment 

with 100 and 200 ȝM of EPA in rat adipocytes, while Itoh et al. (64) found no effect of 200 ȝM 

EPA on adiponectin secretion from 3T3-L1 adipocytes at 48 h.  Our pilot work (Figure 3.2) 

showed that the effect of fatty acids on adiponectin is dependent on both fatty acid dose and 

length of exposure, factors that may account for the array of inconsistencies in reported findings.  

Adipocytes incubated with EPA, DHA, and their combination contained significantly 

more of each respective fatty acid, compared to control.  Since EPA-treated adipocytes also 

contained a discernible increase in the EPA derivative, docosapentaenoic acid (DPA), it is 

possible that observed changes in adiponectin may be partly attributable to DPA, although this 

requires further study.  Also, the percent composition of EPA was markedly lower than DHA 

(Table 1), possibly attributable to oxidation or lower half-life relative to DHA.  Despite this, 

EPA had a greater impact on adiponectin secretion and cellular protein content, suggesting that 

EPA is more potent than DHA.    Unlike EPA and DHA, adipocytes treated with palmitic acid 

did not contain higher amounts of this fatty acid compared to control.  It is possible that since 

adipocytes are already enriched in palmitic acid, further increases in this saturated fatty acid are 
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difficult to attain. The lack of palmitic acid incorporation into adipocytes in vitro may help to 

explain why this fatty acid had no effect on adiponectin protein content compared to control.   

 One unexpected, but interesting finding was that DHA increased secreted adiponectin 

concentration, but had no effect on cellular adiponectin protein content.  Recently, Wang et al. 

(179) showed that adiponectin is confined to the cell by chaperone proteins in the endoplasmic 

reticulum and that its secretion is highly dependent on the posttranslational modification of 

adiponectin.  It has also been shown that TZDs enhance the secretion of adiponectin by 

upregulating endoplasmic reticulum oxidoreductase 1-LĮ, a molecular chaperone protein 

responsible adiponectin release from the cell (181).  Therefore, it is possible that DHA may also 

act to facilitate the appropriate posttranslational modifications necessary for the release of 

adiponectin from the cell in the absence of any increase in cellular protein content.  

Alternatively, we must acknowledge the possibility that DHA did increase cellular protein 

content, but that this occurred transiently and prior to 48 hours when the cells were lysed.   

The differential effects of EPA and DHA on cellular adiponectin protein further 

emphasize the importance of studying each of these fatty acids on their own, as their mechanisms 

of action appear to differ.  Until recently, many studies examining the effects of n-3 PUFA on 

adiponectin regulation have used fish oil or a combination of EPA and DHA (78, 80, 113), and 

therefore have failed to distinguish which specific n-3 PUFA is responsible for an observed 

effect.  By examining EPA and DHA separately, we showed firstly that the long-chain n-3 PUFA 

are only partially regulated by a common mechanism, and secondly that EPA is a more potent 

inducer of adiponectin than DHA.  

Surprisingly, although separately EPA and DHA increased secreted adiponectin protein, 

the combination of EPA plus DHA failed to elicit such an effect.  It is important to recognize that 
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EPA and DHA together provided a total of 200 µM of fatty acids, whereas EPA or DHA on its 

own provided only 100 µM of fatty acid.  Therefore, it is plausible that the combination of EPA 

and DHA may have elicited a toxic effect on the cells that might explain the failure of this 

treatment to increase adiponectin.  Furthermore, it has been demonstrated that elevated levels of 

fatty acids can result in oxidative stress in cultured adipocytes (47), which is associated with 

dysregulated secretion of adiponectin (150).  Therefore, the exposure to higher fatty acid 

concentrations may have disrupted normal adipocyte function, resulting in an inability of the n-3 

PUFA to stimulate adiponectin secretion. 

 

3.5. Summary and perspectives     

In conclusion, we found that EPA and DHA increase the amount of adiponectin secreted 

from human adipocytes, in vitro, and that EPA elicits this effect only partly via PPARȖ whereas 

DHA elicits this effect exclusively via PPARȖ.  Additionally, we demonstrated that combining 

an n-3 PUFA (EPA) with a TZD used in type 2 diabetes management (rosiglitazone), increases 

adiponectin in an additive manner.  Together, these results suggest that long-chain n-3 PUFA, 

alone or in combination with a pharmaceutical agent, represent a potential treatment strategy to 

upregulate adiponectin, an anti-inflammatory and insulin-sensitizing adipokine that is classically 

downregulated in obesity and related diseases.   
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Chapter 4: Fish oil prevents high saturated fat diet-induced impairments in adiponectin 

and insulin response in rodent skeletal muscle. 

 

As published with minor revisions: 

Tishinsky JM, Gulli RA, Mullen KM, Dyck DJ, and Robinson LE.  Fish oil prevents high 

saturated fat diet-induced impairments in adiponectin and insulin response in rodent skeletal 

muscle.  Am J Physiol Reg Integr Comp Physiol.  Epub 2011 Dec 28. 

 

4.1 Abstract 

High saturated fatty acid (SFA) diets contribute to the development of insulin resistance, 

whereas fish oil-derived n-3 polyunsaturated fatty acids (PUFA) increase the secretion of 

adiponectin, an adipocyte-derived protein that stimulates fatty acid oxidation (FAO) and 

improves skeletal muscle insulin response.  We sought to determine if fish oil could prevent 

and/or restore high SFA diet-induced impairments in adiponectin and insulin response in soleus 

muscle.  Sprague-Dawley rats were fed: (1) low fat control diet (CON), (2) high SFA diet (SFA) 

or (3) high SFA with n-3 PUFA diet (SFA/n-3 PUFA).  At 4 weeks, CON and SFA/n-3 PUFA 

animals were terminated, and SFA animals were either terminated or fed SFA or SFA/n-3 PUFA 

for an additional 2 or 4 wk.  The effect of diet on adiponectin-stimulated FAO, insulin-stimulated 

glucose transport, and expression of adiponectin, insulin and inflammatory signalling proteins 

was determined in soleus muscle.  Adiponectin stimulated FAO in CON and 4wk SFA/n-3 

PUFA (+36%, +39%, respectively p � 0.05) only.  Insulin increased glucose transport in CON, 

4wk SFA/n-3 PUFA, and 4wk SFA + 4wk SFA/n-3 PUFA (+82%, +33%, +25%, respectively p 

� 0.05); this effect was lost in all other groups.  TLR4 expression was increased with 4wk of 

SFA feeding (+24%, p � 0.05) and this was prevented in 4wk SFA/n-3 PUFA.  SOCS3 
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expression was increased in SFA and SFA/n-3 PUFA (+33, +18%, respectively p � 0.05).   Our 

results demonstrate that fish oil can prevent high SFA diet-induced impairments in both 

adiponectin and insulin response in soleus muscle.  

 

4.2 Introduction 

Adiponectin, a 30 kDa adipokine secreted almost exclusively from adipose tissue (AT), is 

known to exert insulin-sensitizing effects that are largely attributed to its role in glucose and lipid 

metabolism in skeletal muscle and liver (68).  The consumption of a diet high in saturated fatty 

acids (SFA), results in a marked decrease in circulating adiponectin concentrations, which may 

contribute to impairments in fatty acid metabolism and insulin responsiveness (68).  In contrast, 

fish oil-derived n-3 polyunsaturated fatty acids (PUFA) have been shown to stimulate 

adiponectin secretion (119), which may serve as an underlying mechanism by which dietary n-3 

PUFA can improve insulin sensitivity (4, 84, 155). 

High SFA diets have been shown to activate inflammatory pathways that interfere with 

insulin signalling (144).  SFA act as ligands for Toll-like receptor (TLR)4, which initiates a 

downstream signalling cascade resulting in the activation of nuclear factor (NF)-țB and 

upregulation of inflammatory gene expression (144).  Importantly, the deletion of TLR4 in 

skeletal muscle has been demonstrated to protect against high SFA diet-induced insulin 

resistance, emphasizing the important connection between inflammation and insulin signalling 

(131).  Fish oil-derived n-3 PUFA are thought to elicit their anti-inflammatory effects in part by 

downregulating NF-țB (102); however, the effects of n-3 PUFA on the expression of 

inflammatory signalling mediators in soleus muscle has yet to be examined.      
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In addition to dysregulated adipokine synthesis and secretion, research suggests that 

tissue response to adiponectin may also be impaired in obesity (36).  Both adiponectin and leptin 

are known to stimulate fatty acid oxidation (FAO) in rodent and human skeletal muscle (36).  

However, this effect is blunted in an obese state (16, 154), which may contribute to the 

accumulation of skeletal muscle lipids that are known to interfere with insulin-stimulated glucose 

uptake (37).  Additionally, Mullen et al. recently demonstrated that adiponectin resistance not 

only develops rapidly in response to a high SFA diet, but also precedes both the accumulation of 

muscle lipid species and development of insulin resistance in soleus muscle (108).  Interestingly, 

while fish oil-derived n-3 PUFA have been shown to stimulate adiponectin secretion (119), their 

effects on the response of skeletal muscle to adiponectin, as well as any associated functional 

effects on insulin-stimulated glucose transport, are currently unknown.   

Our objectives were to determine (1) if fish oil-derived n-3 PUFA could prevent and/or 

restore high SFA diet-induced impairments in adiponectin-stimulated FAO and maximal insulin-

stimulated glucose transport in rodent soleus muscle, and (2) the potential mechanisms by which 

fish oil exerts these effects.  We hypothesized that (1) fish oil-derived n-3 PUFA would prevent 

and restore high SFA diet-induced impairments in both adiponectin response and insulin 

response, and (2) fish oil-derived n-3 PUFA would mediate these effects via reduced activation 

of inflammatory pathways. 
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4.3 Methods 

 

4.3.1 Animals and diets 

Female Sprague-Dawley rats were purchased from Charles River (Charles River 

Laboratories, St-Constant, QC, Canada) at approximately 50 days of age and weighed 151 ± 0.67 

g upon arrival.  The animals were housed in groups of 6 with a 12:12 h reverse light dark cycle 

and allowed unlimited access to water.  Rats were fed a standard Teklad (Harlan Laboratories, 

Mississauga, ON, Canada) rodent chow diet for 3 d, at which point they were randomly assigned 

to receive (1) low fat control diet (6% kcal from soybean oil, 4% kcal from lard, 4wk CON), (2) 

high SFA diet (55% kcal from lard, 5% kcal from soybean oil, 4wk SFA) known to induce both 

adiponectin resistance and insulin resistance (109), or (3) high SFA with n-3 PUFA diet (40% 

kcal from lard, 15% kcal from menhaden oil, 5% kcal from soybean oil, 4wk SFA/n-3 PUFA) 

for a period of 4 weeks (Table 4.1).  The SFA/n-3 diet contained a total of 7.9% long-chain n-3 

PUFA in the form of eicosapentaenoic acid (4.1%), docosapentaenoic acid (0.8%), and 

docosahexaenoic acid (3.0%) (Table 4.2).  At 4 wk, CON and SFA/n-3 PUFA animals were 

terminated, and SFA animals were either terminated or fed SFA or SFA/n-3 PUFA for an 

additional 2 (6wk SFA; 4wk SFA + 2wk SFA/n-3 PUFA) or 4 (8wk SFA; 4wk SFA + 4wk 

SFA/n-3 PUFA) wk.  All diets were purchased from Research Diets (Research Diets Inc., New 

Brunswick, NJ, USA), stored at -20 °C, and administered fresh daily to the animals ad libitum.  

Body mass measurements were taken twice per week, and the animals were fasted overnight 

prior to experiments.  Approval for all experimental procedures was obtained from the 

University of Guelph Animal Care Committee (Guelph, ON, Canada).   

  



66�
�

Table 4.1: Composition of Experimental Diets 

 CON SFA SFA/n-3 PUFA
 kcal % kcal % kcal % 

Protein 20 20 20 

Carbohydrate 70 20 20 
Fat 10 60 60 
Total 100 100 100 
kcal/g    
 kcal kcal kcal 
Casein, 80 Mesh 800 800 800 
L-Cysteine 12 12 12 
Corn Starch 1260 0 0 
Maltodextrin 10 140 500 500 
Sucrose 1400 275.2 275.2 
Cellulose BW200 0 0 0 

Soybean Oil 225 225 225 
Lard 180 2205 1593 
Menhaden Oil 0 0 612 
Mineral Mix, S10026 0 0 0 
Dicalcium Phosphate 0 0 0 
Calcium Carbonate 0 0 0 
Potassium Citrate, 1 H2O 0 0 0 
Vitamin Mix, V10001 40 40 40 
Choline Bitartrate 0 0 0 
Total 4057 4057 4057 
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Table 4.2: Fatty Acid Composition of Experimental Diets 

 Percentage of Total Fatty Acids 
Fatty Acid CON SFA SFA/n-3 PUFA 

C14:0 0.4 0.9 2.8 

C14:1 0.2 0.5 0.3 
C16:0 16.8 23.2 21.2 
C16:1 1.8 3.7 5.5 
C18:0 8.4 13.2 10.4 
C18:1 n-9 32.9 41.9 33.5 

C18:2 n-6 33.9 13.3 12.0 
C18:3 4.8 1.7 2.3 
C18:4   1.3 
C20:0   0.1 
C20:1   0.4 
C20:4 n-6 0.8 1.6 1.8 

C20:5 n-3   4.1 
C22:0   0.1 
C22:1   0.1 
C22:4   0.1 
C22:5 n-3   0.8 
C22:6 n-3   3.0 
C24:0   0.2 
    
Saturated 25.6 37.3 34.8 
Monounsaturated 34.9 46.1 39.8 
n-6 Polyunsaturated 34.7 14.9 13.8 
n-3 Polyunsaturated 4.8 1.7 10.2 
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4.3.2 Tissue and blood sampling 

Rats were anaesthetized by an intraperitoneal injection with sodium pentobarbital at a 

dose of 6 mg per 100 g body mass.  Intact soleus muscle was isolated and stripped longitudinally 

from tendon to tendon into 3 strips of approximate equal size.  The outside 2 strips were used for 

either glucose transport or FAO assays and the remaining inside strip was used for insulin-

stimulated signalling incubations or frozen immediately in liquid nitrogen for subsequent total 

protein analysis.  Blood was obtained by cardiac puncture, transferred to heparinized tubes and 

centrifuged (10,000 x g, 5 min, 4 ºC) to isolate plasma for analysis of fasting insulin (Rat Insulin 

RIA kit, Millipore, Billerica, MA, USA), free fatty acids (Wako Chemicals Inc., Richmond, VA, 

USA), and adiponectin (Rat Adiponectin ELISA, Millipore, Billerica, MA, USA).  Fasting 

plasma interleukin (IL)-6, leptin, monocyte chemoattractant protein (MCP)-1, and tumour 

necrosis factor (TNF)-Į (Rat Cytokine/Chemokine Milliplex kit, Millipore, Billerica, MA, USA) 

were analyzed by Luminex xMAP technology (Bioplex-200, Bio-Rad Laboratories, Mississauga, 

ON, Canada).  Fasting whole blood glucose values were obtained using a OneTouch Ultra2 

glucometer (LifeScan Inc., Milpitas, CA, USA). 

 

4.3.3 Fatty acid oxidation 

Soleus strips were incubated in 2 mL of pregassed (95% O2-5% CO2) Krebs-Henseleit 

buffer (KHB), 4% BSA, at 30 °C, with 1 mM palmitate and 5 mM glucose in a gentle shaking 

water bath for 30 min to equilibrate.  Soleus strips were then incubated for an additional 60 min, 

in the presence or absence of recombinant globular adiponectin (2.5 µg/mL, Peprotech, Rocky 

Hill, NJ, USA) with the addition of 0.5 µCi/ml [1-14C]palmitate (Amersham, Oakville, ON, 

Canada) to determine palmitate oxidation as previously outlined in detail (38).  In brief, after the 

incubations the soleus strips were blotted, tendons removed, weighed, and placed in a 14 mL 
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tubes containing 5 mL of cold 2:1 chloroform methanol.  Muscles were homogenized using a 

polytron (PT1200, Brinkman Institute, Mississauga, ON, Canada) and centrifuged (10,000 x g, 

10 min, 4 ºC).  The supernatant was extracted and combined with 2 mL of water, shaken for 10 

min, and centrifuged (10,000 x g, 10 min, 4 ºC) to isolate the aqueous phase.  The amount of 14C 

in 1 mL of the aqueous phase was quantified by liquid scintillation counting.  Additionally, the 

14CO2 remaining in the buffer was released by transferring 1 mL of buffer into a sealed flask, 

acidifying the buffer with 1 mL of 1 M sulfuric acid and trapping it in 250 µL benzethonium 

hydroxide contained in a microcentrifuge tube suspended in the sealed flask. The tubes 

containing benzethonium hydroxide and the trapped 14CO2 were quantified using liquid 

scintillation counting.  Total palmitate oxidation was determined by summing the aqueous and 

gaseous 14C-labelled oxidation intermediates.  

 

4.3.4 Glucose transport. 

Soleus strips were incubated in 2 mL of pregassed (95% O2-5% CO2) KHB (0.1% BSA, 

30 °C) containing 8 mM glucose and 32 mM mannitol, for 30 min in the absence or presence of 

insulin (10 mU/mL) in a gently shaking water bath to equilibrate.  The strips were washed twice 

in 2 mL glucose-free KHB (4 mM pyruvate, 36 mM mannitol) for 10 min each, and then 

incubated for 40 min (basal) or 20 min (insulin-stimulated) in KHB (4 mM pyruvate, 8 mM 3-O-

[3H]methyl-D-glucose, 28 mM [14C]mannitol).  Strips were blotted, tendons removed, weighed 

and then digested in 1 mL sodium hydroxide for 10 min at 95 ºC.  200 µL of muscle digest was 

sampled and quantified by liquid scintillation counting, and glucose transport was determined 

from intracellular 3-O-[3H]methyl-D-glucose as previously described (174). 
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4.3.5 Insulin-stimulated signalling proteins. 

Soleus strips were incubated in 2 mL of pregassed (95% O2-5% CO2) KHB (0.1% BSA, 

30 °C) containing 8 mM glucose and 32 mM mannitol, for 30 min to equilibrate.  Strips were 

then incubated in the same KHB for a subsequent 10 min in the presence of 10 mU/mL insulin 

and immediately frozen in liquid nitrogen for subsequent western blotting analysis. 

 

4.3.6 Western blot analysis. 

Soleus muscle strips were homogenized in ice cold buffer suitable for whole cell protein 

extraction, sonicated for 5 sec, and then centrifuged (1500 x g, 15 min, 4 ºC) to isolate the 

supernatant.  Total protein was quantified using a bicinchoninic acid protein assay (Fisher 

Scientific, Ottawa, ON, Canada) according to the manufacturer’s instructions.  Whole tissue 

lysate protein (50 µg) was solubilized in 4x Laemelli’s buffer, boiled (5 min, 95 °C), resolved by 

SDS-PAGE, and wet transferred to polyvinylidene difluoride membranes.  Membranes were 

blocked for 1 h at room temperature, washed, and then incubated overnight at 4 ºC with specific 

primary antibodies for total Akt (Upstate, Billerica, MA, USA), Thr308 phosphorylated Akt 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA), adaptor protein phosphotyrosine interaction 

pH domain and leucine zipper containing 1 (APPL1), 5' AMP-activated protein kinase (AMPK), 

acetyl-CoA carboxylase (ACC), TLR4, total and Ser32 phosphorylated IțBĮ, total and Ser536 

phosphorylated NF-țB, and suppressor of cytokine signalling (SOCS)-3 (see Appendix A for 

detailed western blotting conditions).  All antibodies were purchased from Cell Signalling 

(Danvers, MA, USA) unless otherwise stated.   The immune complexes were washed, incubated 

with the appropriate secondary antibody for 1 h at room temperature, detected using the 

enhanced chemiluminescence method (Syngene Chemigenius2; PerkinElmer, Waltham, MA, 
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USA) and then quantified with densitometry (Gene Tools software, PerkinElmer).  Equal loading 

was confirmed by probing for Į-tubulin (Abcam Cambridge, MA) and using nonspecific protein 

staining with Ponceau-S (Sigma Aldrich, Oakville, ON, Canada). 

 

4.3.7 Statistical analysis. 

Body mass, blood measurements, and protein expression data were analyzed using a one-

way ANOVA.  FAO and glucose transport data was analyzed using a two-way repeated 

measures ANOVA for dietary treatment and time.  A Tukey post-hoc test was used to identify 

significant differences between diet treatments within each time point.  All data are expressed as 

mean ± SEM.  Statistical significance was set at p � 0.05 and all statistical analysis was 

performed using Sigma Stat version 2.03. 

 

4.4 Results 

 

4.4.1 Body mass and bloods. 

Initial body mass did not differ between any of the groups (Table 4.3).  Terminal body 

mass was higher (+18%, p � 0.05) in 4wk SFA compared to CON (Table 4.3).  Fasting whole 

blood glucose, plasma insulin, plasma free fatty acids, and plasma TNF-Į did not differ in any of 

the groups (Table 4.3).  Fasting plasma adiponectin was elevated in 4wk SFA/n-3 PUFA 

compared to both CON (+38%, p � 0.05) and 4wk SFA (+58%, p � 0.05) (Table 4.3).  Fasting 

plasma leptin and MCP-1 levels were increased in 4wk SFA (+74% and +23%, respectively p � 

0.05) and 4wk SFA/n-3 PUFA (+65%, +23%, respectively p � 0.05) (Table 4.3) compared to 
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CON.  Fasting plasma IL-6 levels were elevated in 4wk SFA (+30%, p � 0.05) compared to 

CON, but this increase was not seen in 4wk SFA/n-3 PUFA (Table 4.3).  
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4.4.2 Fatty acid oxidation. 

In CON, globular adiponectin increased FAO compared to the basal condition (+36%, P 

� 0.05) (Fig. 4.1).  The stimulatory effect of adiponectin was preserved in 4wk SFA/n-3 PUFA 

(+39%, P � 0.05) but completely attenuated in all other groups (Fig. 4.1).  There were no 

differences in either basal or adiponectin-stimulated FAO between diet groups for a given time 

point (Fig. 4.1).     

 

 

 

Figure 4.1: Basal and globular adiponectin-stimulated palmitate oxidation in soleus muscle. 

Values are expressed as means ± SE; n = 12. *Significantly different from basal, P � 0.05. Gray 

bars denote basal, while solid bars denote globular adiponectin-stimulated (2.5 ȝg/mL). CON, 

control diet; SFA, high saturated fatty acid diet; SFA/n-3 PUFA, high saturated fatty acid with n-

3 polyunsaturated fatty acid diet. 
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4.4.3 Glucose transport. 

Insulin increased glucose transport compared to basal in CON (+82%, P � 0.05), 4wk 

SFA/n-3 PUFA (+33%, P � 0.05), and 4wk SFA + 4wk SFA/n-3 PUFA (+25%, P � 0.05) (Fig. 

4.2).  Insulin’s stimulatory effect was lost in all other diet groups (Fig. 4.2).  There were no 

differences in either basal or insulin-stimulated glucose transport between diet groups for a given 

time point (Fig. 4.2).   

 

 

 
Figure 4.2: Basal and insulin-stimulated glucose transport in soleus muscle. Values are 

expressed as means ± SE; n = 12. *Significantly different from basal; P � 0.05. Gray bars denote 

basal, while solid bars denote insulin-stimulated (10 mU/mL).  CON, control diet; SFA, high 

saturated fatty acid diet; SFA/n-3 PUFA, high saturated fatty acid with n-3 polyunsaturated fatty 

acid diet. 
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4.4.4 Adiponectin signalling proteins. 

There was no significant effect of diet on the total protein content of APPL1 (Fig. 4.3a), 

AMPK (Fig 4.3b), or ACC (Fig. 4.3c).    
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Figure 4.3: The effect of high-SFA diet and fish oil supplementation on total protein content of 

adiponectin signalling intermediates in soleus muscle. A) APPL1, B) AMPK, and C) ACC.  

Alpha-tubulin was used as a loading control. Values are expressed as means ± SE; n = 12.  CON, 

control diet; SFA, high saturated fatty acid diet; SFA/n-3 PUFA, high saturated fatty acid with n-

3 polyunsaturated fatty acid diet. 

 

4.4.5 Insulin signalling proteins. 

There was no significant effect of diet on the total protein content of Akt (Fig. 4.4a).  

Thr308 phosphorylation of Akt was impaired (-29%, P � 0.05) in response to 10 min of insulin 

exposure in 4wk SFA compared to CON, and this impairment was not seen in 4wk SFA/n-3 

PUFA (Fig. 4.4b).   
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Figure 4.4: The effect of high SFA diet and fish oil supplementation on total protein content of 

insulin signalling intermediates in soleus muscle. A) Total Akt, and B) Acute effect of 10-min 

insulin exposure (10 mU/mL) on protein content of Thr308-phosphorylated Akt. Alpha tubulin 

was used as a loading control. Values are means ± SE; n = 12. *Significantly different from 

CON, P � 0.05.  CON, control diet; SFA, high saturated fatty acid diet; SFA/n-3 PUFA, high 

saturated fatty acid with n-3 polyunsaturated fatty acid diet. 

 

4.4.6 Inflammatory signalling proteins. 

TLR4 protein expression in soleus muscle was elevated in 4wk SFA compared to CON 

(+24%, p � 0.05) (Fig. 4.5a).  There was no significant effect of diet on total protein content or 

phosphorylation of IțBĮ (Fig. 4.5b,c) or NF-țB (Fig. 4.5d,e).  SOCS3 protein content was 

increased in both 4wk SFA and 4wk SFA/n-3 PUFA relative to CON (+33%, +18%, respectively 

P � 0.05) (Fig. 4.5f).   
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Figure 4.5: The effect of high SFA diets and fish oil supplementation on total protein content of 

inflammatory signalling intermediates in soleus muscle. A) TLR4, B) IțBĮ, C) Ser32 

phosphorylated IțBĮ, D) NF-țB, E) Ser536 phosphorylated NF-țB, and F) SOCS3. Alpha-tubulin 

was used as a loading control. Values are means ± SE; n = 12. *Significantly different from 

CON, P � 0.05.  CON, control diet; SFA, high saturated fatty acid diet; SFA/n-3 PUFA, high 

saturated fatty acid with n-3 polyunsaturated fatty acid diet. 

 

4.5 Discussion 

This study is the first to demonstrate that the partial substitution of long-chain n-3 PUFA 

into a high SFA diet can modulate the response of rodent soleus muscle, an important tissue in 

the regulation of insulin sensitivity, to adiponectin.  Specifically, we demonstrate for the first 

time that fish oil-derived n-3 PUFA can prevent, but not restore, impairments in adiponectin-

stimulated FAO, and both prevent and restore impairments in insulin-stimulated glucose 
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transport, in response to a high SFA diet.  In addition, protein content of both TLR4 and SOCS3 

was increased in soleus muscle in response to the high SFA diet, and the increase in TLR4 

expression was prevented by the partial substitution of long-chain n-3 PUFA in the diet.  Taken 

together, these results suggest that dietary consumption of fish oil, rich in long-chain n-3 PUFA, 

confers beneficial effects on lipid metabolism and insulin response in soleus muscle. 

 

4.5.1 n-3 PUFA prevent, but not restore, high SFA diet-induced impairments in soleus 

muscle adiponectin response. 

Recently, Mullen at al. demonstrated that a high SFA diet impairs the acute increase in 

FAO in isolated soleus muscle in response to globular adiponectin in as little as 3 days (108).  In 

the current study, we show that the high SFA diet-induced impairment in adiponectin response 

can be prevented, but not restored, by the partial dietary substitution of fish oil.  While the 

inclusion of long-chain n-3 PUFA in the diet successfully prevented the development of 

adiponectin resistance in soleus muscle, it was unable to restore it.  It is possible that if rats had 

been fed fish oil for longer than 4 weeks, adiponectin responsiveness may have been recovered, 

but this requires further study.  It is also interesting to note that feeding the high SFA diet 

containing fish oil for 4 weeks significantly increased circulating adiponectin concentrations; 

however, when fish oil was supplemented into the diet subsequent to an initial 4 weeks of high 

SFA feeding, no change in circulating adiponectin concentrations was observed.  Ultimately, the 

ability of fish oil to prevent, but not restore, impairments in adiponectin-stimulated FAO 

suggests that fish oil supplementation may be of greater therapeutic importance as a prevention, 

rather than treatment, for obesity-induced impairments in soleus muscle lipid metabolism. 

 



82�
�

4.5.2 n-3 PUFA both prevent and restore high SFA diet-induced impairments in soleus 

muscle insulin response. 

High SFA diets are known to impair insulin response in skeletal muscle (75, 108, 109, 

185).  In this study, we demonstrate that fish oil can prevent high SFA diet-induced impairments 

in insulin-stimulated glucose transport in isolated soleus muscle.  This observation is consistent 

with Kim et al. who found that replacing 18% (of a 50% energy high fat diet) of corn oil, high in 

linoleic acid, with menhaden oil partially prevents high SFA diet-induced blunting in insulin-

stimulated glucose transport in both epitrochlearis and soleus muscles (75).  Additionally, our 

findings are supported by several groups (69, 84, 155) who report that fish oil supplementation 

can prevent high SFA diet-induced skeletal muscle insulin resistance in rodents as assessed by 

the hyperinsulinemic euglycemic, clamp technique.   

Importantly, our study is the first to demonstrate that the SFA diet-induced impairment in 

insulin response in soleus muscle can be effectively restored with 4 weeks of incorporation of 

long-chain n-3 PUFA into a high SFA diet.  To the best of our knowledge, the ability of fish oil 

to reverse high SFA diet-induced impairments in insulin response has not been previously 

examined in skeletal muscle specifically.  However, both  Muurling et al. (111) and Podolin et al. 

(128) report that the inclusion of fish oil in a high fat diet is insufficient to reverse whole body 

insulin resistance as assessed by the hyperinsulinemic euglycemic, clamp technique.  The 

inability of fish oil to reverse whole body insulin resistance in these studies suggests that 

improvements in muscle insulin response may actually precede changes in systemic insulin 

sensitivity.  In contrast to the aforementioned studies, Kalupahana et al. (69) demonstrated that 5 

weeks of EPA supplementation into a high fat diet restored glucose tolerance in mice, suggesting 

that EPA may be of particular importance in n-3 PUFA-mediated improvements in whole body 
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insulin sensitivity.  Although we observed diet-induced changes in soleus muscle insulin 

response, fasting glucose and insulin concentrations were unaltered by the diets, suggesting that 

whole body insulin sensitivity was unchanged.  However, it must be recognized that a more 

sensitive measure of systemic insulin sensitivity (glucose and insulin tolerance tests, and/or a 

hyperinsulinemic euglycemic clamp) may have revealed diet-induced changes that existed; 

however, the focus of this study was on the response of soleus muscle to adiponectin and insulin.  

Furthermore, future work should examine the ability of n-3 PUFA to prevent and restore 

impairments in insulin response in glycolytic muscle types, such as the extensor digitorum 

longus, as well.   

It is noteworthy that the n-3 PUFA-induced restoration of soleus muscle insulin response 

occurred independently of a restoration in adiponectin response.  This suggests that although 

high SFA diet-induced impairments in adiponectin-stimulated FAO precede the loss in insulin 

responsiveness (108), its restoration is not required for the restoration of insulin-stimulated 

glucose transport by n-3 PUFA.  These findings are consistent with Ritchie et al. (134) who 

report an exercise-induced restoration of insulin-stimulated glucose transport prior to a 

restoration in leptin-stimulated FAO.  Overall, our findings emphasize the importance of 

considering fish oil-derived long-chain n-3 PUFA as a therapeutic strategy in both the prevention 

and treatment of soleus muscle insulin resistance.  

 

4.5.3 Total protein content of adiponectin signalling mediators are unaffected by high fat 

feeding. 

Given our findings that dietary fat composition altered adiponectin and insulin responses 

in soleus muscle, we analyzed the content of several proteins involved in the adiponectin, insulin 
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and inflammatory signalling cascades to investigate potential underlying mechanisms.  Globular 

adiponectin signals by binding to its receptor, AdipoR1 that then associates with APPL1, thereby 

increasing FAO (100, 191).  Despite diet-induced functional changes in adiponectin-stimulated 

FAO, we found no effect of diet on the total protein expression of APPL1, AMPK, or ACC.  

This suggests that high SFA-induced impairments in adiponectin-stimulated FAO are not 

attributable to changes in total protein content of these adiponectin signalling intermediates and 

is consistent with previous findings (108, 110).  It is possible that the impairments observed with 

the high SFA diet are a result of changes in the phosphorylated state or cellular location of these 

proteins, as well as their co-localization with other proteins (176).   

 

4.5.4 n-3 PUFA prevent and restore impairments in insulin-stimulated phosphorylation of 

Akt in soleus muscle. 

Our observation that the Thr308 phosphorylation of Akt is impaired in response to a high 

SFA diet is consistent with previous findings (108).  Diet had no effect on total Akt protein 

expression, which is also consistent with previous findings (108).  Taouis et al. (159) 

demonstrated that skeletal muscle insulin-stimulated insulin receptor and insulin receptor 

substrate (IRS)-1 tyrosine phosphorylation was restored in rodents fed a high SFA diet 

supplemented with fish oil.  To the best of our knowledge, the effects of dietary fish oil 

supplementation into a high SFA diet on the protein expression of insulin signalling mediators 

downstream of IRS-1 have not been previously examined.  In the current study we found that the 

partial substitution of fish oil into a high SFA diet was able to prevent and restore impairments in 

phosphorylation of Thr308 Akt induced by the high SFA diet.  This finding is consistent with 
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reports that EPA, one of the bioactive n-3 PUFA in fish oil, stimulates phosphorylation of Akt in 

3T3-L1 adipocytes (94), and rodent adipose tissue (85). 

 

4.5.5 n-3 PUFA prevent high SFA diet-induced upregulation of TLR4 protein content in 

soleus muscle. 

Activation of TLR4 by SFA and subsequent stimulation of the NF-țB inflammatory 

pathway has been demonstrated in skeletal muscle and is thought to contribute to the 

development of insulin resistance (131, 144).  We observed an increase in soleus muscle TLR4 

and SOCS3 protein content with the high SFA diet, which is consistent with several other reports 

(131, 134, 144, 167, 196).  Importantly, we demonstrated for the first time that the high SFA 

diet-induced upregulation of TLR4 expression in soleus muscle was completely prevented by the 

partial substitution of SFA with fish oil.  This observation is consistent with Lee et al. who 

reported that saturated, but not unsaturated, fatty acids stimulated TLR4 in macrophages (87).  

Although there was a trend towards a decrease in the expression of SOCS3 with the partial 

substitution of n-3 PUFA into the high SFA diet, SOCS3 protein remained elevated compared to 

CON animals. Although SOCS3 is known to interfere with insulin signalling in muscle (196), it 

also acts to suppress inflammatory cytokine signalling pathways (15).  Therefore, it is possible 

that n-3 PUFA induced SOCS3 expression to feedback and downregulate cytokine signalling, 

which is consistent with the observed decrease in plasma IL-6 concentrations in the SFA/n-3 

PUFA fed animals, as well as reports of DHA-induced increases in SOCS3 expression in 3T3-L1 

adipocytes (15). 

  Despite changes in TLR4 and SOCS3 expression, we found no effect of any of our diets 

on the total protein content or phosphorylation of IțBĮ or NF-țB in soleus muscle.  This is in 
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contrast to Yaspelkis et al. who recently demonstrated that feeding a high SFA diet for 12 weeks 

significantly decreased total protein content and increased serine phosphorylation of IțBĮ (196).  

It is possible that if we had extended our high SFA diet feeding for an additional 4 weeks, we 

may have observed a similar result.  Furthermore, although long-chain n-3 PUFA have been 

shown to inhibit NF-țB activation (102), we found no effect of dietary fish oil on NF-țB protein 

content or phosphorylation in soleus muscle.  It is conceivable that any fish oil-induced 

inhibition of NF-țB was masked by the high SFA diet, although this could not be resolved with 

the current study design.  Finally, we must also acknowledge the possibility that, although there 

were no changes in total protein content or phosphorylation of IțBĮ and NF-țB, the cellular 

localization of these proteins between the cytoplasm and nucleus may have been altered.   

 

4.5.6 Summary and perspectives 

In summary, we found that partial substitution of fish oil into a high SFA diet prevents 

impairments in adiponectin-stimulated FAO, and importantly, both prevents and restores 

impairments in maximal insulin-stimulated glucose transport in rodent soleus muscle.  

Additionally, high SFA diet stimulates TLR4 expression and this can be prevented, but not 

restored, by fish oil supplementation.  Overall, our findings emphasize the importance of 

considering fish oil-derived n-3 PUFA as a therapeutic strategy in the prevention of high SFA 

diet-induced impairments in soleus muscle lipid metabolism and insulin responsiveness. 
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Chapter 5: A new rodent model to study adipose-muscle cross-talk: dietary fatty acids 

modulate visceral fat adipokine secretion and induce skeletal muscle inflammatory changes 

without affecting insulin response, ex vivo. 

 

In preparation for submission to International Journal of Obesity: 

Tishinsky JM, De Boer AA, Dyck DJ, and Robinson LE.  A new rodent model to study adipose-

muscle cross-talk: dietary fatty acids modulate visceral fat adipokine secretion and induce 

skeletal muscle inflammatory changes without affecting insulin response, ex vivo. 

 

5.1 Abstract 

Adipokines are thought to communicate with skeletal muscle to regulate inflammation 

and insulin response, yet their role in adipose-muscle cross-talk, as well as the influence of 

dietary fat in such cross-talk, has never been studied in isolated whole tissue.  We sought to 

determine if (1) high fat diets can modulate adipokine secretion from visceral adipose tissue, and 

(2) such changes exert direct effects on skeletal muscle inflammation and insulin response. 

Sprague-Dawley rats were fed (1) low fat control diet (LF), (2) high saturated fatty acid diet 

(SFA), or (3) high SFA with n-3 polyunsaturated fatty acid diet (SFA/n-3 PUFA) for 4 wk.  

Perigonadal adipose tissue was isolated and cultured for 72 h, to determine adipokine 

concentrations in adipose conditioned medium (ACM).  ACM from SFA and SFA/n-3 PUFA fed 

rats contained more IL-6 (+26 to 37%, P � 0.05) and MCP-1 (+30%, P � 0.05) than LF animals.  

Adiponectin was decreased (-29%, P � 0.05) in ACM from SFA compared to LF, and this was 

prevented in SFA/n-3 PUFA.  A second experiment used a newly developed adipose-muscle 

cross-talk model to test direct effects mediated by the altered adipokine profile on isolated 

skeletal muscle.  To this end, soleus and extensor digitorum longus (EDL) muscles were isolated 
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from LF-fed Sprague-Dawley rats and incubated for 8 h in: (1) control buffer (CON), (2) CON 

with 2 mM palmitate (PALM, positive control), (3) ACM from LF, (4) ACM from SFA, and (5) 

ACM from SFA/n-3 PUFA.  TLR4 gene expression was increased in soleus muscle incubated in 

PALM (+356%, P � 0.05) and less so in all ACM groups (+175-191%, P � 0.05).  MCP-1 gene 

expression was elevated in soleus muscle from PALM (+163%, P � 0.05)) and similarly with 

ACM from SFA (+159%, P � 0.05) and SFA/n-3 PUFA (+151%, P � 0.05).  ACM LF induced 

an increase in IL-6 expression in soleus and EDL muscles (+182% and +175%, respectively, p � 

0.05).  Insulin-stimulated glucose transport was impaired in PALM soleus and EDL muscles (-

13% and -36%, respectively P � 0.05), but preserved in all ACM groups. Our findings suggest 

that dietary SFA and n-3 PUFA modulate the release of adipose-derived factors from visceral 

adipose tissue, and acute exposure to this altered adipokine profile can induce changes in 

inflammatory gene expression without affecting insulin sensitivity in skeletal muscle in a short 8 

h timeframe.  

 

5.2 Introduction 

Adipose tissue, an active endocrine organ, secretes a multitude of factors called 

adipokines that are known to regulate whole body inflammation, lipid metabolism and insulin-

sensitivity (48).  These adipose-derived factors include classic pro-inflammatory cytokines such 

as tumour necrosis factor (TNF)-Į, interleukin (IL)-6, and monocyte chemoattractant protein 

(MCP)-1, as well as adiponectin, an anti-inflammatory and insulin-sensitizing adipokine (164).  

It is well established that the secretory profile of adipose tissue changes in response to an 

expansion in adipose tissue mass, with increasing BMI associated with elevated pro-

inflammatory adipokine secretion and decreased adiponectin (164).  Furthermore, although 

dietary fatty acid intake has been correlated with circulating adipokine levels (43), the effect of 
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dietary fatty acids on adipokine secretion per se has been less studied.  Furthermore, since 

adipose tissue is comprised of multiple non-adipocyte cells, including macrophages that secrete 

an abundance of inflammatory cytokines such as MCP-1 (183), it is vital to consider the 

contribution of non-adipocyte cells to the secretory profile of adipose tissue.  Given that a diet 

high in saturated fatty acids (SFA) contributes to obesity and insulin resistance (88), while a diet 

rich in fish oil-derived n-3 polyunsaturated fatty acids (PUFA) may confer a protective effect 

(162), there is growing interest in elucidating the role of these dietary fatty acids in modulating 

adipokine secretion from adipose tissue. 

Skeletal muscle is responsible for approximately 80% of insulin-stimulated glucose 

disposal (10) and, as such, represents a key tissue governing whole body insulin sensitivity.  

Insulin signalling in skeletal muscle is impaired by pro-inflammatory adipokines, including 

TNF-Į (198), IL-6 (73), and MCP-1 (141).  In contrast, adiponectin is known to stimulate fatty 

acid oxidation in skeletal muscle, thereby improving insulin responsiveness (191); however, this 

stimulatory effect is lost following consumption of a high SFA diet (108).  SFA are known 

ligands for toll-like receptor (TLR)4, a membrane receptor that, upon activation, initiates an 

intracellular signalling cascade culminating in the activation of nuclear factor (NF)-țB and the 

upregulation of inflammatory gene expression (144).  Evidence suggests that activation of such 

inflammatory pathways may serve as an underlying mechanism by which adipose-derived free 

fatty acids (FFA) and pro-inflammatory cytokines induce insulin resistance (31).  In contrast to 

SFA, n-3 PUFA have been shown to inhibit activation of these inflammatory pathways (87, 88) 

but this has not been studied in whole skeletal muscle.   

To investigate the role of adipose-derived factors in communication with skeletal muscle, 

previous work using a co-culture of human myocytes and isolated human adipocytes for 48 hours 
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showed impaired insulin-stimulated phosphorylation of both IRS-1 and Akt (30).  Overall, while 

there is strong evidence at the cellular level that adipose-derived factors interfere with insulin 

signalling in myocytes (30-32, 141, 143), the endocrine communication between adipose tissue 

and skeletal muscle, and the regulation of this cross-talk by dietary fatty acids, has never been 

examined at the whole tissue level.   

The objective of our study was to develop an ex vivo model to study the communication 

between adipose and skeletal muscle at the whole tissue level.  More specifically, we aimed to 

(1) elucidate the effects of a high SFA diet, with or without n-3 PUFA, on the secretory profile of 

visceral adipose tissue, and (2) determine if such changes in the adipose tissue secretory profile 

could exert direct effects on inflammatory gene expression and insulin response in rodent 

skeletal muscle.  We hypothesized that a high SFA diet would decrease adiponectin and increase 

pro-inflammatory cytokine release from adipose tissue and, in turn, induce skeletal muscle 

inflammation and impairments in insulin response, and this would be prevented by the inclusion 

of n-3 PUFA in the diet. 

 

5.3 Methods 

 

5.3.1 Animals and Diets 

Female Sprague-Dawley rats were purchased from Charles River (Charles River 

Laboratories, St-Constant, QC, Canada) at approximately 50 days of age and weighed 142.5 ± 

1.3 g upon arrival.  The animals were housed in groups of 6 with a 12:12 h reverse light dark 

cycle and allowed unlimited access to water.  Rats were fed a standard Teklad (Harlan 

Laboratories, Mississauga, ON, Canada) rodent chow diet for 3 days, at which point they were 

randomly assigned to receive (1) low fat control diet (6% kcal from soybean oil, 4% kcal from 
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lard, LF), (2) high SFA diet (55% kcal from lard, 5% kcal from soybean oil, SFA) known to 

induce insulin resistance (108), or (3) high SFA with n-3 PUFA diet (40% kcal from lard, 15% 

kcal from menhaden oil, 5% kcal from soybean oil, SFA/n-3 PUFA) for a period of 4 weeks 

(Table 4.1).  The SFA/n-3 diet contained a total of 7.9% long-chain n-3 PUFA in the form of 

eicosapentaenoic acid (4.1%), docosapentaenoic acid (0.8%), and docosahexaenoic acid (3.0%) 

(Table 4.2).  All diets were purchased from Research Diets (Research Diets Inc., New 

Brunswick, NJ, USA), stored at -20 °C, and administered fresh daily to the animals ad libitum.  

Body mass measurements were taken twice per week, and the animals were fasted overnight 

prior to experiments.  Approval for all experimental procedures was obtained from the 

University of Guelph Animal Care Committee (Guelph, ON, Canada).   

 

5.3.2 Adipose Tissue Organ Culture  

Rats were anaesthetized by an intraperitoneal injection with sodium pentobarbital at a 

dose of 6 mg per 100 g body mass.  Perigonadal fat pads were isolated and immediately placed 

in 50 mL sterile conical tubes containing phosphate buffer saline supplemented with 1% 

Penicillin-Streptomycin (Fisher Scientific, Ottawa, ON, Canada).  Total protein was quantified 

using a bicinchoninic acid protein assay (Fisher Scientific, Ottawa, ON, Canada) according to the 

manufacturer’s instructions.  Under sterile conditions, 500-700 mg of tissue (normalized by total 

protein content of adipose tissue isolated from LF fed animals – Appendix D) were placed into 

culture dishes containing 15 mL of medium 199 (M199) supplemented with 1% Penicillin-

Streptomycin, 50 ȝU insulin, 2.5 nM dexamethasone, and 1% bovine serum albumin.  The tissue 

was then minced into 5-10 mg pieces and cultured in a humidified incubator for 72 hours at 37 

°C with 5% CO2.  72 hours was chosen in accordance with data from a pilot experiment 
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assessing the timecourse of adipokine secretion into culture medium (Appendix E).   After the 

incubation period, the adipose tissue minces were removed using 70 µm cell strainers (BD 

Biosciences, Bedford, MA, USA), and the adipose conditioned medium (ACM) was stored at 

í80 °C until further analysis.  Secreted adiponectin in the medium was quantified by ELISA (Rat 

Adiponectin ELISA, Millipore, Billerica, MA, USA), and secreted IL-6, leptin, MCP-1, and 

TNF-Į were analyzed by Luminex xMAP technology (Bioplex-200, Bio-Rad Laboratories, 

Mississauga, ON, Canada; Rat Cytokine/Chemokine Milliplex kit, Millipore, Billerica, MA, 

USA).  Free fatty acid (FFA) concentrations were determined using an HR series non-esterified 

FFA kit. (Wako Chemicals Inc., Richmond, VA, USA). 

 

5.3.3 Blood Sampling 

Blood was obtained by cardiac puncture, transferred to heparinized tubes and centrifuged 

(10,000 x g, 5 min, 4 ºC) to isolate plasma.  Fasting insulin (Rat/Mouse Insulin ELISA, 

Millipore, Billerica, MA, USA), and adiponectin (Rat Adiponectin ELISA, Millipore, Billerica, 

MA, USA) were determined by ELISA.  Fasting plasma IL-6, leptin, MCP-1, and tumour 

necrosis factor (TNF)-Į (Rat Cytokine/Chemokine Milliplex kit, Millipore, Billerica, MA, USA) 

were analyzed by Luminex xMAP technology (Bioplex-200, Bio-Rad Laboratories, Mississauga, 

ON, Canada).  Fasting whole blood glucose values were obtained using a OneTouch Ultra2 

glucometer (LifeScan Inc., Milpitas, CA, USA). 

 

5.3.4 Skeletal Muscle Incubations 

Female Sprague-Dawley rats were purchased from Charles River (Charles River 

Laboratories, St-Constant, QC, Canada) at approximately 18 days of age and weighed 45 ± 0.21 
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g upon arrival.  The animals were housed in groups of 6 with a 12:12 h reverse light dark cycle, 

allowed unlimited access to water, and fed a standard Teklad (Harlan Laboratories, Mississauga, 

ON, Canada) rodent chow diet.  After a 3 day acclimation period, rats were anaesthetized by an 

intraperitoneal injection with sodium pentobarbital at a dose of 6 mg per 100 g body mass, and 

intact soleus and extensor digitorum longus (EDL) (as representative of oxidative and glycolytic 

muscles, respectively) were isolated.  Soleus and EDL strips were incubated in a 30 °C gently 

shaking water bath for 8 hours in glass vials containing 2mL of pre-gassed (95% O2-5% CO2) 

buffer.  The conditions were as follows: (1) M199 containing 0.1% BSA and 8 mM glucose 

(CON) (2) M199 containing 4% BSA, 8 mM glucose, and supplemented with 2mM palmitate 

(PALM, positive control) (3) ACM from LF fed animals (ACM LF) (4) ACM from SFA fed 

animals (ACM SFA) (5) ACM from SFA/n-3 PUFA fed animals (ACM SFA/n-3 PUFA).  After 

8 hours, soleus and EDL strips were used for determination of basal or insulin-stimulated 

glucose transport rates or immediately frozen in liquid nitrogen for subsequent gene expression 

analysis.   

 

5.3.5 Glucose Transport Assay 

Following the 8 hour incubation, soleus and EDL muscle strips were incubated in the 

absence or presence of insulin (0.5 mU/mL) for 40 min (basal) or 20 min (insulin-stimulated) in 

M199 containing 4 mM pyruvate, 8 mM 3-O-[3H]methyl-D-glucose (American Radiolabeled 

Chemicals, St. Louis, MO, USA), and 28 mM [14C]mannitol (GE Healthcare, Baie d’Urfe, QC, 

Canada).  Strips were blotted, tendons removed, weighed and then digested in 1 mL sodium 

hydroxide for 10 min at 95 ºC.  200 µL of muscle digest was sampled and quantified by liquid 
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scintillation counting, and glucose transport rates were determined from intracellular 3-O-

[3H]methyl-D-glucose as previously described (174). 

 

5.3.6 Real-Time PCR 

RNA was isolated from soleus and EDL muscles using an RNeasy kit (Qiagen, Toronto, 

ON, Canada) as per the manufacturer’s instructions.  Complementary DNA (cDNA) was 

synthesized from 1 µg of extracted RNA.  Real-time PCR analysis was performed using a 

7900HT Fast Real Time PCR system (Applied Biosystems, Forest City, CA, USA).  Taqman 

gene expression assays (Applied Biosystems, Forest City, CA, USA) were used to determine the 

expression of ȕ-actin (endogenous control) and the following genes of interest: TLR4, NF-țB, 

TNF-Į, IL-6, and MCP-1.  Samples were run in duplicate in 96-well plate format, and each 20 

µL reaction contained 1 µL gene expression assay, 1 µL cDNA template, 10 µL Taqman Fast 

Universal PCR Master Mix, and 8 µL of RNase free water.  All results were normalized to ȕ-

actin mRNA expression (Ct standard deviation = 0.045), and relative differences in gene 

expression between treatment groups were determined using the ǻǻCT method calculated by RQ 

Manager Software v 1.2 (Applied Biosystems, Forest City, CA, USA).  

 

5.3.7 Statistical Analysis 

All data are expressed as mean ± SEM.   Body mass, blood measurement, adipose tissue 

organ culture, and gene expression data were all analyzed using a one-way analysis of variance 

(ANOVA).  A two-way ANOVA test was conducted (treatment x condition) for comparison of 

basal and insulin-stimulated glucose transport.  A Tukey post-hoc test was used to identify 
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significant differences.  Statistical significance was set at p � 0.05 and all statistical analysis was 

performed using SigmaPlot version 12.0. 

 

5.4 Results 

 

5.4.1 Body Mass and Bloods 

Initial body mass did not differ between any of the groups (Table 5.1).  Terminal body 

mass was higher in SFA (+15%, p � 0.05) and SFA/n-3 PUFA (+11%, p � 0.05) compared to LF 

(Table 5.1).  Fasting plasma adiponectin was decreased (-16%, p � 0.05) in SFA compared to LF 

and elevated in SFA/n-3 PUFA compared to both LF (+31%, p � 0.05) and SFA (+56%, p � 

0.05) (Table 5.1).  Fasting plasma IL-6 was increased in SFA/n-3 PUFA (+25%, p � 0.05) (Table 

5.1) compared to LF but remained unchanged in SFA.  Fasting plasma MCP-1 was elevated in 

both SFA and SFA/n-3 PUFA (+34%, +26%, respectively, p � 0.05) compared to LF (Table 5.1). 

There were no significant differences in fasting whole blood glucose, plasma insulin, leptin, or 

TNF-Į between any of the diet groups (Table 5.1).     
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Table 5.1: Body Mass and Fasting Blood Measurements 

 LF SFA SFA/n-3 PUFA 

Arrival body mass (g) 142.5 ± 1.3 142.6 ± 1.6 143.0 ± 1.3 

Terminal body mass (g) 257.1 ± 5.2 295.2 ± 4.7* 286.4 ± 4.4* 

Whole blood glucose (mmol/L) 7.9 ± 0.2 8.4 ± 0.2 8.5 ± 0.2 

Plasma insulin (ng/ml) 3.4 ± 0.2 3.4 ± 0.1 3.6 ± 0.1 

Plasma adiponectin (µg/ml) 8.1 ± 0.2 6.8 ± 0.1* 10.6 ± 0.3*¥ 

Plasma IL-6 (pg/mL) 20.3 ± 0.6 23.5 ± 1.1 25.3 ± 1.2* 

Plasma leptin (ng/mL) 7.4 ± 0.3 7.8 ± 0.3 7.8 ± 0.3 

Plasma MCP-1 (pg/mL) 31.6 ± 1.2 42.2 ± 2.0* 39.9 ± 1.5* 

Plasma TNF-Į (pg/mL) 32.0 ± 1.4 31.0 ± 1.8 31.5 ± 2.0 

 

Measurements were taken following 4 weeks of feeding. 

Data are mean ± SEM, n = 11-12.   

* = significantly different from LF, p � 0.05; ¥ = significantly different from SFA, p � 0.05.  

 

5.4.2 Adipose Tissue Secretory Profile 

Secreted adiponectin protein concentration was decreased in ACM from SFA fed animals 

(-30%, p � 0.05) compared to LF (Figure 5.1A) and this was prevented in SFA/n-3 PUFA ACM.  

Compared to LF, ACM from SFA and SFA/n-3 PUFA fed animals contained more IL-6 (+35%, 

+58%, respectively, p � 0.05) and MCP-1 (+40%, +44%, respectively, p � 0.05) (Figures 

5.1B,D).  Dietary fat composition did not affect secreted leptin concentration or FFA levels in 

ACM (Figures 5.1C,E).  Secreted TNF-Į protein concentration was below the detectable limit 

(6.6 pg/mL) in ACM from all three diet groups. 
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Fig. 5.1: Concentrations of A) adiponectin, B) IL-6, C) leptin, D) MCP-1, E) FFA in adipose-

conditioned medium from LF, SFA, and SFA/n-3 PUFA fed animals.  Values are means ± SEM, 

n=12.  * = significantly different from LF, p � 0.05.  LF = low-fat control diet, SFA = high 

saturated fatty acid diet, SFA/n-3 PUFA = high saturated fatty acid with n-3 polyunsaturated 

fatty acid diet.   

 

5.4.3 Inflammatory Signalling Gene Expression 

Gene expression of TLR4 was increased in both soleus (+356%, p � 0.05) and EDL 

(+143%, p � 0.05) muscles incubated in PALM (Figure 5.2A).  ACM from LF, SFA and SFA/n-

3 PUFA fed animals also induced an increase in TLR4 expression in soleus (+175%, +179%, 

+191%, respectively, p � 0.05), but not EDL, muscle (Figure 5.2A).  NF-țB expression was 

elevated in PALM-incubated soleus and EDL muscles (+173%, +125%, respectively, p � 0.05) 

but remained unchanged in all ACM groups (Figure 5.2B).   
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Fig. 5.2: Gene expression of inflammatory signalling intermediates in i) soleus and ii) EDL 

muscle. A) TLR4, B) NF-țB.  ȕ-actin was used as an endogenous control.  Values are means ± 

SEM, n=8.  * = significantly different from CON, p � 0.05.  CON = control buffer; PALM = 

control buffer supplemented with 2mM palmitate; ACM LF = adipose conditioned medium from 

animals fed a low-fat diet; ACM SFA = adipose conditioned medium from animals fed a high 

saturated fatty acid diet; ACM SFA/n-3 PUFA = adipose conditioned medium from animals fed 

a high saturated fatty acid with n-3 polyunsaturated fatty acid diet.   
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5.4.4 Inflammatory Cytokine Gene Expression 

TNF-Į gene expression was elevated in PALM-incubated soleus (+498%, p � 0.05) and 

EDL (+709%, p � 0.05) muscles but was unaffected by ACM incubation (Figure 5.3A).  ACM 

LF induced an increase in IL-6 expression in soleus and EDL muscles (+182%, +175%, 

respectively, p � 0.05) (Figure 5.3B).  MCP-1 expression was elevated in soleus muscle 

incubated with PALM, ACM SFA, and ACM SFA/n-3 PUFA (+163%, +159%, +151%, 

respectively, p � 0.05) but was unchanged in soleus muscle incubated with ACM LF and all EDL 

groups (Figure 5.3C). 
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Fig. 5.3: Gene expression of inflammatory cytokines in i) soleus and ii) EDL muscle. A) TNF-Į 

B) IL-6 C) MCP-1.  ȕ-actin was used as an endogenous control.  Values are means ± SEM, n=8.  

* = significantly different from CON, p � 0.05.  CON = control buffer; PALM = control buffer 

supplemented with 2mM palmitate; ACM LF = adipose conditioned medium from animals fed a 

low-fat diet; ACM SFA = adipose conditioned medium from animals fed a high saturated fatty 

acid diet; ACM SFA/n-3 PUFA = adipose conditioned medium from animals fed a high 

saturated fatty acid with n-3 polyunsaturated fatty acid diet.   

 

5.4.5 Glucose Transport 

In both soleus and EDL muscles, insulin significantly increased glucose uptake compared 

to basal in CON (+67%, +72%, respectively, P � 0.05), ACM LF (+61%, +62%, respectively, P 

� 0.05), ACM SFA (+80%, +87%, respectively, P � 0.05), and ACM SFA/n-3 PUFA (+53%, 

+86%, respectively, P � 0.05) (Figure 5.4A,B).  Insulin’s stimulatory effect was lost in PALM 

incubated soleus and EDL muscles (Figure 5.4A,B).  Basal and insulin-stimulated glucose 

transport did not differ between any groups in soleus or EDL muscles (Figure 5.4A,B).   
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Fig. 5.4: Basal and insulin-stimulated glucose transport in A) soleus muscle, and B) EDL 

muscle.  Values are means ± SEM, n=8.  * = significantly different from basal within the same 

treatment group, p � 0.05.  White bars = basal, Black bars = insulin-stimulated (0.5 mU/mL).  

CON = control buffer; PALM = control buffer supplemented with 2mM palmitate; ACM LF = 

adipose conditioned medium from animals fed a low-fat diet; ACM SFA = adipose conditioned 

medium from animals fed a high saturated fatty acid diet; ACM SFA/n-3 PUFA = adipose 

conditioned medium from animals fed a high saturated fatty acid with n-3 polyunsaturated fatty 

acid diet.   

 

5.5 Discussion 

This study is the first to demonstrate that dietary fatty acids can modulate the secretory 

profile of rodent adipose tissue explants and that exposure of isolated skeletal muscle to adipose-

derived factors can induce inflammatory changes without impairing insulin response.  More 

specifically, we demonstrated that consumption of a high SFA diet induced an increase in the 

secretion of pro-inflammatory adipokines and a decrease in adiponectin from cultured rodent 

adipose tissue.  Importantly, the SFA-mediated decrease in adiponectin secretion was prevented 

by inclusion of fish oil-derived n-3 PUFA in the high SFA diet.  In addition, skeletal muscle 

incubation in medium with an altered adipokine profile induced an increase in gene expression of 

TLR4 and MCP-1 in soleus (but not EDL) muscle and had no effect on insulin-stimulated 

glucose transport in either muscle type.  Overall, these results suggest that dietary SFA and n-3 

PUFA can modulate the secretory profile of visceral adipose tissue and affect the cross-talk 

between adipose tissue and skeletal muscle to induce changes in skeletal muscle inflammatory 

gene expression without affecting insulin sensitivity in an acute 8 hour timeframe.  
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5.5.1 Exposure to a high SFA diet, with or without n-3 PUFA, alters visceral fat adipokine 

secretion. 

To the best of our knowledge, we are the first to demonstrate that high fat diets can alter 

the secretory profile of cultured adipose tissue explants from rodents.  The observed increase in 

pro-inflammatory adipokine secretion and decrease in adiponectin after the high SFA diet is 

consistent with previous findings (17, 169).  Although the high SFA diet, regardless of n-3 

PUFA content, resulted in elevated IL-6 and MCP-1 protein concentrations, it is interesting to 

note that inclusion of n-3 PUFA in the high SFA diet completely prevented the SFA-induced 

decrease in secreted adiponectin concentration.  This protective effect of n-3 PUFA is consistent 

with reports that n-3 PUFA prevent high fat diet-induced elevations in inflammatory gene 

expression in mouse adipose tissue (162).  Furthermore, it is noteworthy that the high SFA diet, 

with or without n-3 PUFA, had no effect on total FFA release from cultured adipose tissue, 

which was unanticipated given the association between high fat feeding and increased plasma 

FFA levels (88).  Taking into consideration that the medium was collected 72 hours after 

initiation of adipose tissue culture, it is possible that some FFA may have been degraded and/or 

oxidized.  Furthermore, although there was no difference in total FFA concentration in the ACM, 

we must also acknowledge that the fatty acid composition of the ACM may have differed 

between diet groups. 

One advantage of using a whole adipose tissue model to examine the cross-talk between 

adipose tissue and skeletal muscle is the inclusion of non-adipocyte cells of the stroma-vascular 

fraction that also contribute to the secretory profile of adipose tissue.  Of particular importance 

are resident macrophages within adipose tissue that are a main source of inflammatory cytokines 

and have been shown to exert paracrine effects on adipokine release from adipocytes (156).  
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More specifically, MCP-1 is a key mediator of the negative cross-talk between adipocytes and 

myocytes in culture (141).  Given that MCP-1 is secreted in large part by macrophages (70), the 

use of a model such as ours that includes macrophage-derived factors in the examination of 

adipose-muscle cross-talk is of value.  Additionally, macrophage infiltration into adipose tissue 

is increased in response to 12 weeks of high fat feeding in mice (183), lending support to our 

observed increases in IL-6 and MCP-1 in ACM from SFA and SFA/n-3 PUFA fed animals.   

 

5.5.2 Acute exposure of skeletal muscle to adipose-derived factors does not affect insulin 

sensitivity. 

Since dietary fatty acids changed the adipokine secretory profile of visceral adipose tissue 

explants, a second objective of this study was to examine if the altered adipokine milieu in the 

ACM could modulate skeletal muscle glucose transport, a functional measure indicative of 

changes in insulin sensitivity.  The effects of ACM on insulin response in whole muscle has not 

been previously examined, although co-culture of myocytes with adipocytes or incubation of 

myocytes with ACM has been demonstrated to impair both myocyte insulin signalling (30-32, 

141, 142, 147) and glucose uptake (81), providing good basis for the current work.  We report 

for the first time that although dietary fatty acids changed the adipokine milieu of the ACM, this 

had no downstream functional effect as measured by insulin-stimulated glucose transport in 

isolated soleus and EDL muscles. As expected, incubation of both soleus and EDL muscle with 

2mM palmitate impaired insulin-stimulated glucose transport and is consistent with the work of 

others (2, 160).   

While it is possible that ACM exposure may have altered insulin signalling, as has been 

shown by others using myocytes (30-32, 141, 142, 147), our finding that insulin-stimulated rates 
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of glucose transport remained unchanged in response to diet-induced changes in ACM indicates 

that muscle insulin response was unaffected by adipose-derived factors.  This is likely 

attributable to several factors.  Firstly, levels of MCP-1 in the ACM were approximately 60% 

lower than those reported to induce decreased glucose transport in isolated muscle cells treated 

with synthetic adipokines (141), suggesting that the concentration of adipokines in the ACM may 

have been insufficient to affect insulin response. Along a similar line, it is possible that isolated 

myocytes and intact whole muscle strips differ in terms of sensitivity to adipose-derived factors.  

It is also noteworthy that resistin has been demonstrated to impair insulin-stimulated glucose 

transport in rodent soleus muscle in the presence, but not absence, of 2 mM palmitate (67), 

signifying that the concomitant presence of elevated fatty acids may be necessary for adipokine-

induced impairments in whole muscle insulin response but, as we only studied 2 mM palmitate 

on its own, this requires further study.  Lastly, it is plausible that 8 hours was simply an 

insufficient duration for ACM to induce changes in skeletal muscle insulin response, as previous 

work has typically incubated myocytes in ACM for approximately 24-48 hours (30, 32, 141, 

142). In our isolated whole muscle model, 8 hours was the maximum incubation time that could 

be used without comprising muscle strip viability as determined by quantification of muscle 

phosphagens (Appendix G).  

 

5.5.3 Acute exposure of skeletal muscle to adipose-derived factors induces fibre type-

specific changes in inflammatory gene expression. 

Although acute exposure to the diet-induced changes in adipokine milieu did not affect 

insulin sensitivity in skeletal muscle, changes in inflammatory gene expression in muscle were 

found.  TLR4 gene expression was significantly increased in soleus muscle after incubation with 
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ACM from LF, SFA, and SFA/n-3 PUFA fed animals.  SFA are known activators of TLR4, a 

membrane receptor that can initiate an intracellular inflammatory signalling cascade resulting in 

the translocation of NF-țB to the nucleus and the upregulation of inflammatory gene expression.  

The fact that TLR4 expression was induced to a similar degree in all three diet groups is likely 

attributable to the similar levels of FFA in the ACM from each.  Despite ACM-induced 

upregulation of TLR4 gene expression in soleus muscle, we observed no change in NF-țB 

expression in soleus or EDL muscles incubated in ACM.  In contrast to our findings, Dietze and 

colleagues found that ACM exposure activates the IKK/NF-țB pathway in cultured myocytes 

and is necessary for ACM-mediated impairments in myocyte insulin signalling (31).   Given that 

a concentrated adipocyte supernatant was used in the aforementioned study (31), it is likely that 

the adipokine concentrations in the ACM in our study were simply too low to induce a similar 

upregulation of NF-țB expression.  Alternatively, although we observed no detectable changes 

in NF-țB gene expression, it is possible that the protein expression and/or activity of NF-țB may 

have been altered, but this requires further study.  Finally, we are also the first to demonstrate 

that incubation of isolated whole muscle, both soleus and EDL, with palmitate significantly 

increased gene expression of inflammatory mediators and cytokines.  This is in agreement with 

reports at the muscle cell level that palmitate increases inflammatory cytokine gene expression 

by activation of NF-țB in C2C12 myocytes (23) and L6 myotubes (182) and further emphasizes 

the ability of this SFA to induce inflammation.  

It is interesting to note that MCP-1 gene expression was significantly increased in soleus 

muscle exposed to ACM from high fat, but not LF, fed animals, suggesting diet-induced changes 

in adipose-muscle communication. Although the relationship between adipokine concentrations 

and inflammatory changes has not been previously examined in whole adipose-muscle cross-talk 
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models, there is evidence that altered adipokine concentrations correlate directly with changes in 

myocyte insulin signalling (32, 147).  The addition of synthetic adiponectin to a co-culture of 

human adipocytes and myocytes effectively prevented impairments in myocyte insulin signalling 

(32).  Furthermore, an inverse relationship between concentrations of IL-6, IL-8, and leptin in 

ACM and the degree of co-culture-induced impairments in insulin-stimulated Akt 

phosphorylation are reported in human skeletal muscle cells (147).  Curiously, we observed an 

increase in IL-6 gene expression in soleus and EDL muscles exposed to ACM from LF fed 

animals only.  Although plasma IL-6 is positively correlated with BMI and closely linked with 

type 2 diabetes and CVD risk (201), muscle-derived IL-6 secretion increases during exercise and 

has been shown to exert an inhibitory effect on inflammatory cytokine production (122).  As 

such, it is possible the elevated IL-6 gene expression in muscle incubated in LF ACM is 

reflective of an anti-inflammatory feedback response and is in keeping with the high fat diet-

induced changes in MCP-1 expression in soleus muscle. 

Finally, we chose to examine the response of both soleus and EDL, an oxidative and 

glycolytic muscle type, respectively, to adipose-derived factors to elucidate any fiber-type 

specific effects in our adipose-muscle cross-talk model.  While the trend in response was 

remarkably similar between soleus and EDL muscles, soleus muscle appears to exhibit 

heightened sensitivity to ACM-induced changes in inflammatory gene expression.  As soleus 

muscle possesses a greater oxidative capacity compared to EDL muscle (125), this heightened 

inflammatory response to adipose-derived factors may be accredited to a greater propensity of 

soleus muscle to respond to FFA exposure, but this requires further study. 
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5.5.4 Summary and perspectives 

 In summary, we found that a high SFA diet, with or without n-3 PUFA, modulated the 

secretion of adipokines from rodent visceral adipose tissue. Additionally, using a newly 

developed model to study adipose tissue-skeletal muscle cross-talk at the whole tissue level, we 

demonstrated that exposure of isolated skeletal muscle to ACM originating from different diet 

groups resulted in changes in inflammatory gene expression without affecting insulin-stimulated 

glucose transport.  Overall, our findings suggest that dietary fatty acids can affect the 

communication between adipose tissue and skeletal muscle resulting in inflammatory changes, 

but that longer exposure time may be required to affect insulin sensitivity. 
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Chapter 6: Integrative Discussion 

 
The overall objective of this thesis was to examine the modulation of adipose-derived 

factors by long-chain n-3 PUFA and to characterize their effects on skeletal muscle fatty acid 

metabolism, inflammation and insulin response.  In contrast to SFA, which are positively 

correlated with impaired lipid metabolism and insulin resistance (35), n-3 PUFA are well-known 

for their anti-inflammatory and insulin-sensitizing properties and are associated with improved 

circulating adipokine concentrations, including increased adiponectin (130).  Prior to this thesis, 

the ability of n-3 PUFA to directly stimulate adiponectin secretion from human adipocytes, as 

well as to affect the responsiveness of peripheral skeletal muscle to circulating adiponectin had 

not been addressed.  Furthermore, previous work had demonstrated that consumption of a high 

SFA diet impairs the ability of adiponectin to stimulate skeletal muscle fatty acid oxidation 

which, in turn, is associated with blunted insulin responsiveness (108).  However, the ability of 

dietary n-3 PUFA to prevent and/or restore such skeletal muscle impairments, as well as any 

potential underlying changes in inflammation, had never been studied.  Finally, despite strong 

evidence at the cellular level that adipose-derived factors communicate with myocytes to 

regulate insulin signalling (30-32, 141, 143), the endocrine communication between adipose 

tissue and skeletal muscle, and the regulation of this cross-talk by dietary fatty acids, had never 

been examined at the whole tissue level.   

 

6.1 Summary of results 

 Consistent with our hypothesis, study one of this thesis demonstrated for the first time 

that both EPA and DHA increase the secretion of adiponectin from cultured primary human 

adipocytes.  Interestingly, EPA, but not DHA, also elicited an increase in cellular adiponectin 
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protein content, and the upregulation of adiponectin by EPA and DHA occurred partially and 

exclusively via a PPARȖ-dependent mechanism, respectively.  In addition, the EPA-induced 

increase in adiponectin secretion was further augmented when combined with rosiglitazone, 

indicating that n-3 PUFA and TZDs may exert additive effects on adiponectin in a human 

adipocyte model.   

Given that n-3 PUFA can increase adiponectin secretion from adipocytes, and that 

adiponectin is known to affect skeletal muscle function, the second study of this thesis aimed to 

examine if dietary n-3 PUFA could in fact enhance the response of skeletal muscle to circulating 

adiponectin.  More specifically, study two sought to determine if impairments in adiponectin 

responsiveness induced by a high SFA diet would be prevented and/or restored by n-3 PUFA 

and, in turn, if this would be associated with improvements in muscle insulin response.  We 

showed for the first time that incorporation of n-3 PUFA into a high SFA diet effectively 

prevented impairments in adiponectin response, and both prevented and restored impairments in 

insulin response, in isolated rodent soleus muscle.  Additionally, the high SFA diet increased 

both TLR4 and SOCS3 protein expression in soleus muscle, and the increase in TLR4 expression 

was prevented by the inclusion of n-3 PUFA in the diet.  Collectively, these findings suggest that 

changes in skeletal muscle inflammation may underlie diet-induced effects on skeletal muscle 

adiponectin and insulin response.   

Lastly, the third study in this thesis involved the development of a novel ex vivo model to 

study the communication between adipose tissue and skeletal muscle, as well as its regulation by 

dietary fatty acids at the whole tissue level.  Consumption of a high SFA diet, with or without n-

3 PUFA, induced changes in the profile of adipokines secreted from rodent visceral adipose 

tissue explants.  In turn, acute exposure of isolated skeletal muscle to the altered adipokine 
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milieu elicited fibre-type specific changes in inflammatory gene expression, indicating that 

cross-talk between adipose tissue and skeletal muscle can induce alterations in muscle 

inflammation.  However, in contrast to our hypothesis, insulin sensitivity in both soleus and EDL 

muscles remained unaffected by acute exposure to adipose tissue-derived factors, suggesting an 

ability of healthy skeletal muscle to sustain its insulin sensitivity over 8 hours.   

 

6.2 Dietary consumption of long-chain n-3 PUFA as a therapeutic strategy in obesity and 

type 2 diabetes  

The prevalence of obesity and obesity-related pathologies such as type 2 diabetes is 

increasing at an astounding rate; consequently, identifying strategies to prevent and treat these 

diseases is of upmost importance.  The work presented herein strongly suggests that dietary n-3 

PUFA intake represents a promising nutritional strategy to improve the metabolic disturbances 

underlying these conditions.  Both EPA and DHA, the bioactive fatty acids in fish oil, increased 

the secretion of adiponectin from isolated adipocytes, while the incorporation of fish oil into a 

high SFA diet prevented impairments in adiponectin secretion from rodent adipose tissue 

explants, clearly demonstrating the ability of n-3 PUFA to exert direct favourable effects on the 

profile of adipose tissue-derived factors that play a prominent role in obesity-related disease.   

This thesis also establishes that the benefits of dietary n-3 PUFA extend to peripheral tissues, as 

fish oil was shown to prevent SFA-induced impairments in both adiponectin and insulin response 

in isolated soleus muscle.  As obesity is characterized by decreased adiponectin secretion from 

adipose tissue and resistance of skeletal muscle to circulating adiponectin and insulin, it stands to 

reason that the consumption of long-chain n-3 PUFA represents a viable therapeutic strategy to 

aid in the management of these diseases.  



114�
�

A strength of study one was that the n-3 PUFA doses used to treat human adipocytes 

were comparable to typical plasma concentrations of EPA and DHA (175).  That said, plasma 

levels of palmitic acid are typically much higher than those used (175), and this may explain why 

no change in adiponectin secretion from the cultured adipocytes was observed with palmitic acid.  

A limitation of studies two and three also pertains to the amount and composition of dietary fatty 

acids.  In these studies, both high fat diets contained 60% of total kcal derived from fat which 

exceeds that of the typical North American diet.  Additionally, the SFA/n-3 PUFA diet contained 

15% of kcal from menhaden oil, 8% of which was derived from long-chain n-3 PUFA.  Based on 

average food intakes, this translates to the rodents receiving approximately 0.6 g/day of fish oil 

which, considering their body mass, represents a supraphysiological dose as the recommended 

dietary intake of n-3 PUFA for humans does not exceed 2-4 g/day (79).  While the diets used in 

this thesis were chosen to induce rapid changes in adipose tissue and skeletal muscle metabolism 

in an effort to evaluate the potential regulatory role of dietary fatty acids and underlying 

mechanisms by which they function, future studies using diets that are more characteristic of 

typical dietary intake patterns would be valuable.  Lastly, though the current findings cannot 

easily be directly extrapolated to humans, they serve an important purpose in developing our 

current understanding of dietary fatty acid-induced changes in adipokine secretion, 

inflammation, and insulin responsiveness in skeletal muscle. 

The combination of EPA and rosiglitazone treatment in study one provoked an additive 

increase in the secretion of adiponectin from adipocytes and this was consistent with the recent 

findings of Banga and colleagues (9).  As hypoadiponectinemia is a common feature of type 2 

diabetes, this carries notable therapeutic implications for diabetics currently receiving TZD 
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treatment.  The value of combining TZD therapy with EPA supplementation has yet to be 

examined at the in vivo level and should be the focus of future clinical studies.   

Furthermore, although EPA and DHA both stimulated adiponectin secretion from 

isolated adipocytes, only EPA treatment resulted in an increase in cellular adiponectin protein 

content.  It is possible that DHA elicited an increase in adiponectin secretion by regulating post-

transcriptional modifications of adiponectin necessary for its release from adipocytes (179, 181); 

however, this cannot be determined from this current body of work.  Moreover, DHA was also 

found to regulate adiponectin secretion exclusively via PPARȖ, whereas EPA functioned by 

PPARȖ and an additional unknown mechanism.  The differential regulation of adiponectin by 

EPA and DHA emphasizes the importance of considering the independent properties of these n-3 

PUFA, as they are typically evaluated in combination in the form of fish oil supplementation.  

Future work should also aim to elucidate the PPARȖ-independent mechanisms by which EPA 

modulates adiponectin.  In light of the finding that n-3 PUFA consumption prevented SFA-

induced TLR4 expression in study two, it seems possible that EPA may increase adiponectin 

secretion by downregulating inflammatory pathways in adipocytes, but this requires further 

study.   

 

6.3 Adiponectin as a regulator of skeletal muscle function 

 Previous work has demonstrated that adiponectin stimulates fatty acid oxidation in both 

rodent (109) and human (16) muscle.  Importantly, the response of skeletal muscle to adiponectin 

is blunted in obesity (16) and as a consequence of high SFA consumption (109).  As the 

accumulation of muscle lipids species can interfere with insulin signalling (129, 199), impaired 

adiponectin-stimulated oxidation of fatty acids may be a determinant of skeletal muscle insulin 

sensitivity.  Indeed, a recent study by Mullen et al. revealed that adiponectin resistance occurs 
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prior to both accumulation of muscle lipids and blunted insulin-stimulated glucose uptake in 

response to high fat feeding in rodents (108).  In study two of this thesis we demonstrated for the 

first time that the loss of both adiponectin and insulin response in soleus muscle can be prevented 

by incorporation of fish oil into a high SFA diet.   

Interestingly, after 4 weeks of high SFA intake, fish oil incorporation into the high SFA 

diet led to the restoration of high SFA diet-induced impairments in insulin response, without 

rescuing adiponectin response in soleus muscle.  Thus, although adiponectin resistance precedes 

the development of insulin resistance (108), it does not appear to be required for its restoration.  

These findings are consistent with reports that exercise can restore muscle insulin response 

despite continued resistance to adiponectin (Gulli et al., unpublished findings) or leptin (134).  It 

is possible that if the dietary intervention in study two had extended longer than 8 weeks 

adiponectin response may have been restored as well, but this cannot be determined from the 

current work.  Regardless, the observation that adiponectin response is not required for the 

restoration of insulin response is an interesting point, emphasizing that resistance to adiponectin 

is merely one factor that contributes to impairments in lipid metabolism and, ultimately, diet-

induced muscle insulin resistance.  Future studies should aim to characterize other potential 

benefits of fish oil on skeletal muscle lipid metabolism that may account for the observed 

restoration of insulin response.  For example, leptin has been shown to downregulate triglyceride 

esterification in muscle and this effect is blunted in response to high SFA consumption but 

maintained with fish oil supplementation (153).  Therefore, while it is possible that fish oil 

decreased muscle lipid accumulation by targeting storage rather than oxidation, this requires 

further study. 
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Finally, although this thesis has considered resistance to adiponectin-stimulated fatty acid 

oxidation to be a metabolic disadvantage, it is possible that loss of adiponectin response actually 

occurs as a protective mechanism with regards to the production of reactive oxygen species 

(ROS).  Consumption of a high SFA diet has been shown to increase skeletal muscle ROS 

production in rodents, coinciding with the development of insulin resistance (5).  Remarkably, if 

ROS production is attenuated via mitochondrial-targeted antioxidant administration, insulin 

sensitivity is preserved (5), suggesting that oxidative stress is a key factor in the etiology of high 

SFA diet-induced insulin resistance.  Therefore, it is possible that during exposure to excess 

dietary fat, skeletal muscle sacrifices its responsiveness to factors such as adiponectin that 

stimulate fatty acid oxidation to defend itself against increased ROS production and oxidative 

stress.  As fish oil may possess antioxidant properties (177), its role in the convergence of 

adiponectin resistance, oxidative stress and insulin resistance should be examined. 

 

6.4 Are changes in inflammation an underlying mechanism by which dietary fatty acids 

affect skeletal muscle function? 

 A common objective in studies two and three was to evaluate the role of inflammation as 

an underlying mechanism by which dietary fatty acids regulate skeletal muscle function.  Study 

two revealed that a high SFA diet induced an increase in TLR4 and SOCS3 expression in 

skeletal muscle and that n-3 PUFA prevented the increase in TLR4, but not SOCS3.  In study 

three, exposure of soleus muscle to adipose-derived factors led to an increase in TLR4, IL-6, and 

MCP-1 gene expression; however, the effect of dietary fatty acids was minimal.  Although these 

findings are intriguing, it must be acknowledged that both gene and protein expression of 

numerous additional inflammatory signalling mediators and cytokines were unaffected by dietary 

fatty acids in studies two and three.  Consequently, it would be premature to conclude that 
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changes in skeletal muscle inflammation represent a mechanism by which dietary fatty acids, 

including n-3 PUFA, mediate adiponectin and insulin response.  Likewise, the observation that 

changes in both skeletal muscle inflammation and adiponectin and insulin response occur 

concomitantly in response to dietary fatty acids does not necessitate or even suggest causality 

between these events; the possibility that these changes are unrelated cannot be excluded.  

Nonetheless, given that inflammation is considered a hallmark of obesity and type 2 diabetes 

(135), a more thorough exploration of the role of inflammatory changes underlying diet-induced 

changes in muscle metabolism is certainly justified. 

 Various limitations regarding the methods by which we investigated the effects of dietary 

fatty acids on skeletal muscle inflammation must be recognized in this thesis.  Firstly, 

quantification of mRNA and protein expression represent static measurements that fail to capture 

the intricacies of complex cellular pathways.  For instance, recent work has demonstrated that 

consumption of a high SFA diet results in co-localization of SOCS3 with the insulin receptor and 

IRS-1, resulting in impaired downstream insulin signalling via steric hindrance (196).  In 

accordance with these findings, determination of the activity and cellular localization of 

inflammatory signalling mediators (methods not widely available) would have significantly 

enhanced our characterization of diet-induced changes in muscle inflammation in studies two 

and three and should be included in future work.  Secondly, it is possible that since the animals 

were fasted overnight prior to tissue isolation, changes in gene and protein expression induced by 

the different high fat diets may have been masked.  Although the overnight fast was necessary to 

eliminate potential confounding variables associated with the acute effects of a last meal, its 

limitation with respect to unveiling transient diet-induced changes in gene and protein expression 

of inflammatory mediators represents a shortcoming in studies two and three.  
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6.5 The development and use of an adipose tissue-skeletal muscle crosstalk model 

 A major objective of study three was to design and characterize an ex vivo model to 

investigate the communication between adipose and skeletal muscle at the whole tissue level.  

By utilizing a whole tissue model, the influence of non-adipocyte cells, such as macrophages, 

residing in adipose tissue on its secretory function was effectively addressed and represents a 

major strength of this study.  Macrophages secrete numerous cytokines including MCP-1, and 

also communicate in a paracrine fashion to regulate the release of adipokines from adipocytes 

(156), thus playing an integral role in mediating the secretory profile of whole adipose tissue.  

With the notable exception of adiponectin, the adipokines examined in the adipose tissue organ 

culture model are secreted from both adipocytes and macrophages, making it difficult to interpret 

the extent to which macrophages and other non-adipocyte cells were contributing to the overall 

secretory profile of the tissue, as well as whether they too were altered by high fat feeding.  

Investigation of the potential differences in skeletal muscle response to medium generated from 

isolated adipocytes versus medium generated from whole tissue explants would be a helpful 

future study to elucidate the degree to which non-adipocyte cells residing in adipose tissue 

contribute to adipose-muscle communication. 

 Additionally, the perigonadal visceral adipose tissue depot was selected for culture in our 

crosstalk model as visceral adipose has been demonstrated to secrete higher concentrations of 

adipokines compared to subcutaneous adipose (40).  However, it would be worthwhile to 

compare the responses of different visceral adipose tissue depots (i.e. perigonadal vs. 

retroperitoneal fat pads) to dietary interventions to investigate any potential depot-specific 

effects.  Similarly, given that research suggests that male rodents exhibit a heightened 

susceptibility to high fat diet-induced changes in adipose tissue metabolism (39, 63), future work 
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should also aim to characterize any potential sex differences in the dietary modulation of 

adipokine secretion and ensuing effects on skeletal muscle metabolism. 

 Using an in vitro co-culture model, Dietze and colleagues determined that exposure of 

cultured myocytes to adipocyte-conditioned medium induced impairments in IRS-1 and Akt 

phosphorylation (30-32), suggesting that adipose-derived factors are able to directly 

communicate with myocytes to activate inflammatory pathways and induce impairments in 

insulin signalling.  Furthermore, incubation of L6 myotubes with conditioned medium from 

human visceral fat impaired rates of insulin-stimulated glucose uptake (81), a key functional 

measurement indicative of changes in insulin sensitivity.  Given that myocytes tend to exhibit a 

different (less dramatic) response to insulin compared to a whole muscle preparation (104, 108, 

109), the effects of adipose-derived factors on insulin-stimulated glucose transport in whole 

muscle warranted investigation.  Study three in this thesis demonstrated for the first time that 

exposure of healthy whole skeletal muscle to adipose-derived factors for an acute period of 8 

hours was insufficient to perturb insulin sensitivity.  In development of our adipose-muscle 

crosstalk model, one important consideration associated with the use of whole muscle strips as 

opposed to isolated myocytes was tissue viability.  Whereas myocytes are commonly exposed to 

adipose-conditioned medium for upwards of 48 hours (30), the viability of isolated skeletal 

muscle strips is much more time sensitive.  In accordance with the phosphogens data (see 

Appendix G), 8 hours was the maximum length of time that muscle strips could be incubated ex 

vivo without comprising the quality and viability of the tissue.  As such, the inability of adipose-

derived factors to inflict changes in insulin-stimulated glucose transport is likely attributable in 

part to the acute exposure time of the current model compared to previous work (30-32, 81, 81, 

141).  Furthermore, it is conceivable that intact muscle strips are simply less sensitive to 
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inflammatory mediators than isolated myocytes and may have required higher concentrations of 

pro-inflammatory adipokines to elicit an effect on insulin sensitivity.  It would be interesting to 

expose skeletal muscle to a concentrated adipose-conditioned medium (achieved by 

ultracentrifugation) to determine if higher concentrations of pro-inflammatory adipokines might 

elicit a different response.  Lastly, examining the effects of whole adipose tissue-derived factors 

on isolated myocytes also represents a logical future study to clarify any potential discrepancies 

in sensitivity between isolated myocytes and whole muscle strips.       

In study three, consumption of a high SFA diet, with or without a fish oil-derived long-

chain n-3 PUFA, resulted in discernible changes in the adipokine milieu produced from visceral 

adipose tissue explants.  However, changes in skeletal muscle inflammatory gene expression 

were similar in response to exposure to ACM from animals fed different diets.  Two notable 

exceptions were the increase in soleus and EDL IL-6 expression elicited by ACM from LF fed 

animals only, and the increase in soleus MCP-1 expression produced by exposure to ACM from 

the high fat, but not LF, diets.  It should be emphasized that although not statistically significant, 

LF ACM treatment resulted in a trend towards an increase in MCP-1 gene expression as well.  

The similarity in skeletal muscle response to ACM despite the differences in adipokine 

concentrations may be credited to several factors.  Firstly, it is likely that the changes in 

adipokine concentrations induced by the different diets were simply too modest to translate to 

functional changes in skeletal muscle response to the adipose-derived factors.  Moreover, FFA 

concentrations in the ACM were unaffected by diet and, therefore, it is possible that these FFA 

levels masked the effects of the altered adipokine profiles on skeletal muscle function.  Lastly, it 

must be acknowledged that adipose tissue secretes hundreds of different adipokines and 

hormones, and the adipokines quantified in these experiments represent only a snapshot of those 
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actually present in the ACM.  Therefore, although the high fat diets resulted in changes in 

adiponectin, IL-6 and MCP-1 secretion from adipose tissue explants, it is possible that dietary 

effects, or lack thereof, on other adipose-derived factors not measured in this thesis may have 

superseded or counteracted those that were altered.  

 

6.6 Concluding remarks 

 In summary, the current thesis highlights the role of n-3 PUFA in modulating adipokine 

secretion and ensuing functional changes in skeletal muscle inflammation, lipid metabolism, and 

insulin response.  Given that the prevalence of obesity and type 2 diabetes is escalating at an 

alarming rate, the importance of identifying potential strategies for the prevention and treatment 

of these pathologies cannot be understated.  The ability of n-3 PUFA to counteract several of the 

metabolic impairments induced by a high SFA diet is also worth highlighting in view of the 

increase in consumption of calorically dense, high saturated fat foods in today’s society.  The 

mechanisms by which n-3 PUFA exert their beneficial health effects are numerous and 

multifactorial.  The studies presented in this thesis suggest that modulation of adipokine 

secretion and response, as well as changes in intracellular inflammatory signalling mediators, 

represent targets by which n-3 PUFA may affect insulin responsiveness in skeletal muscle.  

Future studies should aim to further elucidate potential underlying mechanisms to gain a more 

comprehensive understanding of the means by which dietary n-3 PUFA may aid in the 

management of obesity and its related pathologies.� �
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Appendix A 

 
Western Blotting Conditions: 

Protein 
Molecular 

Weight 
Gel Block Primary Antibody 

Secondary 

Antibody 

APPL1 82 10% 5% NFM 1:1000 5% NFM 1:2000 rabbit 

AMPK 64 10% 5% BSA 1:1000 2.5% BSA 1:2000 rabbit 

ACC 260 6% 2.5% BSA 1:1000 2.5% BSA 1:2000 rabbit 

Akt 60 10% 5% BSA 1:2000 5% BSA 1:2000 rabbit 

pAkt 60 10% 5% BSA 1:2000 5% BSA 1:2000 rabbit 

TLR4 110 10% 5% BSA 1: 250 5% BSA 1:2000 rabbit 

IțBĮ 39 10% 5% NFM 1:500 5% NFM 1:2000 mouse 

pIțBĮ 41 10% 5% BSA 1:500 5% BSA (48 hrs) 1:2000 rabbit 

NF-țB 65 10% 5% BSA 1:2000 5% BSA 1:2000 rabbit 

pNF-țB 65 10% 5% BSA 1:1000 5% BSA 1:2000 rabbit 

SOCS3 26 10% 5% BSA 1:1000 5% BSA 1:2000 rabbit 

 

NFM = non-fat milk; BSA = bovine serum albumin. 

All primary antibody incubations are overnight unless otherwise stated. 

�
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Appendix B 

 
Adiponectin concentrations in adipose-conditioned media from rodent adipose tissue 

explants treated with 500 µM EPA or DHA for 48 hours.�

�

Data are mean ± SEM, n = 6.  

CON = control; EPA = eicosapentaenoic acid; DHA= docosahexaenoic acid. 

EPA and DHA treatments were complexed with 100 µM of bovine serum albumin (BSA).  CON 

condition contained 100 µM only. 

Secreted adiponectin in the medium was quantified by ELISA. 

� �
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Appendix C 

 
Protein concentrations of A) adiponectin, B) leptin, C) IL-6, and D) MCP-1 in adipose-

conditioned medium from rodent adipose tissue explants standardized by mass from 

animals fed CON, SFA, or SFA/n-3 PUFA for 4 weeks.  
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Data are mean ± SEM, n = 8.   

* = significantly different from LF at the same timepoint, p � 0.05.  

LF = low-fat diet; SFA = high saturated fatty acid diet; SFA/n-3 PUFA = high SFA with n-3 

polyunsaturated fatty acids diet.   

Adiponectin concentrations in the medium were quantified by ELISA, and secreted leptin, IL-6, 

and MCP-1 concentrations in the medium were quantified by 
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Appendix D 

 
Total protein content of perigonadal adipose tissue explants from animals fed LF, SFA, or 

SFA/n-3 PUFA for 4 weeks.   

�

Data are mean ± SEM, n = 12.   

* = significantly different from LF, p � 0.05.  

LF = low-fat diet; SFA = high saturated fatty acid diet; SFA/n-3 PUFA = high SFA with n-3 

polyunsaturated fatty acids diet.   

Total protein was determined by a bicinchoninic acid protein assay.  
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Appendix E 

 
Timecourse of A) adiponectin, B) leptin, C) IL-6, and D) MCP-1 protein concentrations in 

adipose-conditioned medium from rodent adipose tissue explants from animals fed CON, 

SFA, or SFA/n-3 PUFA for 4 weeks.  

�

�
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Data are mean ± SEM, n = 6  

* = significantly different from LF at the same timepoint, p � 0.05.  

LF = low-fat diet; SFA = high saturated fatty acid diet; SFA/n-3 PUFA = high SFA with n-3 

polyunsaturated fatty acids diet.   

Adiponectin concentrations were quantified by ELISA; leptin, IL-6, and MCP-1  concentrations 

were quantified by Bio-Plex. 
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Appendix F 

 
Basal and insulin-stimulated glucose transport in soleus muscle incubated in CON, ACM 

LF, ACM SFA, or ACM SFA/n-3 PUFA for 4 hours.  

 
Values are means ± SEM, n=8.   
 
* = significantly different from basal within the same treatment group, p � 0.05.   
 
White bars = basal, Black bars = insulin-stimulated (0.5 mU/mL).   
 
CON = control buffer; ACM LF = adipose conditioned medium from animals fed a low-fat diet; 
ACM SFA = adipose conditioned medium from animals fed a high saturated fatty acid diet; 
ACM SFA/n-3 PUFA = adipose conditioned medium from animals fed a high saturated fatty 
acid with n-3 polyunsaturated fatty acid diet.   
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Appendix G 

Changes in ATP and PCr content in soleus and EDL muscle incubated for 8 hours in 
M199.   

 Soleus EDL 
 Baseline 8 hrs Baseline 8 hrs 

ATP  
(nmol/g dry weight) 

13.11 8.53 17.54 9.83 

PCr  
(nmol/g dry weight) 

30.89 21.79 41.12 21.44 

 


