
	

The Protective Effects of Exercise Against Acute Inflammatory and 
Metabolic Challenges 

 

By  

Laura Nicole Castellani 

 
 
 
 
 

 
A Thesis 

presented to 
The University of Guelph 

 
 
 
 

 
In partial fulfilment of requirements 

for the degree of 
Doctor of Philosophy  

in 
Human Health and Nutritional Sciences 

 
 
 
 
 
 
 
 
 

Guelph, Ontario, Canada 
 

© Laura Nicole Castellani, June, 2017 



	

ABSTRACT 
 
 
 
 

THE PROTECTIVE EFFECTS OF EXERCISE AGAINST ACUTE 
INFLAMMATORY AND METABOLIC CHALLENGES 

 
 
 
 

Laura Nicole Castellani    Advisor: 
University of Guelph, 2017    Associate Professor D.C. Wright  
 
 

It is well appreciated that exercise is associated with improvements in metabolic 

health, though the specific mechanisms underlying these processes remain to be fully 

understood. As such, the work presented in this thesis highlights the beneficial effects of 

exercise with respect to protecting against acute inflammatory and metabolic challenges.  

 

First, study one identified the protective effect of chronic exercise training against 

an acute inflammatory challenge with the beta-3 adrenergic agonist CL 316,243. 

Specifically, it was revealed that CL 316,243 activates markers of inflammation in white 

adipose tissue of lean male mice and that this response was attenuated with 4-weeks of 

exercise training. The blunted CL 316,243-induced inflammation was matched by 

reductions in the protein content of the pro-inflammatory ion channel TRPV4.  

 

To further explore the relationship between regular exercise training and adipose 

tissue inflammation we next examined the inflammatory response associated with a 

single, acute bout of moderate exercise. Notably, although IL-6 expression and signaling 



	 	

	

were induced in response to acute exercise, this occurred independent of changes in other 

traditional markers of adipose tissue inflammation (i.e. TNF-alpha, IL-1beta, JNK 

phosphorylation). Moreover, activation of IL-6 signaling in response to an acute bout of 

exercise is amplified with regular exercise training.  

 

In study three, we found that a single bout of exercise protects against metabolic 

disturbances associated with a single dose of the antipsychotic olanzapine. This was 

paralleled by improvements in insulin tolerance, reductions in hepatic glucose output and 

alterations in fuel utilization.  

 

The studies in this thesis are the first to note i) that regular exercise training 

protects against CL 316,243 induced activation of adipose tissue inflammation; ii) that 

acute exercise-induced increases in IL-6 signaling are amplified in adipose tissue after 

chronic exercise training; iii) That a single bout of exercise protects against olanzapine-

induced hyperglycemia. In all, this work contributes significantly to our understanding of 

adipose tissue dependent and independent benefits of exercise.  
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1.1 The Development of Obesity and Type 2 Diabetes  

1.1.1 Prevalence and costs of obesity and Type 2 Diabetes  
	

The global prevalence of obesity is increasing at an alarming rate in both 

developed and developing nations. From 2012 to 2013, it was estimated that nearly 62% 

of Canadian adults measured as overweight or obese according to body mass index 1. 

This is troubling not only for the social, emotional and physical burdens associated with 

obesity, but also for the damaging economic costs. Obesity-related conditions represent 

approximately $4.6 to $7.1 billion dollars in annual healthcare costs in Canada 2 and the 

development of obesity has evolved to rival smoking as a main contributor to the 

development of preventable diseases 3.  

Though obesity is formally characterized by the accumulation of excess adipose 

tissue, several metabolic disturbances are intimately tied to the development of obesity. 

Specifically, the accumulation of adipose tissue is mirrored by a loss of insulin sensitivity 

and the development of Type 2 Diabetes 4. The World Health Organization reported that 

422 million individuals classified as diabetic in 2014, and predicted this number to grow 

exponentially alongside rising obesity rates 4.  

The following sections will discuss the processes involved in the regulation of 

glucose homeostasis, and how the development of obesity and insulin resistance 

ultimately disturb glucose metabolism.    

1.2. Insulin and Glucose Homeostasis: 
	

Regulation of blood glucose is a key component of metabolic health.  Prolonged, 

unmanaged increases in blood glucose can lead to vascular degeneration, and progressive 

organ failure 5. In a healthy individual, a rise in blood glucose triggers the anabolic 
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hormone, insulin to be released from the pancreas 6. Upon release, insulin promotes the 

movement of glucose from blood into peripheral tissues, namely skeletal muscle, where it 

can be safely stored 7. Alongside glucose uptake into skeletal muscle, insulin attenuates 

release of endogenous glucose and lipids from liver and adipose tissue, respectively.  

1.2.1 Insulin Secretion 
	

In a healthy individual, a rise in blood glucose triggers insulin to be released from 

pancreatic beta-cells. Specifically, glucose is moved into pancreatic beta-cells by GLUT2 

glucose transporters (GLUT) and oxidized in a step-wise manner to form ATP. This 

intracellular glucose oxidation results in a rapid depolarization of the cellular membrane, 

which subsequently facilitates the movement of insulin-containing vesicles to the plasma 

membrane for exocytotic release (reviewed in 6). Interestingly, although acute increases 

in blood glucose initiate a matched increase in insulin release from the pancreas, this 

response fails as elevated levels of blood glucose persist 8–10. Though the particular 

mechanism remains to be fully understood, beta-cell fatigue is thought to involve reduced 

regenerative capacity and apoptosis 11,12.  

1.2.2 Skeletal Muscle Insulin Signaling  
	

Upon release, circulating insulin promotes the movement of glucose from the 

blood into peripheral tissues 7 via a redistribution of intracellular glucose transporters to 

the plasma membrane (as reviewed by 13). Specifically, the insulin-signaling cascade is 

initiated when insulin binds to receptors on the cell membrane, and activates the 

autophosphorylation of receptor tyrosine residues. This autophosphorylation event 

promotes tyrosine-phosphorylation of insulin receptor substrate (IRS), which then 

interacts with phosphatidylinositol-3-kinase (PI3K). Formation of the IRS-PI3K complex 
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promotes the activation of multiple signals, including the phosphorylation of 

phosphoinositide to form phosphatidylinositol-3-phosphate (PIP3). In part, activation of 

PIP3 indirectly results in the subsequent phosphorylation of serine and threonine residues 

of the kinase Akt 14. Akt is capable of phosphorylating a series of enzymes involved in 

glucose uptake, including Akt substrate of 160kDa (AS160) [as reviewed by 13].  

Movement of glucose transporters, namely GLUT4 in skeletal muscle, involves 

the activation of Rab GTP-ase proteins by AS160. GDP-bound Rab is associated with 

docked GLUT4-containing vesicles while GTP-associated Rab is associated with GLUT4 

exocytosis.  While some suggest that AS160-dependent processes evoke changes in the 

tethering and docking elements of GLUT4 15, others report that movement of the vesicles 

is independent of changes in these tethering and fusion elements 16. Ultimately, the 

phosphorylation of AS160 releases the inhibition on GLUT4 vesicle translocation, and 

allows for movement of the glucose transporters to the cell membrane.  

 

1.2.3 Hepatic Insulin Action 
	

Alongside increases in skeletal muscle glucose uptake, insulin is also known to 

suppress endogenous glucose production from the liver. Primarily, insulin appears to 

suppress glycogen breakdown, though at higher concentrations, gluconeogenesis (i.e., de 

novo glucose production from non-carbohydrate precursors, such as lactate, pyruvate, 

glycerol, amino acids) is also attenuated. Insulin directly suppresses hepatic glucose 

output via phosphorylation and dephosphorylation of enzymes central to glycogenolysis 

and gluconeogenesis. Similarly insulin down-regulates the expression of genes encoding 

these gluco-regulatory enzymes17–19. Secondary suppression of hepatic glucose 
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production arises from the indirect, systemic effects of insulin. Insulin signaling in 

peripheral and central tissues limits the availability of gluconeogenic substrates for 

glucose production 20. In large part, insulin-induced reductions in NEFA and glycerol 

released from adipose tissue are understood to limit hepatic glucose output. The proposed 

“single-gateway hypothesis” suggests that declining levels of NEFA in the portal vein is 

responsible for nearly 75% of the insulin-induced suppression of HGO, highlighting the 

dynamic interaction between metabolic substrates and peripheral tissues 21. Furthermore, 

insulin suppresses pancreatic production of the hormone glucagon- a hormone which 

promotes hepatic glucose output 22.      

1.2.4 Adipose Tissue Lipolysis and Insulin Signaling  
	

The ability of insulin to directly regulate glucose production and uptake is 

complemented by the insulin-mediated suppression of lipid release.  

a. Enzymatic control of lipolysis  

Lipolysis is characterized by the step-wise breakdown of triglycerides (TGs) to 3 

constituent fatty acids and a glycerol backbone. In adipose tissue, the release of free fatty 

acids is initiated by the activation of beta-adrenergic receptors at the membrane of the 

adipocyte. Activation of beta-adrenergic receptors by catecholamines, such as 

epinephrine and norepinephrine, promotes the formation of cyclic-AMP (cAMP), which 

in turn phosphorylates protein kinase A (PKA) 23,24. Phosphorylated PKA directly and 

indirectly facilitates the breakdown of TGs, in large part by the activation of lipolytic 

enzymes 23. The conversion of TGs to diacylglycerols (DGs) is facilitated by adipose 

tissue triglyceride lipase (ATGL) which is activated by PKA directly 25. Similarly, the 

conversion of DGs to monoacylglycerols (MGs) is accomplished by hormone sensitive 



	 	

	 6	

lipase (HSL), which is directly phosphorylated at serine 563 and 660 residues by PKA 

23,26. Finally, removal of the final fatty acid from glycerol is mediated by monoglyceride 

lipase (MGL) 27. In addition to the phosphorylation of lipolytic enzymes, adrenergic 

activation of PKA promotes the removal of perilipin proteins lining the surface of lipid 

droplets. Phosphorylation and removal of these proteins allow lipolytic enzymes to access 

and interact with stored lipids 25,28, indirectly facilitating lipolysis. In addition to PKA-

mediated lipolysis, beta-adrenergic activation of the mitogen-activated protein kinase 

(MAPK) ERK1/2 has more recently been shown to stimulate lipolysis in a PKA-

independent manner, when catecholamine levels are significantly elevated29.  

b. Insulin-mediated regulation of lipolysis 

Insulin-stimulated suppression of lipolysis is thought to involve the 

dephosphorylation and consequentially the deactivation of HSL, in part by reducing 

levels of cAMP. Specifically insulin-stimulated activation of PI3-kinase has been shown 

to activate cAMP phosphodiesterase, which degrades cAMP 30,31. Some have also 

suggested a role for insulin in the suppression of adenyl cyclase which limits the 

production of cAMP 32. This is particularly important as excess lipid release, particularly 

that which supercedes the oxidative consumption of lipids in peripheral tissues, can result 

in ectopic lipid deposition.  
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Figure 1.1. Regulation of lipolysis in adipose tissue. Adipose tissue FFA release is 
regulated by the stepwise activation of a series of enzymes, initiated by the stimulation of 
beta-adrenergic receptors at the plasma membrane. Lipid release is attenuated by insulin 
which activates a distinct set of enzymes and subsequently down-regulates the lipolytic 
pathway.  	
 

 

c. Adipose tissue lipolysis with respect to peripheral lipid handling  

As lipid accumulation exceeds the storage and handling capacity of adipose 

tissue, excess lipid metabolites are deposited in peripheral tissues, such as skeletal 

muscle. In obesity, basal levels (i.e. non-stimulated) of fatty acid release from adipose 

tissue are increased, contributing to the efflux of lipids into circulation 33.  This condition 

of lipid spillover, often known as “lipotoxicity”, manifests in part as an accumulation of 
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diacylglycerols (DAGs) and ceramides in skeletal muscle and liver, which inhibit 

proximal events of the insulin signaling cascade 34. Specifically, the intracellular 

accumulation of DAGs is thought to impair IRS-1 via phosphorylation of serine residues 

by Protein Kinase C (PKC)35. Similarly, an intracellular abundance of ceramides has been 

shown to impair activation of Akt 35. The mechanisms mediating the inhibition of the 

insulin-signaling by ceramides are thought to involve the activation of stress kinases such 

as JNK, which contribute to the inhibitory serine phosphorylation, and simultaneous 

prevention of stimulatory tyrosine phosphorylation, of IRS-1 36,37.  

 

1.3 Insulin Resistance and Inflammation in Glucose Metabolism   
	

Given the marked role of insulin signaling in the maintenance of glucose and lipid 

balance it is not surprising that the development of insulin resistance dramatically impairs 

metabolic health. While many factors influence the development of insulin resistance, 

recent work has identified a central role for inflammation in the loss of insulin action 38.  

The connection between inflammation and glucose homeostasis was first reported nearly 

a century ago, when it was noted that treatment with the anti-inflammatory drug sodium 

salicylate improved symptoms of Type 2 Diabetes 39. Based on this early work, many 

labs have focused on identifying the specific inflammatory signals involved in the 

development of impaired glucose homeostasis and metabolic perturbations. The 

following section aims to highlight the involvement of key inflammatory signals, 

including Tumour Necrosis Factor-α, Interleukin-1β, and Interleukin-6, in the 

development of inflammatory-induced disturbances in metabolism.  
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1.3.1 Tumour Necrosis Factor-α and Systemic Inflammation  
	

The pro-inflammatory cytokine Tumour Necrosis Factor-α (TNF-α) has been well 

implicated in the pathogenesis of impaired glucose homeostasis.  Specifically, elevated 

circulating levels of TNF-α have been observed in conditions of decreased insulin 

sensitivity and impaired glucose tolerance 40,41. The relationship between TNF-α and 

glucose homeostasis was first observed by Hotamisligil et al., who reported that TNF-α 

mRNA expression was elevated in adipose tissue of obese rodents, and that neutralization 

of this cytokine improved insulin sensitivity 41. Similarly, it was later observed that mice 

lacking TNF-α were protected against high fat diet-induced insulin resistance 42. 

Moreover treatment with TNF-α induces a rise in blood glucose 43,44, while patients 

chronically treated with a TNF-α inhibitor demonstrated a decreased risk for developing 

T2D 45. Of course, more recent work has revealed that the development of inflammation 

is not limited to TNF-α signaling exclusively, and instead involves the activation of many 

simultaneous inflammatory signals. In part, changes in TNF-α signaling are matched by 

elevations in circulating Interleukin-1β, a pro-inflammatory cytokine similarly implicated 

in a peripheral loss of insulin action.  

 

1.3.2 Interleukin-1β and Inflammation in Metabolism  
	

Alongside TNF-α, interleukin-1β (IL-1β) is a well-recognized adipose tissue 

derived pro-inflammatory cytokine that is associated with impairments in insulin 

action46–48. Interestingly, IL-1β is activated by the tri-protein complex formally known as 

the inflammasome, consisting of an adaptor protein, a NOD-like receptor (NLR) protein, 

and a quiescent enzyme, pro-caspase-1 49. The inflammasome is present in both 
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macrophages 50,51 and adipocytes 52, and is thought to be activated in lipotoxic 

environments, perhaps by accumulation of fatty acids or lipid intermediates 50,51. 

Specifically, activation of NLR (e.g. NLR protein 3) in a lipid-rich environment results in 

the activation of caspase-1, which subsequently cleaves the precursor IL1 to the 

biologically active pro-cursor IL-1β 49. Deactivation of the proteins within the complex 

results in decreased expression of IL-1β in adipose tissue, as well as subsequent 

protection against high fat diet-induced inflammation and insulin resistance 51,52. 

Furthermore, decreased IL-1β expression in adipose tissue by deactivation of the 

inflammasome results in a greater expression of M2, anti-inflammatory, macrophages in 

subcutaneous adipose tissue depots, as well as decreased activation of inflammatory M1 

macrophages in visceral adipose tissue. Pharmacological inhibition of IL-1β is associated 

with attenuated inflammation and improved glycaemic control in T2D 50.   

Though TNF-α and IL-1β have a well-defined role in the development of 

inflammation, the function of many related inflammatory cytokines, including 

Interleukin-6, remains to be fully understood.   

 

1.3.3 Interleukin-6 and Inflammation in Metabolism  
	
 In addition to TNF-α and IL-1β, obesity-associated inflammation is thought to 

involve increased expression and secretion of the cytokine Interleukin-6 (IL-6); however, 

the role of this cytokine with respect to inflammatory processes is not fully understood. 

Specifically, both pro- and anti-inflammatory processes have been ascribed to this 

cytokine emphasizing, in part, the need to better understand the signaling and interactions 

associated with IL-6 53.  
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a. Interleukin-6 Signaling Pathways  
	

Classically, IL-6 signaling is initiated by the binding of IL-6 to IL-6-receptor 

alpha (IL-6Rα) on the cell membrane. Activation of IL-6Rα recruits two gp130 

molecules to the receptor to form a multi-protein complex. Assembly of this complex 

triggers subsequent intracellular signaling, involving the Janus activated kinase 

(Jak)/signal transducer and activator of transcription factor (STAT) pathway, which 

activates the transcription of several genes 53–55. Specifically, the activation of STAT-3 by 

IL-6 is known to promote transcription of SOCS3. SOCS3 not only negatively feeds back 

to inhibit IL-6 activation of the Jak/STAT pathway, but is also thought to impair insulin 

signaling via serine phosphorylation of IRS-1 56–58.  

 Moreover, it is important to note that classical signaling is limited to 

macrophages, neutrophils, some T cells, and hepatocytes; which express the membrane-

bound IL6Rα 53. However, alternative trans signaling allows the IL-6 pathway to be 

activated in cells that do not express the membrane bound form of the IL-6 receptor. 

Specifically, the IL-6 receptor is shed from the plasma membrane of cells carrying the 

receptor to form a soluble IL-6 receptor (sIL6R), which is capable of interacting with and 

binding IL-6 in circulation. This cytokine-receptor complex is then able to associate with 

membrane-bound gp130, which is expressed ubiquitously by many cell types, including 

adipocytes. Ultimately, binding of the IL6/sIL6R complex to membrane bound gp130 

initiates intracellular IL-6 trans signaling 53–55.  
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Figure 1.2. IL-6 Signaling Pathway. IL-6 signaling occurs via classical (A) and trans 
(B) signaling, whereby IL-6 binds an IL6R on the membrane or in the interstitial space, 
respectively. Ultimately formation of the receptor complex (IL6-IL6R-gp130) stimulates 
the Jak-STAT pathway.   
 

b. Pro-inflammatory processes and Interleukin-6 signaling  
	

Though the role of IL-6 in metabolic regulation is highly debated, early work 

suggested a pro-inflammatory role for this molecule.  Notably, serum levels of IL-6 are 

markedly increased during obesity 59, while loss of adipose tissue mass is associated with 

decreased circulating IL-6. Similarly, systemic treatment with IL-6 neutralizing 

antibodies resulted in improved indices of metabolic homeostasis, including attenuated 

high fat diet-induced insulin resistance and obesity-induced insulin responsiveness 60,61. 

In vitro, adipocytes treated with IL-6 show impaired insulin action 62,63. 

c. Anti-inflammatory processes and Interleukin-6 signaling  
	

The role of IL-6 in inflammation and subsequent insulin signaling is muddied by 

the anti-inflammatory properties attributed to this cytokine. Specifically, acute treatment 

with IL-6 improved glucose tolerance and insulin sensitivity in rats 64,65, while also 
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promoting glucose uptake, lipolysis and fatty acid oxidation in healthy men 66,67. 

Similarly, mice lacking IL-6 develop mature onset obesity alongside diminished glucose 

tolerance 68. This finding was confirmed by Di Gregorio et al, who reported impaired 

glucose metabolism in IL-6 -/- mice, independent of changes in body weight 69. 

Interestingly, inhibition of IL-6 trans signaling, but not classical signaling, prevented 

macrophage infiltration into adipose tissue following high fat diet, but did not prevent the 

development of inflammation 70. Similarly, recent work from Mauer et al has highlighted 

the role of IL-6 in the alternative activation of macrophages, in part via expression of the 

anti-inflammatory signal IL-4. In this study, deletion of myeloid-specific IL-6 receptor 

alpha resulted in exaggerated insulin resistance, and subsequently further impaired 

glucose intolerance in response to a high-fat diet 71. Finally, though the activation of IL-6 

has been connected with the expression of related pro-inflammatory signals, it has also 

been associated with elevated anti-inflammatory cytokines, such as IL-10 72.  

1.4 Adipose Tissue Mediated Inflammation 

1.4.1 Adipose Tissue Remodeling and Inflammation  
	

Though traditionally considered an inert storage depot, adipose tissue is now 

appreciated for its role as a dynamic, endocrine organ. Adipose tissue is composed of two 

main fractions: adipocytes and a stromal vascular fraction (consisting of resident immune 

cells and vasculature), which respond in tandem to local stresses and lipid accumulation.   

In large part, inflammation is related to the expansion and remodeling of adipose 

tissue, known to accompany chronic changes in energy balance. Specifically, lipid 

accumulation in adipose tissue is associated with marked alterations in adipocytes and 

resident immune cells 73.   
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a. Adipocyte expansion and activation of inflammatory signals  
	
 Adipocyte hypertrophy and hyperplasia are definable characteristics of obese 

adipose tissue 74–77. While this rapid expansion accommodates excess lipid storage, 

chronic hypertrophy overwhelms the intracellular capacity for lipid handling and storage. 

Similarly, rapid adipocyte growth exceeds the support of the surrounding vasculature, 

creating pockets of hypoxia 74,78. As a result, rapid adipocyte expansion results in the 

activation of intracellular stress signals, the induction of apoptosis, and necrosis. The 

activation of these intracellular stress signals promote the release of inflammatory 

signals, such as TNF-α, IL-1β and IL-6 which, in part, activate local immune cells to 

facilitate the removal of damaged and necrotic adipocytes. Similarly, some, but not all, 

have suggested that inflammatory factors up-regulate the expression of vascular growth 

factors, such as VEGF, perhaps promoting the delivery of nutrients to areas in distress 79. 

 

b. Macrophages of the stromal vascular fraction and adipose tissue inflammation 
	
The stress of adipocyte expansion is mirrored by changes in immune cells of the 

stromal vascular fraction (SVF). While several classes of immune cells are present and 

certainly involved in the remodeling of adipose tissue, recent attention has focused on 

understanding the role of adipose tissue macrophages. Not only do adipose tissue 

macrophages represent nearly 50% of resident immune cells present in obese adipose 

tissue, but they are also thought to significantly contribute to inflammatory-mediated 

remodeling during lipid accumulation 80. Specifically, the polarization of macrophages 

shifts according to the local environment. Classically activated “M1” macrophages are 

associated with a pro-inflammatory response, and are involved not only in clearing 
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necrotic adipocytes, but also with the release of inflammatory cytokines 81,82. In contrast, 

alternatively activated “M2” macrophages are associated with the release of anti-

inflammatory cytokines. In obese adipose tissue, the macrophage phenotype shifts 

towards an M1 polarization 80,83.  

1.4.2 Fatty Acid Release and Adipose Tissue Inflammation 
	

In addition to intracellular stress signals initiated in response to lipid 

accumulation, it has been suggested that inflammation and associated remodeling can be 

initiated by the direct effect of free fatty acids themselves 84,85.  

The connection between fatty acid release and adipose tissue inflammation is 

explained in part by Toll-like receptor 4 (TLR4) found on the surface of adipocytes and 

macrophages 86. Some have suggested that saturated fatty acids, or a derivative of these 

lipid moieties, may bind to TLR4 and initiate an inflammatory intracellular signaling 

cascade85,87,88.  Ultimately, activation of TLR4 results in the activation of mitogen- 

activated protein kinases (MAPKs), which promote local inflammation and insulin 

resistance 49. Interestingly, TLR4 expression is increased in obese rodents as well as 

obese and type 2 diabetic patients 84. The expression of TLR4 is thought to facilitate 

communication between adipocytes and macrophages, however this relationship remains 

to be fully understood 86.  

Importantly, TLR4-independent activation of inflammation by FFA release has 

also been observed. In vitro, the beta-adrenergic agonist isoproterenol induces 

inflammation in 3T3-L1 89. Likewise, acute activation of beta-3 adrenergic receptors, 

expressed almost exclusively on mature adipocytes, has been shown to activate 

inflammatory signals in adipose tissue of lean rodents, independent of changes in 
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macrophage content. For instance a single treatment with the beta-3 adrenergic agonist 

CL 316,243 also promotes activation of MAPKs, specifically p38 and JNK, which 

precede the induction of inflammatory cytokines. Interestingly, the activation of 

inflammatory signals and MAPKs is blunted when HSL is inhibited 89,90 suggesting a 

direct role of fatty acids in mediating the inflammatory cascade induced by beta-

adrenergic agonists.  

1.4.3 Mitogen-Activated Protein Kinases and Inflammation 
	

Despite the unique activation of inflammatory signals by various stressors, a 

significant overlap of downstream signals is apparent. Specifically, the activation of 

mitogen-activated protein kinases (MAPKs) are initiated in response to many 

inflammatory signals, including TNF-alpha, IL-1β and TLR4 activation 48,49,91. As such, 

assessing changes in MAPKs like JNK, p38 and ERK1/2 offers insight toward the local 

activation of inflammation within adipocytes and macrophages. Phosphorylation of JNK, 

p38 and ERK1/2 have been connected with impaired insulin action via interference with 

the insulin signaling cascade, perhaps by inhibiting association between the insulin 

receptor and IRS-1 36,92. Inhibition of JNK, p38 and ERK1/2 are associated with 

improved insulin sensitivity in obese individuals 93.  Similarly, inhibition of these kinases 

in vitro is associated with attenuated inflammation in adipocytes following treatment with 

CL 316,24389.  

 

1.4.4 TRPV4 and adipose tissue inflammation 
	

The regulation of adipose tissue inflammation has been further connected to the 

ion channel, transient receptor potential vanilloid 4 (TRPV4) found on the cell membrane 
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of adipocytes. Activation of TRPV4 in vitro results in increased expression of IL-6 and 

MCP-1 in adipocytes, via ERK1/2. Similarly, TRPV4 null mice are protected against 

high fat diet-induced adipose tissue inflammation and the development of whole body 

insulin resistance 94.  TRPV4 activation is mediated in part by extracellular Ca2+, heat and 

mechanical stretching; factors that are modified with adipose tissue expansion 94,95.   

1.4.5 SGA-induced metabolic disturbances and adipose tissue accumulation 
	

Ultimately, the accumulation of adipose tissue, and the subsequent activation of 

inflammatory signals, is intimately connected with metabolic disturbances, including 

systemic glucose dysregulation and the development of insulin resistance 38. While many 

factors are known to directly increase adiposity (e.g. physical inactivity and excess 

caloric consumption)4, other processes, such as pharmaceutical-induced weight gain, are 

less well understood. Specific concern has been shown regarding the use of second-

generation antipsychotics (SGAs). Although traditionally used to manage symptoms of 

schizophrenia, SGAs are now increasingly prescribed for on- and off-label conditions in 

adults and youth 96–98, including anxiety99, chemotherapy-induced nausea100 and attention 

deficit disorders101. This is alarming, as chronic SGA treatment is connected with 

deleterious metabolic side effects102–105, including pronounced weight gain and 

subsequent dyslipidemia and hyperglycaemia 106–109. In large part, changes in adiposity 

are thought to reflect sex-specific impairments in locomotor activity and appetite 

regulation, in males and females respectively110,111. Further, SGAs present an inherent-

risk for the development of T2D105 independent of changes adiposity, emphasizing a 

confounding role for adipose tissue-independent disturbances in glucose metabolism112.  
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1.5 Antipsychotics and Disturbances in Glucose Metabolism  

1.5.1 Antipsychotic-induced increases in blood glucose 
	

In addition to weight gain and chronic over-nutrition, second generation 

antipsychotics (SGAs), such as olanzapine, have been shown to directly perturb glucose 

metabolism 102. Specifically, acute olanzapine treatment has been shown to induce a rapid 

and robust increase in blood glucose concentrations 112–117. Though the particular 

mechanisms of this increase are not well understood it is thought to involve increased 

hepatic glucose production 112,115,117, reduced insulin secretion  114,118,119 and impaired 

peripheral insulin sensitivity 112,114,115.  

Unlike first-generation typical antipsychotics (APs), which target dopamine 

receptors exclusively, atypical second-generation APs target a variety of receptors, 

including dopamine 2 receptor, serotonin 5-HT2c receptor, histamine H1 receptor, and 

muscarinic receptors with significantly less affinity 120,121. This combination antagonism 

allows SGAs to more effectively manage symptoms of psychoses independent of 

debilitating extrapyramidal side effects associated with typical APs 106,122,123, yet is 

implicated in the development of metabolic disturbances108. Specifically, acute 

antagonism of both dopamine and histamine receptors have been connected with 

perturbations in glucose homeostasis 124–126.  

1.5.2 Anti-diabetic drugs to offset antipsychotic-induced glucose intolerance 
	

Current strategies to maintain glucose homeostasis in those taking SGAs have 

focused on anti-diabetic drug therapies. Pre-treatment with metformin and glyburide, 

though not rosiglitazone prior to olanzapine administration have effectively attenuated 

the acute rise in blood glucose 127. Similarly, pre-treatment with the anti-diabetic drug 
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metformin has been shown to protect against acute olanzapine-induced insulin in liver, 

however systemic insulin sensitivity is not improved 128.  

Long-term therapies have also been explored to maintain chronic disturbances in blood 

glucose associated with olanzapine use. Specifically, once-daily treatment with the GLP-

1 analog, Liraglutide demonstrated a reduction in weight gain and improved glucose 

tolerance 129.  

Although pharmacological interventions provide a potential strategy to manage the 

metabolic side effects associated with SGA use, recent work has advocated for lifestyle-

based interventions to be considered as a potential therapy130. In part, lifestyle therapies 

have been connected with improved quality of life131, and the combination of lifestyle 

and pharmacological interventions have been shown to benefit patients132. Given the 

well-defined role for exercise in managing glucose homeostasis and whole body 

metabolic homeostasis it is possible that exercise could mitigate SGA-induced excursions 

in blood glucose.  

1.6 Exercise as a Strategy to Recover Glucose Homeostasis  
	
 The dramatic rise in global rates of obesity and related comorbidities, including 

T2D reflect, in part, rising trends in physical inactivity 133.  In 2009, physical inactivity 

was cited as the fourth leading cause of death 134, and indirect costs associated with 

physical inactivity are estimated to raise the cost of healthcare from ~$155 to $419 per 

individual in Canada 135.  

 It is not surprising then, that regular exercise is recognized as a strategy to recover 

metabolic health and protect against the development of disease. Not only is physical 

activity associated with attenuated rates of obesity but it also decreases the risk of related 
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comorbidities 133,136,137. Still, despite the reputed ability of exercise to maintain metabolic 

homeostasis and protect whole body indices of metabolic health, the particular 

mechanisms surrounding these benefits remain to be fully understood. In part, the 

benefits of exercise are thought to involve the remodeling of adipose tissue, and related 

changes in inflammatory signals 138.   

1.6.1 Inflammation and exercise  
	
 Given the ability of exercise to rescue and maintain metabolic homeostasis 133,137, 

as well as the deleterious effects of chronic inflammation on insulin signaling and lipid 

storage, it is perhaps not surprising that exercise has been shown to elicit an anti-

inflammatory response 138. Specifically, several large cohort studies have indicated an 

inverse relationship between levels of physical activity and markers of inflammation 139–

141. Similarly, others have shown a rise in circulating anti-inflammatory cytokines, such 

Interleukin-10, following exercise.  

 Of course, given the prominent role of adipose tissue expansion in the 

development of inflammation it is possible that exercise-induced changes in systemic 

markers of inflammation reflect changes in adipose tissue mass. In mice previously fed a 

high fat diet, regular exercise training promotes a switching from the M1 pro-

inflammatory to the M2 anti-inflammatory phenotype of macrophages as well as 

attenuated expression of TNF-alpha, MCP-1 and IL-6 in epididymal white adipose tissue 

142,143. Similarly, exercise training initiated at the onset of a high fat diet protects against 

markers of adipose tissue inflammation as well as against the expansion of fat depots 

144,145. The anti-inflammatory effects of regular exercise training initiated after the 

development of diet-induced obesity and insulin resistance are associated with a 
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reduction in adipose tissue mass 146,147.  Training in healthy, lean mice, which occurs 

independent of marked changes in adipose tissue mass, has a limited effect on 

inflammatory signals in adipose tissue 142. As such, it is difficult to determine whether the 

anti-inflammatory effects of exercise are the result of direct effects of exercise on adipose 

tissue or are secondary to reductions in adipose tissue mass.   

 Though research exists to suggest that exercise-induced changes in adipose tissue 

inflammation are secondary to decreased adipose tissue mass, it is possible that regular 

exercise remodels adipose tissue to directly protect against the activation of inflammatory 

responses. Previous work has demonstrated that prior exercise training protects against 

acute endotoxin-induced activation of systemic inflammation, which initiates activation 

of inflammatory processes via TLR-4 receptors 148. Similarly, in a recent cross-sectional 

study it was found that the LPS mediated induction of inflammation was attenuated in 

subcutaneous adipose tissue from trained compared to sedentary subjects 149.  

Interestingly, previous work has suggested that adaptations in adipose tissue 

mediate many of the beneficial, systemic effects of exercise training. When subcutaneous 

adipose tissue from trained, but not sedentary mice was transplanted to the visceral cavity 

of a sedentary recipient mouse, glucose tolerance and insulin sensitivity was improved 

150. Similarly, exercise training has been shown to alter adipocyte morphology, promoting 

the presence of smaller adipocytes within adipose tissue 151.  

Currently, it is not known how prior exercise influences adipose tissue 

inflammation. Though peripheral LPS-induced activation of inflammation is delayed in 

subcutaneous adipose tissue of trained adults 149, the effects of LPS do not target adipose 

tissue exclusively and may in part reflect whole body changes in TLR4 content and 
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inflammatory status. Similarly, the effect of exercise training on adipose tissue 

inflammation is muddied by the loss of adipose tissue mass that accompanies regular 

physical activity. As such, it is not known whether regular exercise remodels adipose 

tissue to protect against acute inflammatory challenges directly. One way to address this 

question would be to examine how exercise training alters the ability of adipose tissue to 

respond to an inflammatory insult. A useful tool in this regard would be CL 316,243 as it 

primarily targets adipose tissue and rapidly, independent of changes in adiposity, induces 

inflammation via fatty acid release 152. To best of my knowledge this has never been 

explored.  

1.6.2 Inflammation and acute exercise  
	

The effects of a single bout of exercise on adipose tissue inflammation are not 

well understood. A single bout of exercise is known to elevate circulating levels of IL6 

and IL10 in healthy adults 72, and to suppress circulating levels of TNF-alpha and IL1-β 

in obese individuals 153. However, how exercise alters the profile of these cytokines 

within adipose tissue specifically remains to be determined. Previous work has reported 

an increase in IL6 release from adipose tissue during acute exercise 154. Given that IL6 

signaling is apparent in skeletal muscle following exercise 72, and that LPS-mediated 

induction of IL6 is amplified, rather than attenuated, in skeletal muscle with prior 

exercise training 149 it is possible that amplified IL6 signaling is a favorable exercise-

induced adaptation, which could be similarly potentiated in adipose tissue following 

acute exercise. Given that some have connected IL6 with the induction of anti-

inflammatory signals, it is possible that regular training amplifies, rather than attenuates 
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IL6 signaling in adipose tissue with each acute bout of exercise, though this remains to be 

investigated. 

 

1.6.3 Exercise and adipose tissue-independent improvements in glucose homeostasis 

  
Despite the robust effect of exercise on adipose tissue morphology and related 

changes in inflammatory processes, it is undisputable the metabolic benefits of exercise 

extend beyond these processes. In particular, exercise is known to potently regulate 

glucose homeostasis. In part the exercise-induced regulation of glucose homeostasis is 

driven by contraction-mediated glucose uptake into skeletal muscle 155. Though the 

particular mechanisms of contraction mediated glucose uptake are not fully understood, it 

occurs independent of insulin and is thought to involve the activation of the energy 

sensing enzyme 5’AMP activated protein kinase (AMPK) which promotes the movement 

of GLUT-4 glucose transporters to the plasma membrane 156. 

Similarly, exercise has been shown to improve and maintain glucose homeostasis 

via improvements in insulin secretion and sensitivity157–159. It has been previously 

demonstrated that exercise promotes insulin secretion via the release of IL-6. 

Specifically, circulating IL-6 promotes the release of glucagon-like peptide-1 (GLP-1) 

from intestinal L-cells which subsequently triggers the release of insulin from pancreatic 

beta-cells in the presence of high circulating glucose 157. In addition to a rise in 

circulating insulin, exercise has also been shown to improve peripheral sensitivity to 

insulin. This effect can last for days following a single bout of exercise 158,159.  
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1.6.4 Exercise and Second-Generation Antipsychotic-induced glucose intolerance  
	

It is well appreciated that exercise potently regulates glucose homeostasis. 

Encouragingly, the ability of acute exercise to promote insulin secretion and improve 

insulin sensitivity suggests that exercise may offset the deleterious effects of 

antipsychotics on glycemic control. Given that acute treatment with SGAs, including 

olanzapine, worsen glucose tolerance, in part by impaired insulin secretion 114 and 

sensitivity 112 it is perhaps possible that exercise may counter these changes in glucose 

metabolism.  

Notably, regular exercise has previously been shown to attenuate olanzapine-

induced disturbances in glucose tolerance. Specifically, mice treated daily with 

olanzapine for 4 weeks displayed glucose intolerance, alongside weight gain and 

dyslipidemia. Glucose tolerance was partially rescued in animals that were given access 

to running wheels while receiving daily olanzapine treatment 160. Of course, it is not 

apparent whether the beneficial effects of exercise on glucose homeostasis were the direct 

result of improvements in insulin secretion and sensitivity or rather an artifact of 

exercise-induced weight loss. Given the direct effects of olanzapine on glucose 

disturbances it is necessary to identify if exercise can mitigate loss of glycemic control 

and which mechanisms are involved in this process.   

 

1.7 Summary  
	
The current literature identifies a well-defined role for exercise in maintaining metabolic 

homeostasis, particularly with respect to adipose tissue biology and glucose metabolism.  
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Although it is well appreciated that exercise attenuates adipose tissue inflammation 

associated with obesity and insulin resistance, more work is required to understand the 

intrinsic anti-inflammatory effects of regular exercise training in adipose tissue. 

Specifically, exercise-induced reductions in adipose tissue inflammation are often 

accompanied by reductions in adipose tissue mass 161. As such, it is difficult to discern 

whether reductions in inflammation reflect remodeling of adipose tissue to better handle 

inflammatory challenges, or whether these changes are secondary to decreased lipid 

content. Although adipose tissue from lean, healthy individuals is not inflamed in a basal, 

unchallenged state, it is not known whether exercise might remodel adipose tissue to 

protect against an acute inflammatory challenge.    

 

Further, activation of IL-6 signaling in adipose tissue in response to the metabolic 

challenge of an acute moderate bout of exercise remains to be understood. IL-6 release 

from adipose tissue is elevated after acute exercise 154, yet mechanisms of IL-6 signaling 

in adipose tissue remain to be investigated, particularly with respect to other traditional 

markers of inflammation.  While chronic activation of IL-6 is associated with insulin 

resistance and obesity 162, it is possible that transient exercise-induced increases in IL-6 

may confer a metabolic advantage during the recovery from exercise. How acute 

exercise-induced IL-6 signaling in adipose tissue is modulated with prior exercise 

training is not known.   

 

The benefits of exercise induced metabolic homeostasis extend beyond adipose tissue. It 

is well appreciated that exercise maintains glucose homeostasis- promoting both 
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contraction stimulated glucose-uptake 163 and improved insulin sensitivity in skeletal 

muscle after acute exercise 159. Still, whether these protective effects remain in tact in 

response to pharmacological challenges to glucose homeostasis, such as second-

generation antipsychotics, remains to be investigated.   
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CHAPTER 2: 

AIMS OF THESIS 
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2.1 Specific Aims of Thesis 
 

The experiments presented in this thesis aim to examine the effects of exercise 

with respect to acute inflammatory and metabolic challenges. Specifically, two of the 

studies propose to investigate the effects of regular exercise training on a subsequent 

acute inflammatory, or single exercise challenge, respectively. Similarly, the third study 

aims to assess the protective effects of exercise on acute antipsychotic-induced 

excursions in blood glucose. Overall, the thesis aims to characterize the potential 

mechanisms underlying the beneficial metabolic and anti-inflammatory effects of 

exercise.     

 

Study 1: Using sedentary and exercised trained mice, this study aimed to examine the 

effects of prior exercise on a subsequent challenge with beta-adrenergic agonist CL 

361,243. Specifically this investigation aimed to: 

i. Assess if prior exercise training could mitigate the induction of inflammatory 

signaling in adipose tissue following acute treatment with the beta 3-adrenergic 

agonist CL 316,243  

ii. Identify if exercise training reduces TRPV4 content in adipose tissue  

 

It was hypothesized that exercise training would protect against the induction of 

inflammatory markers in adipose tissue, including IL-6, TNF-alpha and IL-1beta, 

following acute CL 316,243 treatment. It was further predicted that the protective effect 

of prior exercise would involve reductions in TRPV4 content in adipose tissue.   
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Study 2: To determine if exercise-induced increases in IL-6 occurred independent of 

traditional markers of adipose tissue inflammation, adipose tissue was examined in 

sedentary and trained mice following a single session of moderate intensity exercise. 

Specifically the study aimed to investigate:  

i. If exercise-induced increases in adipose tissue IL-6 occurred independent of 

increases in traditional markers of inflammation (i.e. TNF-alpha and IL-1beta) 

ii. If adipose tissue IL-6 signaling was altered in previously exercised mice, and if 

these changes were paralleled by changes in content of the IL-6 receptor complex 

 

It was hypothesized that adipose tissue IL-6 signaling would be initiated independent of 

changes in markers of inflammation in adipose tissue. It was further anticipated that IL-6 

would be enhanced in response to a single exercise bout following exercise training, and 

that these changes would reflect increases in the IL-6 receptor complex.  

 

Study 3: In treating mice with olanzapine immediately post-exercise, this study aimed to 

determine if a single session of exercise could mitigate olanzapine-induced 

hyperglycemia. In particular the study aimed to investigate:  

i. If a single session of acute, exhaustive exercise could mitigate olanzapine-induced 

increases in blood glucose  

ii. The mechanisms (i.e. changes in insulin secretion, insulin tolerance and glucose 

metabolism) that contribute to the protective effects of exercise against 

olanzapine-induced disturbances in glucose homeostasis  
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It was hypothesized that a single session of exercise could protect against subsequent 

treatment with olanzapine, and that these effects may involve alterations in insulin 

tolerance and peripheral glucose metabolism.  
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CHAPTER 3 

EXERCISE TRAINING PROTECTS AGAINST AN ACUTE INFLAMMATORY 
INSULT IN MOUSE EPIDIDYMAL ADIPOSE TISSUE 

 

 

 

Presented as published:  
 
Castellani L., Root-McCaig J, Frendo-Cumbo S, Beaudoin MS, Wright DC. Exercise 
training protects against an acute inflammatory insult in mouse epididymal adipose 
tissue. J Appl Physiol. 2014 May 15;116(10):1272-80 
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3.1 Abstract 
 

Exercise training reduces systemic and adipose tissue inflammation. However, 

these beneficial effects seem to be largely tied to reductions in adipose tissue mass. The 

purpose of the present study was to determine if exercise training confers a protective 

effect against an acute inflammatory challenge. We hypothesized that the induction of 

inflammatory markers, such as Interleukin 6 (IL-6), SOCS3 (Suppressor of Cytokine 

Signaling 3) and Tumour Necrosis Factor alpha (TNFα), by the beta-3 adrenergic agonist 

CL 316,243 would be reduced in adipose tissue from trained mice and if this would be 

associated with reductions in TRPV4 (Transient receptor potential cation channel 4) a 

protein recently shown to regulate the expression of pro-inflammatory cytokines. 

Exercise training (4 weeks of treadmill running, 1 hr/day, 5 days/wk) increased markers 

of skeletal muscle mitochondrial content and the induction of PPAR gamma co-activator 

1 alpha in epididymal adipose tissue. The mRNA expression of IL-6, SOCS3 and TNFα 

were not different in subcutaneous and epididymal adipose tissue from sedentary and 

trained mice, however the CL 316, 243 mediated induction of these genes was attenuated 

~50% in epididymal adipose tissue from trained mice as were increases in plasma IL-6. 

The effects of training were not explained by reductions in lipolytic responsiveness, but 

were associated with decreases in TRPV4 protein content. These results highlight a 

previously unappreciated anti-inflammatory effect of exercise training on adipose tissue 

immuno-metabolism and underscores the value of assessing adipose tissue inflammation 

in the presence of an inflammatory insult. 
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3.2 Introduction 
	

Obesity and impairments in glucose homeostasis are associated with increased 

inflammation in white adipose tissue 162. Studies in which adipose tissue inflammation 

(macrophage infiltration and the expression of inflammatory cytokines such as IL-6, 

TNFα, etc) is reduced by means of targeted genetic manipulations provide evidence for a 

causative role of adipose tissue inflammation in the development of insulin resistance.  

Specifically, these studies demonstrate that reducing adipose tissue inflammation can 

prevent diet-induced impairments in glucose tolerance in mice fed a high fat diet 

52,60,164,165.  

 
Observational data from several large cohort studies have demonstrated an inverse 

relationship between physical activity levels and markers of inflammation 139–141. 

However, it is difficult to discern if the beneficial effects of exercise on inflammation are 

direct, or are secondary to alterations in adipose tissue mass. For example exercise 

training protects against the development of high fat diet-induced increases in markers of 

adipose tissue inflammation in parallel with attenuated increases in adipose tissue 

expansion 142,166. Similarly, exercise training that is initiated after the development of 

obesity and insulin resistance leads to decreases in adipose tissue inflammation and 

reductions in fat pad mass in mice 146,147. Likewise, exercise training in lean, healthy 

animals that do not experience marked weight loss, would appear to have little effect on 

reducing markers of adipose tissue inflammation 142.  

Collectively, the above mentioned studies would suggest that the beneficial 

effects of exercise training on reducing markers of inflammation in adipose tissue, 

especially in the setting of diet-induced obesity and insulin resistance, is largely 
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secondary to changes in body weight and adipose tissue expansion. With this being said 

we cannot rule out the possibility that exercise training may confer a protective effect 

against the induction of adipose tissue inflammation. In support of this theory, some 148, 

but not all 167, have shown that prior exercise training protects against endotoxin- induced 

systemic inflammation. However, at this point it is not known if prior exercise training 

confers a protective effect against inflammatory insults at the level of adipose tissue. 

Within this framework the purpose of the present study was to determine if prior 

exercise training provides a protective effect against an acute inflammatory insult in 

adipose tissue. To address this question we used CL 316,243, a beta-3 specific adrenergic 

agonist, to induce inflammation. Long-term treatment with CL 316,243 has been shown 

to have insulin-sensitizing effects in obese animals 168–170 that is likely related to 

reductions in food intake 168,171, increases in oxygen consumption 171 and subsequent 

decreases in fat pad mass 168–170. On the other hand, short-term treatment with CL 

316,243 rapidly and robustly induces the expression of markers of adipose tissue 

inflammation (i.e. interleukin-6 (IL-6) and TNFα) 89,172. This is likely due to the pro-

inflammatory effects of the large increases in fatty acid release caused by CL 316,243 89. 

A second aim of this study was to examine potential mechanisms that could account for a 

protective effect of prior exercise training. We were particularly interested in examining 

the effects of training on TRPV4 (Transient receptor potential cation channel 4), a 

membrane associated calcium channel recently shown to regulate the expression of pro-

inflammatory genes 94. We hypothesized that exercise training would provide a protective 

effect against CL 316,243-mediated inflammation in adipose tissue in conjunction with 

reductions in TRVP4 content in mouse adipose tissue.  
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3.3 Experimental Materials and Methods  

3.3.1 Materials 
	
CL 316,243 (CAT# C5976) and Free glycerol reagent (CAT #F6428) were purchased 

from Sigma Aldrich (Oakville, ON). Non-esterified free fatty acid kits were from Wako 

Chemicals (Richmond, VA). Enzyme-linked immunosorbent assay (ELISA) kits for IL-6 

(CAT# EZMIL6) and Tumour necrosis factor-α (TNF-α) (CAT#EZMTNFA) were 

ordered from EMD Millepore (Billerica, MA). Molecular weight marker, reagents and 

nitrocellulose membranes for SDS-PAGE were purchased from Bio-Rad (Mississauga, 

ON). ECL Plus was a product of Amersham Pharmacia Biotech (Arlington Heights, IL). 

Horseradish peroxidase-conjugated donkey anti-rabbit and goat anti-mouse IgG 

secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, 

PA). Antibodies against total hormone sensitive lipase (HSL) (CAT# 4107), phospho 

serine 660 HSL (CAT# 4126), total AMPK alpha (CAT# 2603), phospho threonine 172 

AMPK alpha (CAT# 2531), phospho extracellular regulated kinase1/2 (ERK1/2) (CAT# 

9101), total ERK1/2 (CAT# 9102) and PPARγ (CAT# 2430) were purchased from Cell 

Signaling (Danvers, MA). Antibodies against β-actin (CAT# ab8227), tubulin (CAT#ab 

7291) and COXIV (CAT#ab14744) were from Abcam (Cambridge, MA). TRPV4 (CAT# 

ACC-034) antibody was purchased from Alomone Labs (Jerusalem, Israel). Oligo(dT), 

SuperScript II Reverse Transcriptase, and dNTP were from Invitrogen (Burlington, ON). 

Taqman gene expression assays for mouse interleukin-6 (IL-6) (Mn00446190_m1), 

GAPDH (4352932E), SOCS-3 (Mm00545913_s1), PGC-1α (Mm01208835_m1) and 

Tumour necrosis factor-α (TNF-α) (Mn00443258_m1) were from Applied Biosystems 

(Foster City, CA).    
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3.3.2 Animals 
	
10 week-old male C57BL6 mice were purchased from Charles Rivers and housed one per 

cage. Animals had free access to water and standard rodent chow and were maintained a 

12/12-hour light cycle. All protocols met the guidelines of the University of Guelph 

Animal Care Committee and the Canadian Council on Animal Care (CCAC) 173.  

 

3.3.3 Training Protocol 
	
Prior to beginning the training protocol mice were acclimated to treadmill running during 

two sessions consisting of 10 minutes of running at 15m/min at a 5% incline. Exercise 

training began 48 hours following the last acclimation session. The training protocol 

consisted of treadmill running 5 days/week, 1 hour/day, for 4 weeks. The treadmill speed 

increased progressively each week as follows: 20m/min, 22m/min; 23m/min; 25m/min. 

Likewise the treadmill incline increased from 10% to 15% to 20% on weeks 1, 2 and 3 

respectively and remained at 20% for week 4.  

 

3.3.4 CL 316,243 Treatment  
	
Forty-eight hours following the last bout of exercise mice were injected i.p. with either 

the beta 3 adrenergic agonist, CL 316,243 (1 mg/kg body weight), or an equivalent 

volume of sterile saline. This dose has previously demonstrated to induce adipose tissue 

inflammation 172. Blood from the saphenous vein was collected two hours post injection 

for the determination of plasma non-esterified fatty acids and glycerol levels. Mice were 

anaesthetized with sodium pentobarbital (5mg/100g body weight, i.p.) 4 hours post 

injection. Epididymal and inguinal subcutaneous adipose tissue depots and vastus muscle 
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were dissected, weighed and immediately frozen in liquid nitrogen and stored at -80°C 

until further analysis.  Intrathoracic blood was collected and centrifuged for 10 minutes at 

5000 X G at 4°C for plasma collection (Appendix A Figure A1).  

 

3.3.5 Plamsa IL-6, TNF-alpha, glycerol and NEFA 
	
Plasma was analyzed for glycerol and NEFA concentrations using commercially 

available colormetric kits. IL-6 and TNFα concentrations were determined using mouse 

specific enzyme-linked immunosorbent assay (ELISA) kits according to the 

manufacturer’s directions. Samples were run in duplicate. The co-efficient of variation 

for these assays in our laboratory is <10%. 

 

3.3.6 Western Blotting 
	
Samples were homogenized in 3 volumes of cell lysis buffer, supplemented with 

phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Sigma). Homogenized 

samples were centrifuged at 4°C (10 minutes at 5,000 X G), the infranatent was collected, 

and protein content was determined using a Bicinchoninic acid assay 174. Samples were 

prepared to contain equal concentrations of protein that were then separated on 10% 

SDS-PAGE gels. Protein was transferred onto nitrocellulose membranes using a wet 

transfer technique at 200mA/transfer unit. Membranes were blocked in tris buffered 

saline/0.1% tween 20 (TBST) prepared with 5% non-fat dry milk for 1h then incubated at 

4°C in the according primary antibody overnight. Primary antibodies were diluted in 

TBST/5% bovine serum albumin. Following incubation in primary antibody, membranes 

were rinsed with TBST and incubated with HRP-conjugated secondary antibodies for 1h 
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at room temperature.  Secondary antibodies were diluted in TBST with 1% non-fat dry 

milk. Following incubation with secondary antibody membranes were washed a final 

time with TBST. Signals were detected using enhanced chemiluminesence and were 

subsequently quantified by densitometry using a FluorChem HD imaging system (Alpha 

Innotech, Santa Clara, CA). 

 

3.3.7 Real Time PCR 
	
Changes in mRNA expression of IL-6, SOCS3 and TNFα were determined using real 

time qPCR as described in detail previously by our laboratory 175,176. Briefly, RNA was 

isolated from epididymal and inguinal subcutaneous white adipose tissue using an 

RNeasy kit according to the manufacturer’s instructions.  Complementary DNA (cDNA) 

was synthesized from total RNA (1ug) using SuperScript II Reverse Transcriptase, dNTP 

and oligo(dT).  Real time PCR was carried out using a 7500 Fast Real-Time PCR system 

(Applied Biosystems). Samples were loaded in duplicate using a 96 well plate layout. 

Each well contained a total volume of 20 µl comprised of 1 µl gene expression assay, 1 

µl cDNA template, 10 µl Taqman Fast Universal PCR Master Mix and 8 µl RNase-free 

water. For GAPDH, each 50 µl reaction contained 25 µl PCR Master Mix, 2.5 µl gene 

expression assay, 1µl of cDNA template and 21.5 µl RNase-free water. GAPDH was 

used as our housekeeping gene and relative differences in gene expression between 

groups was determined using the 2-∆∆CT method 177. The PCR efficiency was similar 

between GAPDH and our genes of interest. The experimental manipulations did not alter 

the expression of our housekeeping gene (GAPDH). 
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3.3.8 Statistical Analysis  
Comparisons between two groups were made using unpaired, two-tailed, T-tests. 

Differences in CL 316,243-stimulated signaling and plasma glycerol, fatty acids and IL-6 

levels in sedentary and trained mice were determined using a 2 X 2 ANOVA with LSD 

post hoc analysis. In some cases data were logarithmically transformed to ensure equal 

variance among groups. Significance was set at P<0.05. 

 

3.4 Results 

3.4.1 Exercise training adaptations in muscle and adipose tissue 
	

To assess the efficacy of the exercise training protocol, differences in body weight 

and fat pad mass, expression of PGC-1α mRNA in epididymal adipose tissue and skeletal 

muscle COXIV protein content were measured. As shown in Figure 3.1, exercise trained 

mice weighed significantly less (A) and had reduced epididymal adipose tissue mass (B) 

compared to sedentary control mice. The mRNA expression of PGC-1α in epididymal 

adipose tissue (C) and the protein content of COXIV in vastus muscle (D) were increased 

in trained, compared to sedentary mice  
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Figure 3.1. Exercise training adaptations in adipose tissue and skeletal muscle. 
Following a 4 week treadmill training intervention trained mice A) weighed less and B) 
had reduced epididymal adipose tissue (eWAT) mass compared to sedentary mice. C) 
The mRNA expression of PGC-1 alpha and D) the protein content of COXIV were 
increased in eWAT and vastus muscle respectively in trained (T) compared to sedentary 
(S) mice. Data are presented as means + SEM for 24 samples per group in A, 18 samples 
per group in B and 6-7 samples per group in C and D. Representative blots are shown 
above the quantified data in D. * P<0.05 compared to sedentary control. 
 

3.4.2 Exercise training does not reduce markers of inflammation 
	

IL-6 and TNFα are classic markers of adipose tissue inflammation. Similarly, the 

expression of SOCS3 is increased in adipose tissue from obese mice 178 and can be used 

as useful marker of inflammation. The mRNA expression of IL-6, SOCS3, and TNFα, 
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were not different in either epididymal or subcutaneous adipose tissue from trained and 

sedentary mice (Table 3.1) 

 

Table 3.1 mRNA expression of inflammatory markers in inguinal subcutaneous 
(SQ) and epididymal (eWAT) adipose tissue from sedentary and trained mice. 
 Sedentary Trained P-Value 

SQ IL-6 1.2 ± 0.3 0.7 ± 0.3 0.27 
SQ SOCS3 1.1 ± 0.3 0.6 ± 0.2 0.15 

SQ TNF alpha 1.7 ± 0.6 1.4 ± 0.6 0.15 
eWAT IL-6 1.3 ± 0.3 1.6 ± 0.5 0.63 

eWAT SOCS3 1.1 ± 0.3 1.5 ± 0.2 0.34 
eWAT TNF alpha 1.4 ± 0.2 1.6 ± 0.2 0.34 

 
Values are means ± SEM (n= 5-6 (SQ); n=9-10 (eWAT)). 

 	
	
	

3.4.3 CL 316, 243 induces adipose tissue inflammation 
 

Although the expression of inflammatory genes was not reduced in adipose tissue 

from trained mice we reasoned that prior exercise training could confer a protective effect 

onto adipose tissue when mice were presented with an acute inflammatory insult. CL 

316,243 is a beta-3 adrenergic agonist that rapidly and robustly induces the expression of 

pro-inflammatory genes, such as IL-6 and TNFα in epididymal adipose tissue 89,172. To 

confirm these findings mice were treated with CL316,243 (1 mg/kg body weight, i.p.) or 

an equivalent dose of sterile saline and tissue collected 4 hours post injection. Treatment 

of CL 316,243 increased the epididymal adipose tissue mRNA expression of IL-6, TNFα, 

and SOCS3 mRNA. CL 316, 243 treatment resulted in an ~ 7 fold increase (P<0.05) in 

circulating plasma IL-6 levels (Figure 3.2).  
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Figure 3.2. CL 316, 243 induces markers of adipose tissue inflammation. The mRNA 
expression of A) IL-6, B) SOCS3, and C) TNF alpha in epididymal adipose tissue and D) 
plasma IL-6 levels are increased 4 hours following an injection of CL 316, 243 (1.0 
mg/kg body weight IP) in male C57BL6 mice. Data are presented as means + SEM for 7-
8 samples per group. *P<0.05 compared to saline treated control. 
 

3.4.4 Prior exercise training dampens CL 316,243 induced inflammation in 
epididymal adipose tissue   
 

Having confirmed the pro-inflammatory effects of CL 316,243, we next examined 

if prior exercise training would confer a protective effect against this inflammatory 

challenge. As shown in Figure 3.3, prior exercise training attenuated the CL 316,243 

mediated induction of IL-6, SOCS3 and TNFα in epididymal adipose tissue (p<0.05). 
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The induction of IL-6, SOCS3, and TNFα by CL 316,243 was similar in subcutaneous 

adipose tissue from trained and sedentary mice. CL 316,243 significantly increased 

circulating plasma levels of IL-6 in sedentary mice, but not in trained mice (Table 3.2). 

Circulating concentrations of TNFα were below the detectable limit of the assay in all 

groups examined. 

 

Table 3.2 Plasma IL-6 concentrations in sedentary and trained mice treated with 
saline or CL 316,243	
 Sedentary-saline Sedentary-CL 

316,243 
Trained-saline Sedentary-CL 

316,243 
IL-6 (pg/ml) 36 ± 10 236 ± 91* 45 ± 13 98 ± 20 

     
     

Values are means ± SEM for 4-8 samples/group. * Significantly different than the 

corresponding saline value from the same group. P<0.05 
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Figure 3.3 The induction of inflammatory marker gene expression by CL 316, 243 is 
attenuated in epididymal adipose tissue (eWAT) from trained mice.  The induction of 
A) IL-6, B) SOCS3 and C) TNF alpha is attenuated in eWAT but not inguinal 
subcutaneous (SQ) adipose (D,E,F) 4 hours following an injection of CL 316, 243 (1.0 
mg/kg body weight IP). Data are presented as means + SEM for 6-13 samples per group 
and is expressed relative to the saline treated control condition from the same group. * 
P<0.05 compared to the CL 316, 243 mediated induction of inflammatory markers in the 
sedentary control group. 
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As fatty acids are thought to mediate CL 316,243 induced inflammation 89 it was 

necessary to determine if blunted beta-adrenergic signaling could explain, in part, the 

attenuated induction of inflammatory genes in adipose tissue from trained mice. 

Therefore we measured plasma glycerol and fatty acid content as well as epididymal 

adipose tissue HSL and ERK signalling.  Treatment with CL 316, 243 resulted in similar 

increases in plasma glycerol and fatty acid levels, and HSL and ERK phosphorylation in 

epididymal adipose tissue from sedentary and trained mice (Figure 3.4). 

 

3.4.5 TRPV4 protein content is reduced in epididymal adipose tissue from trained 
mice 
 

To further elucidate the mechanism that could mediate the changes in expression 

of inflammatory markers between sedentary and trained conditions in response to an 

acute inflammatory challenge, we evaluated changes in proteins (TRVP4, PPARγ, 

AMPK) thought to be involved in regulating the inflammatory state of adipose tissue. 

Reductions in TRPV4 have been previously linked to a pronounced attenuation of pro-

inflammatory cytokine expression in adipocytes 94. Our results demonstrate a significant 

reduction in TRPV4 content in epididymal but not subcutaneous adipose tissue with 

exercise training (Figure 3.5). The content of PPARγ (sedentary 1.00 ± 0.07, trained 0.78 

± 0.08, arbitrary units) and the content (sedentary 1.00 ± 0.14, trained 0.98 ± 0.13, 

arbitrary units) and phosphorylation (sedentary 1.00 ± 0.22, trained 0.82 ± 0.06, arbitrary 

units) of AMPK alpha in epididymal adipose tissue from sedentary and trained mice were 

not different. 
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Figure 3.4 The attenuation in CL 316, 243 mediated induction of inflammatory 
markers is not explained by alterations in markers of adipose tissue lipolysis. CL 
316,243 increased plasma A) glycerol and B) non-esterified fatty acid (NEFA) levels to a 
similar extent in sedentary (S) and trained (T) mice. Increases in the C) serine 660 
phosphorylation of Hormone Sensitive Lipase (HSL) and D) phosphorylation of ERK1/2 
were not different in epididymal adipose tissue from sedentary and trained mice treated 
with CL 316, 243 (1.0 mg/kg body weight IP). Representative Western blots are shown in 
E. Data are means + SEM for 4-6 per group. Representative blots are shown to the right 
of the quantified data in C. *P<0.05 compared to the saline treated condition from the 
same group. 
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Figure 3.5 Exercise training reduces the protein content of TRPV4 in adipose tissue. 
Exercise training reduces the protein content of TRPV4 in A) epididymal but not B) 
inguinal subcutaneous adipose tissue from male C57BL6 mice. Data are presented as 
means + SEM for 5-13 samples per group. Representative blots are shown to the right of 
the quantified. * P<0.05 compared to the sedentary control. 
 
 

3.5 Discussion  
 

Adipose tissue inflammation is associated with, and is thought to play, a causal 

role in the development of insulin resistance (as reviewed in 162). For instance targeted 

genetic manipulations that attenuate adipose tissue inflammation prevent the 

development of insulin resistance in mice fed a high fat diet 52,60,164,165. Exercise training 

initiated at the onset of a high fat diet, or following the development of obesity, protects 
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against and reduces adipose tissue inflammation and macrophage infiltration in mice 

142,144–147. However, the interpretation of these studies is complicated as it is difficult to 

discern whether the attenuation in inflammatory markers is the result of exercise-induced 

adaptations in adipose tissue biology or secondary to changes in adipose tissue mass. The 

results presented in the current study are the first to demonstrate that prior exercise 

training protects against the deleterious effects of an acute inflammatory challenge in 

adipose tissue. 

To investigate the role of exercise training in modulating inflammation in adipose 

tissue we utilized the pharmacological agent CL 316,243, a specific beta-3 adrenergic 

agonist. Recent work with this compound has shown a rapid induction of IL-6 and TNFα, 

independent of increases in macrophage infiltration, in mouse epididymal adipose tissue 

in vivo 172. While the specific mechanism through which CL 316, 243 induces 

inflammation has not been fully elucidated it is likely associated with increases in fatty 

acids, as the inflammatory effects of CL 316,243 are attenuated when HSL is inhibited 89. 

In the present study, we have confirmed the ability of CL 316,243 to induce the 

expression of inflammatory markers (IL-6, TNF-alpha and SOCS-3) in epididymal 

adipose tissue and have expanded upon this demonstrating an induction of IL-6 and 

SOC3 mRNA in inguinal subcutaneous adipose tissue, though to a much lesser extent. 

We have further shown that the induction of adipose tissue IL-6 mRNA expression is 

reflected in large increases in circulating IL-6. 

Consistent with previous reports 142,145, exercise training did not lead to reductions 

in markers of adipose tissue inflammation or circulating levels of IL-6.  However, for the 

first time, we have uncovered a previously unappreciated anti-inflammatory effect of 



	 	

	 49	

prior exercise training. We are the first to show that exercise training attenuates the 

induction of IL-6, SOC3 and TNFα in response to an acute inflammatory challenge.  

Interestingly, this attenuated response was observed in epididymal but not subcutaneous 

adipose tissue from exercise-trained mice. Epididymal adipose tissue displays greater 

lipolytic responsiveness in vivo than inguinal subcutaneous adipose tissue 179 and thus the 

depot specific attenuation of the induction of inflammatory markers could be related to 

the greater lipolytic stimulation and metabolic perturbation that occurs in epididymal 

adipose tissue during exercise. 

The blunted induction of these inflammatory markers is likely due to a training 

effect, and not the residual effects of the last bout of exercise, as these experiments were 

completed ~48 hours following the last training session. Although epididymal fat pad 

mass was reduced with training, this likely does not explain the attenuated induction of 

inflammatory markers by CL 316,243 as the expression of IL-6, SOC3 and TNFα were 

not different in sedentary and trained saline treated mice. That is, if reductions in adipose 

tissue mass conferred an anti-inflammatory in trained mice then one would expect to see 

this in an un-stimulated condition as well. 

As increases in fatty acids are thought to mediate, at least in part, the pro-

inflammatory effects of CL 316,243 in adipose tissue 89 it was possible that the blunted 

induction of inflammatory markers could be secondary to differences in lipolysis. 

However, neither the phosphorylation of HSL and ERK, enzymes implicated in the 

lipolytic breakdown of triglycerides 180,181, or the plasma concentrations of glycerol and 

NEFA were different between sedentary and trained mice treated with equivalent doses 

of CL 316,243. Although we cannot discount the possibility that differences in the 
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species of lipids released from adipose tissue from trained mice might be different than 

those released from adipose tissue from sedentary mice and could perhaps explain a 

portion of the attenuated induction of inflammation, our findings suggest that the 

protective effects of prior exercise were not secondary to reductions in lipolytic 

responsiveness.  

To further elucidate the mechanisms which could be linked to the protective 

effects of prior exercise training against an acute inflammatory challenge we examined 

signals implicated in mediating inflammation in adipose tissue. Recent work from Galic 

et al 182 demonstrated that hematopoietic deletion of the AMPK β1 subunit led to 

increased adipose tissue macrophage inflammation when mice were challenged with a 

high fat diet 182, thus providing evidence of a potential role for AMPK in inflammation. 

However, our results show that the content and phosphorylation of the catalytic alpha 

subunit of AMPK is not altered in adipose tissue with training indicating that AMPK may 

not be playing a role in the protective effects of prior exercise training. Similarly, the 

protein content of PPARγ, a member of the nuclear receptor super family that possesses 

noted anti-inflammatory properties (as reviewed in 183), was not increased in adipose 

tissue from trained mice.  

TRPV4 is a membrane associated calcium channel that is expressed in adipose 

tissue 94 and is a potential target mediating the protective effects of training in adipose 

tissue. The deletion of TRPV4 in 3T3 adipocytes has recently been shown to reduce the 

expression of pro-inflammatory genes, while at the same time increasing the expression 

of genes involved in thermogenesis such as PGC-1α 94.  Likewise, markers of 

inflammation in adipose tissue from TRPV4 knockout mice, or mice treated with 
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GSK205, a TRPV4 inhibitor, are reduced when these mice are fed a high fat diet 94. Our 

findings build upon this and we provide novel data demonstrating an exercise-mediated 

reduction in TRPV4 protein content in association with increases in the mRNA 

expression of PGC-1α in epididymal adipose tissue. Interestingly the protective effects of 

prior exercise training against CL 316, 243-induced inflammation was only present in 

epididymal adipose tissue, the fat depot in which TRPV4 protein content was reduced. 

These findings provide evidence suggesting that the training-induced reductions in 

TRPV4 protein content could mediate the protective effects of prior exercise training 

against an acute inflammatory insult. 

 

3.6 Conclusions 
	

In summary, this paper has been the first to explore the effects of prior exercise 

training on modulating the effects of an acute inflammatory insult. Training did not 

reduce markers of adipose tissue or systemic inflammation, however a protective effect 

was uncovered when mice were challenged with an acute inflammatory stress. These 

results highlight a previously unappreciated anti-inflammatory effect of exercise training 

on adipose tissue immuno-metabolism and underscores the value of assessing adipose 

tissue inflammation in the presence of an inflammatory insult. Further, results from this 

study indicate a potential role of TRVP4 in mediating the protective effect that exercise 

training has on adipose tissue when presented with an inflammatory insult.  
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3.6 Future Considerations  
(Not included in publication) 
 
To assess the anti-inflammatory effects of exercise training in adipose tissue, independent 

of adipose tissue mass loss, mice were treated with the beta-3 specific adrenergic agonist 

CL 316,243. While this provided an effective model for assessing adipose tissue 

inflammation specifically in vivo, the physiological relevance of this model is limited. 

Specifically, the exclusive activation of beta-3 adrenergic receptors is not representative 

of physiological adrenergic receptor activation by catecholamines, which target beta-3 

receptors alongside beta-1, beta-2 and alpha- adrenergic receptors (as reviewed by 184).  

 

Given that previous work has reported increased IL-6 release from adipose tissue in 

response to acute exercise154, independent of increases in circulating inflammatory 

factors 185 we next turned our attention toward the metabolic challenge of an acute bout 

of exercise with respect to changes in adipose tissue markers of inflammation. 

Specifically, we aimed to assess changes in IL-6 signaling in adipose tissue after acute 

moderate intensity. As regular exercise training protected against the induction of CL-

mediated inflammation we assessed how regular exercise training might modulate IL-6 

signaling in adipose tissue in response to the metabolic challenge of a single bout of acute 

exercise.   
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CHAPTER 4 

EXERCISE-MEDIATED IL-6 SIGNALING OCCURS INDEPENDENT OF 
INFLAMMATION AND IS AMPLIFIED BY TRAINING IN MOUSE ADIPOSE 

TISSUE 
 
 
 
 
 
 

Presented as published: 
 
Castellani L, Perry CG, Macpherson RE, Root-Mccaig J, Huber JS, Arkell AM, 
Simpson JA, Wright DC. Exercise-mediated il-6 signaling occurs independent of 
inflammation and is amplified by training in mouse adipose tissue. J Appl Physiol. 2015 
Dec 1;119(11):1347-54  
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4.1 Abstract 
  

The purpose of this investigation was to determine if exercise-induced increases 

in adipose tissue interleukin 6 signaling occurred as part of a larger pro-inflammatory 

response to exercise and if the induction of interleukin 6 signaling with acute exercise 

was altered in trained mice in parallel with changes in the interleukin 6 receptor complex. 

Sedentary and trained C57BL/6J mice were challenged with an acute bout of exercise.  

Adipose tissue and plasma were collected immediately and 4 hours post and analyzed for 

changes in indices of interleukin 6 signaling, circulating interleukin 6, markers of adipose 

tissue inflammation and the expression/content of the interleukin 6 receptor and 

glycoprotein 130. In untrained mice, interleukin 6 mRNA increased immediately post-

exercise and increases in indices of interleukin 6 signaling were increased 4 hours post-

exercise in epididymal, but not inguinal adipose tissue. This occurred independent of 

increases in plasma interleukin 6 and alterations in markers of inflammation. Acute 

exercise induced the expression, and training increased the protein content, of 

glycoprotein 130 and interleukin 6 receptor alpha and was associated with a more rapid 

increase in markers of interleukin 6 signaling in epididymal adipose tissue from trained 

compared to untrained mice. The ability of exogenous IL-6 to increase STAT3 

phosphorylation was similar between groups. Our findings demonstrate that acute 

exercise increases interleukin 6 signaling in a depot dependent manner, likely through an 

autocrine/paracrine mechanism. This response is initiated more rapidly post-exercise in 

trained mice, potentially as a result of increases in interleukin 6 receptor alpha and 

glycoprotein 130. 
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4.2 Introduction 
 

Interleukin 6 (IL-6) is a pleiotropic cytokine with reputed metabolic and immuno-

modulating properties 186. IL-6 classically signals through binding to the IL-6 receptor 

alpha subunit (IL-6Rα). This results in the recruitment and homodimerization of 

glycoprotein 130 (gp130) and the subsequent activation of downstream effectors such as 

STAT3 (Signal Transducer and Activator of Transcription 3). In the context of exercise, 

IL-6 has traditionally been viewed as an endocrine factor secreted from skeletal muscle 

72. However, an under-appreciated aspect of IL-6 biology is that it is also rapidly induced 

187 and secreted from adipose tissue 154 with exercise. The specific role of IL-6 in 

regulating adipose tissue immuno-metabolism is a hotly debated topic with both pro-and 

anti-inflammatory properties being ascribed to this cytokine (as reviewed in 188). In this 

context it is unclear if exercise-induced increases in adipose tissue IL-6 occur as part of a 

larger pro-inflammatory response to acute exercise as has previously been reported by 

some 189, but not all 190, or occurs independent of changes in inflammation. 

Exercise training confers a protective effect in adipose tissue against an acute 

inflammatory stress induced pharmacologically by CL 316,243 191, or an endotoxic 

challenge,  such as lipopolysaccharide 149. Interestingly, Keller et al 192 reported increases 

in IL-6 receptor expression in skeletal muscle with exercise training. In contrast to the 

protective effects against inflammatory challenges, the elevated expression of the IL-6 

receptor perhaps suggests an augmented capacity for IL-6 signaling with exercise in the 

trained state. To the best of our knowledge the effects of exercise training on components 

of the IL-6 receptor complex (i.e. IL-6Rα, GP130) and how this could influence the acute 

effects of exercise on IL-6 signaling in adipose tissue has not been studied.  
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The purpose of the present investigation was to examine the effects of exercise on 

indices of adipose tissue IL-6 signaling in sedentary and trained conditions.  Specifically, 

we wanted to determine if exercise-induced increases in adipose tissue IL-6 occurred in 

parallel with the induction of markers of inflammation. The second aim of this paper was 

to examine the effects of training on the content of IL-6 receptors in adipose tissue and to 

determine if this was associated with changes in IL-6 signaling in response to an acute 

bout of exercise. We hypothesized that a single, non-exhaustive, bout of treadmill 

running would increase markers of IL-6 signaling independent of inflammation. We 

further postulated that exercise training would increase the content of IL-6Rα and gp130, 

and this would be associated with an enhanced response of IL-6 signaling to acute 

exercise in adipose tissue from trained mice.  

 

4.3 Experimental Materials and Methods  
 

4.3.1 Materials 
 
Non-esterified free fatty acid kits (NEFA-HR kits) were from Wako Chemicals 

(Richmond, VA). Molecular weight marker, reagents and nitrocellulose membranes for 

SDS-PAGE were purchased from Bio-Rad (Mississauga, ON). ECL Plus was a product 

of Amersham Pharmacia Biotech (Arlington Heights, IL). Horseradish peroxidase-

conjugated donkey anti-rabbit and goat anti-mouse IgG secondary antibodies were from 

Jackson ImmunoResearch Laboratories (West Grove, PA). Antibodies against total JNK 

(Janus Kinase) (CAT# 9252), phospho JNK Threonine183/Tyrosine 185 (CAT# 4671), 

total p38 MAPK (Mitogen Activated Protein Kinase) (CAT# 9211), phospho p38 MAPK 

Threonine180/Tyrosine 182 (CAT# 9212), total STAT3 (Signal Transducer and Activator 
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of Transcription 3) (CAT#9139), phospho Tyrosine705 STAT3 (CAT # 9131) and gp130 

(CAT# 2213) were purchased from Cell Signaling (Danvers, MA).  An antibody against 

IL-6Rα (CAT# 1211) was purchased from Santa Cruz Biotechnology (Dallas, TX). 

Taqman gene expression assays for mouse interleukin-6 (IL-6) (Mm00446190_m1), 

SOCS3 (Suppressor of Cytokine Signaling 3) (Mm00545913_s1), Tumour necrosis 

factor-α (TNF-α) (Mm00443258_m1), Interleukin 1 beta (IL-1β) (Mm00434228_m1), 

IL-6Rα (Mm00439653_m1), IL-6st (aka GP130) (Mm00439665_m1), GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase) (4352932E) and Polr2a (polymerase RNA 

II directed polypeptide A) (CAT# Mm00839493_m1) were from Applied Biosystems 

(Foster City, CA). Recombinant murine IL-6 (CAT # 216-16) was purchased from 

Peprotech (Rocky Hill, NJ). All other reagents were from Sigma-Aldrich.  

 

4.3.2 Animals  
 
~10 week-old male C57BL/6J mice were purchased from Jackson Labs and housed one 

per cage. Animals had free access to water and standard rodent chow (7004-Teklad S-

2335 Mouse Breeder Sterilizable Diet; Teklad Diets Harlan Laboratories, Madison WI;) 

and were maintained on a 12/12-hour light-dark cycle. All protocols were approved by 

the University of Guelph Animal Care Committee and met the guidelines of the Canadian 

Council on Animal Care (CCAC) 173. The number of mice per experiment is given in the 

figure legends. 

4.3.3 Acute exercise in untrained mice 
	
Mice were acclimated to motorized treadmill running for 10 minutes at 15m/min at a 5% 

incline on two successive days. ~48 hours after the last acclimation bout mice ran for 2 
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hours at 15 m/min at a 5% incline. Food was removed from all mice 1 hour prior to the 

start of exercise. Immediately (0hrs), or 4 hours (4hrs) after exercise mice were 

anesthetized with a weight-adjusted bolus injection of sodium pentobarbital (5mg/100g 

body weight) and epididymal and inguinal adipose tissue dissected, and immediately 

frozen in liquid nitrogen and stored at -80°C. Intra-thoracic blood was then collected, 

centrifuged for 10 minutes (5000 X G, 4°C) and plasma collected and stored at -80° C. 

Mice in the 4-hour post-exercise groups were given free access to water but not food. The 

order in which mice were sacrificed was rotated so as to minimize differences in 

circadian variation between the four groups (Appendix A Figure A2a).  

 

4.3.4 Acute exercise in trained mice 
	
As we have described previously 191, mice were trained by treadmill running, 1 hour/day, 

5 days/week for 4 weeks. This training protocol leads to the expected increases in 

markers of skeletal muscle mitochondrial content and reductions in adipose tissue mass 

191. In an effort to match the relative exercise intensity for the acute exercise challenge in 

the trained mice to what was used in our first set of experiments in the untrained mice, we 

used running speed as a surrogate measure of exercise intensity 193. Maximal running 

speed was determined in a running test adapted from Toti et al 194. Mice began running at 

a speed of 10m/min at a 5% incline and the speed was increased every 3 minutes by 

3m/min until mice could no longer maintain the pace for 3 minutes. The maximum 

running speed was ~30 and 38m/min for sedentary and trained mice, respectively. This 

test occurred during the last week of training. 48 hours after the last bout of training mice 

were exercised for 2 hours, at 19 m/min on a 5% incline. This running speed was chosen 
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to approximate the same relative intensity of exercise as in the untrained mice, i.e ~50% 

of maximal speed. Immediately, and 4 hours after the acute bout of exercise trained mice 

were anesthetized with sodium pentobarbital and tissue was collected as described above 

(Appendix A Figure A2b).  

 

4.3.5 Intraperitoneal IL-6 injections in sedentary and trained mice 
	
Approximately 48 hours after the last bout of exercise, sedentary and exercise trained 

mice were injected with a weight-adjusted dose of recombinant murine IL-6 (i.p., 3ng/g 

body weight) or an equivalent-volume of sterile saline. This dose of IL-6 has been shown 

to lead to increases in circulating IL-6 similar to that seen during exercise 195. Adipose 

tissue was harvested 15 minutes post-injection as described above.    

 

4.3.6 Plasma NEFA and IL-6  
 
Plasma NEFA and IL-6 were concentrations were analyzed using commercially available 

kits as we have described in detail previously 196.  

 

4.3.7 Western Blotting 
 
Samples were homogenized (FastPrep®-24, MP Biomedicals, Santa Ana, CA) in 3 

volumes of cell lysis buffer, supplemented with phenylmethylsulfonyl fluoride and 

protease inhibitor cocktail (Sigma-Aldrich). Homogenized samples were centrifuged at 

4°C (10 minutes at 5,000 X G), the infranatent collected, and protein content was 

determined using a bicinchoninic acid assay 174. Equal concentrations of protein were 

separated on 10% SDS-PAGE gels and then transferred onto nitrocellulose membranes 

using a wet transfer technique at 200mA/transfer unit. Membranes were blocked in tris 
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buffered saline/0.1% tween with 5% non-fat dry milk for 1h then incubated in TBST/5% 

bovine serum albumin supplemented with the appropriate primary antibody (1:1000 

dilution) at 4°C, with gentle agitation overnight. Following incubation in primary 

antibody, membranes were rinsed with TBST and incubated with HRP-conjugated 

secondary antibodies for 1h at room temperature.  Secondary antibodies were diluted in 

TBST with 1% non-fat dry milk. Signals were detected using enhanced 

chemiluminesence and were subsequently quantified by densitometry using a FluorChem 

HD imaging system (Alpha Innotech, Santa Clara, CA). The phospho signal was 

expressed relative to total, or in the case of IL-6Rα and gp130, ponceau. 

 

4.3.8 Real Time PCR 
	
Changes in mRNA expression were determined using real time qPCR as described in 

detail previously by our laboratory 175,176. Briefly, RNA was isolated from adipose tissue 

using an RNeasy kit according to the manufacturer’s instructions.  Complementary DNA 

(cDNA) was synthesized from total RNA (1ug) using SuperScript II Reverse 

Transcriptase, dNTP and random primers. Real time PCR was completed using a 7500 

Fast Real-Time PCR system (Applied Biosystems).  The 2-∆∆CT method 177 was used to 

calculate fold differences in gene expression with GAPDH or PolyR2 used as a 

housekeeping gene.  

 

4.3.9 Statistical Analysis  
	
Comparisons between two groups were made using unpaired, two-tailed T-tests. 

Differences in gene expression over time were determined using a one-way ANOVA 
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whereas signaling and NEFA levels were compared using a two-way ANOVA. When 

indicated ANOVA was followed by LSD post-hoc analysis. In some cases data were 

logarithmically transformed to ensure equal variance among groups. Data are expressed 

as means ± SEM and significance was set at P<0.05. 

 

4.4 Results 

4.4.1 An acute bout of exercise increases markers of IL-6 signaling, but not 

inflammation in mouse adipose tissue 

	
To initially characterize the effects of exercise on markers of inflammation we 

measured the mRNA expression of IL-6, SOCS3, IL-1β and TNFα in epididymal and 

inguinal adipose tissue. Adipose tissue fatty acid release has been suggested to play a role 

in the induction of adipose tissue inflammation 89 and thus, we chose to examine 

alterations in markers of inflammation in two fat depots which display differences in 

lipolytic responsiveness (epididymal >inguinal) in vivo 179. As shown in Figure 4.1a, an 

acute bout of exercise increased IL-6 mRNA expression ~3 fold immediately post-

exercise and IL-6 expression remained elevated 4 hours following exercise in epididymal 

adipose tissue. SOCS3, a transcriptional target of IL-6 signaling 62,197, was significantly 

increased 4 hours after exercise, whereas the expression of IL-1β and TNFα were not 

increased with exercise.  

IL-6 signals through the JAK/STAT signaling pathway and we have recently 

shown that IL-6 directly increases STAT3 phosphorylation in cultured mouse adipose 

tissue 175. To determine a potential functional correlate to the induction of IL-6 in adipose 

tissue following exercise, we measured STAT3 phosphorylation 4 hours after exercise. 
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This time point coincided with the increase in SOCS3 expression, a canonical IL-6 target 

gene 62,197. 4 hours following exercise the phosphorylation of STAT3 was increased ~ 2.5 

fold in epididymal adipose tissue (Figure 4.1a, right panel). In contrast to STAT3, but 

consistent with our gene expression data, an acute bout of exercise did not lead to 

increases in the phosphorylation of p38 or JNK, kinases that are typically activated in 

pro-inflammatory conditions 60,198,199.  

To ascertain if depot specific differences existed in regards to the induction of 

gene expression and pro-inflammatory kinase activation with exercise we assessed 

changes in markers of inflammation and IL-6 signaling in inguinal subcutaneous adipose 

tissue. As shown in Figure 4.1b, we found no changes in the expression of IL-6, SOCS3, 

TNFα or IL-1β immediately, or 4 hours following exercise. Similarly, we did not detect 

any changes in the phosphorylation of STAT3, p38, or JNK (Figure 4.1b, right hand 

panel). 

Others have reported an effect of food restriction on inflammatory markers 200. 

Although we removed the food from all the mice at the same time, and rotated the time of 

sacrifice for the sedentary animals to minimize circadian variability between groups, we 

wanted to ensure that subtle differences in the length of fasting was not playing a role in 

the observed increases in IL-6 and SOCS3. To accomplish this, mice were fasted for 8 

hours and epididymal adipose tissue harvested. The mRNA expression of IL-6 (fed 1.15 

± 0.23, fasted 0.48 ± 0.12, n=6/group) and SOCS3 (fed 1.08 ± 0.21, fasted 0.74 ± 0.09, 

n=6/group) were not increased in epididymal adipose tissue from fasted mice. 
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Figure 4.1 An acute bout of exercise increases indices of IL-6 signaling in 
epididymal but not inguinal adipose tissue. Male C57BL/6J mice ran on a motorized 
treadmill (15 metres/min, 5% incline) for 2 hours, or remained sedentary and changes in 
gene expression measured immediately (0hrs), or 4 (4 hrs) hours following exercise in (a) 
epididymal and (b) inguinal adipose tissue. The phosphorylation of JNK, p38 and STAT3 
was measured in epididymal and inguinal adipose tissue 4 hours following exercise. Data 
are presented as means + SE for 8-11 mice per group for the gene expression data, and 5-
6 per group for the Western blot data. Representative Western blots are show to the right 
of the quantified data in C. * P<0.05 compared to sedentary. Please note the line in the 
representative blots for phospho and total STAT3 indicates cropping from non-
contiguous sections of the same gel.  
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4.4.2 Exercise increases the mRNA expression and protein content of IL-6Rα  and 

gp130  

A single bout of exercise has previously been shown to up-regulate the expression 

of the IL-6Rα in skeletal muscle 192. To the best of our knowledge the effects of exercise 

on components of the IL-6 receptor complex in adipose tissue remain unknown. Given 

this we examined the effects of an acute bout of exercise on the expression of IL-6Rα 

and gp130 in epididymal adipose tissue.  As shown in Figure 4.2a, IL-6Rα and gp130 

mRNA expression were increased ~3 and 1.5 fold respectively 4 hours after a single bout 

of exercise. In light of these increases in receptor expression, we next considered the 

effect of repeated bouts of exercise on the protein content of these receptors. Four weeks 

of exercise training led to increases in both IL-6Rα and gp130 protein content in 

epididymal adipose tissue (Figure 4.2b). 

4.4.3 Acute exercise causes a more rapid increase in markers of IL-6 signaling in 

adipose tissue from trained compared to sedentary mice 

	
Given the increase in the content of gp130 and IL-6Rα in adipose tissue with 

training, we next sought to determine whether this was associated with alterations in the 

response of IL-6 signaling to an acute bout of exercise. In an effort to match relative 

exercise intensities between sedentary and trained animals, mice ran at ~ 50% of their 

maximum running speed which equated to 15 m/min and 19 m/min in the sedentary and 

trained mice respectively. As shown in Figure 4.3a, the induction of IL-6 in epididymal 

adipose tissue from trained and sedentary mice was similar immediately and 4 hours 

following an acute bout of exercise.  Conversely, SOCS3 mRNA expression was 
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increased to a greater extent immediately post exercise in epididymal adipose tissue from 

trained compared to sedentary mice (Figure 4.3b). In keeping with these findings STAT3 

phosphorylation was increased immediately post-exercise in epididymal adipose tissue 

from trained mice, whereas it was not in sedentary mice (Figure 4.3c). By 4 hours post 

exercise STAT3 phosphorylation had returned to pre-exercise levels in adipose tissue 

from trained mice (data not shown). 

                         
 
Figure 4.2  Acute exercise and markers of inflammation. An acute bout of exercise 
increases (a) the mRNA expression and exercise training increases (b) the protein content 
of IL-6Rα and gp130 in mouse epididymal adipose tissue. In (a) mice ran (15 meters/min, 
5% incline) on a motorized treadmill for 2 hours and epididymal adipose tissue harvested 
4 hours post exercise (4 hrs) for the determination of changes in gene expression. In (b) 
mice were treadmill trained for 1 hr/day, 5 days/week for 4 weeks. Data are presented as 
means + SE for 8-10 mice/group in (a) and 6 mice/group in (b). Representative Western 
blots are shown to the right of the quantified data in (b). * P<0.05 compared to sedentary 
group. 
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Figure 4.3 Exercise training and the induction of IL-6. Exercise training leads to a 
more rapid induction of exercise-induced IL-6 signaling in epididymal adipose tissue. 
Mice were treadmill trained for 1 hr/day, 5 days/week for 4 weeks. 48 hours after the last 
bout of training, untrained and trained mice ran (15 meters/min untrained, 19 meters/min 
trained, 5% incline) on a treadmill for 2 hours and epididymal adipose tissue harvested 
either immediately (0 hrs) or 4 hours (4 hrs) post exercise for the determination of (a) IL-
6 mRNA, (b) SOCS3 mRNA or (c) STAT3 phosphorylation. In (a) and (b) data are 
presented as fold increases compared to sedentary mice in the same group. Data are 
presented as means + SE for 6-8 mice/group. * P<0.05 compared to untrained in (b) and 
no exercise in (c). Representative Western blots are shown to the right of the quantified 
data in (c).  
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4.4.4 Markers of lipolysis are similar in response to an acute bout of exercise in 

sedentary and exercise- trained mice 

Lipolysis has been previously shown to play a role in the induction of IL-6 

signaling in adipose tissue 89. Consequently, we wanted to determine if the more rapid 

increase in indices of IL-6 signaling could be related to alterations in markers of lipolysis. 

As shown in Figure 4.4, HSL phosphorylation in epididymal adipose tissue (a) and 

plasma NEFAs (b) were not different between groups.     

                              

Figure 4.4. Indices of lipolysis are similar following an acute bout of exercise in 
sedentary and trained mice. Mice ran on a motorized treadmill (15 meters/min 
untrained, 19 meters/min trained, 5% incline) for 2 hours and epididymal adipose tissue 
and plasma harvested immediately after for the determination of (a) HSL phosphorylation 
and (b) plasma NEFAs. Data are presented as means + SE for 6-8 samples/group. 
Representative Western blots are shown next to the quantified data in (a). * P<0.05 
compared to non-exercised mice in the same group. 
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4.4.5 Circulating levels of IL-6 are not different between sedentary and exercise 

trained mice 

 .  Exercise increases circulating IL-6 158 and therefore it was of interest to 

determine if exercise-induced increases in IL-6 were different between sedentary and 

trained mice. In untrained mice an acute bout of exercise led to a >60 pg/ml increase in 

plasma IL-6, though this failed to reach significance due to the high variability. In trained 

mice, an acute bout of exercise did not increase circulating IL-6 (Table 4.1). Four hours 

after exercise, plasma IL-6 levels were similar to sedentary levels in both untrained and 

trained mice (data not shown).  

 

Table 4.1 Plasma IL-6 levels in sedentary and previously trained mice following an 
acute bout of exercise 

 Sedentary 
-exercise 

Sedentary 
+exercise 

Trained 
-exercise 

Trained 
       +exercise 

Plasma Il-6 
(pg/ml) 

2.9 ± 0.7 71.2 ± 41.2 2.4 ± 0.3 3.2 ± 1.8 

Data are means ± SEM for 6-7 mice/group. 

 

4.4.6 The effects of exercise training on exogenous IL-6 signaling 
	
 As training induced increases in IL-6Rα and gp130 were associated with a more 

rapid exercise-induced increase in adipose tissue IL-6 signaling we wanted to determine 

if a similar relationship existed when mice were presented with an exogenous IL-6 

challenge. Interestingly, phosphorylation of STAT3 was activated to a similar extent in 

eWAT from both sedentary and trained mice 15 minutes after an injection of recombinant 

murine IL-6 (Figure 4.5).       
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Figure 4.5 STAT3 phosphorylation post-IL-6 injection. STAT3 phosphorylation is 
increased to a similar extent in epididymal adipose tissue from sedentary (sed) and 
trained (trd) mice following an injection of IL-6. Mice were injected with IL-6 (3ng/g 
bw) or an equivalent volume of sterile saline and adipose harvested 15 minutes post. Data 
are presented as means + SE for 4-6 mice/group. Representative Western blots are shown 
to the right of the quantified data. * P<0.05 compared to saline injected mice in the same 
group. 
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The effect of exercise training on modulating adipose tissue inflammation has 

traditionally been investigated in models of obesity and insulin resistance.  In these 

studies, markers of inflammation typically track with changes in adipose tissue mass 

142,144,145,201. In the current investigation, we characterized the induction of IL-6 

expression and signaling in concert with changes in markers of inflammation in response 

to an acute bout of exercise. We have shown sequential increases in the expression of IL-

6 and SOCS3 mRNA, findings that are consistent with previous work demonstrating IL-6 

mediated increases in SOCS3 in cultured adipocytes/adipose tissue 62,197. These results, 

together with increases in STAT3 phosphorylation would suggest an induction of IL-6 

signaling in epididymal adipose tissue following exercise.  Interestingly, the increases in 

Pr
ot

ei
n 

co
nt

en
t (

ar
bi

tra
ry

 u
ni

ts
)

0

2

4

6

8

10

saline
IL-6

sedentary trained

*
*

p-STAT3

STAT3

sed      trd sed      trd

IL-6         -    +    -    +       -   +     -    +



	 	

	 70	

IL-6 signaling occurred more rapidly in adipose tissue from trained compared to 

untrained mice in parallel with increases in gp130 and IL-6Rα protein content. 

It is our current hypothesis that the increase in adipose tissue IL-6 signaling is 

likely occurring via increases in adipose tissue derived, not circulating, IL-6. Notably, the 

increases in indices of IL-6 signaling (i.e. SOCS3 mRNA, STAT3 phosphorylation) 

following acute exercise in both untrained (4hrs post exercise) and trained (immediately 

post exercise) mice occurred at a time-point when circulating IL-6 levels were not 

appreciably elevated. Given previous reports measuring the concentration of IL-6 

surrounding human subcutaneous adipose tissue to be orders of magnitude higher than 

exercise-induced circulating IL-6 levels 24 it is tempting to speculate that exercise 

mediated increases in circulating IL-6 would be of little consequence to IL-6 signaling in 

adipose tissue. However, in the current study we found that an injection of IL-6 led to a 

robust increase in STAT3 phosphorylation in epididymal adipose tissue, a finding 

consistent with a recent report showing increases in the phosphorylation of STAT3 in 

inguinal adipose tissue following IL-6 injections 202. These findings provide evidence that 

increases in circulating IL-6 are in fact sufficient to induce IL-6 signaling in adipose 

tissue and perhaps point towards key species-specific differences in IL-6 biology. While 

we cannot discount the possibility that transient increases in circulating IL-6 that were 

missed in the current study precede, and perhaps drives increases in adipose tissue IL-6 

signaling, or that an IL-6 independent mechanism is activating canonical IL-6 pathways, 

our data is temporally consistent with the notion that exercise-induced increases in IL-6 

signaling in adipose tissue could potentially be mediated through a paracrine/autocrine 

mechanism. 
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In the current study we show clear depot specific effects of exercise. These results 

are in-line with previous work from our laboratory in which the induction of IL-6 and 

SOCS3 by CL 316,243 was ~ 10 fold less in inguinal compared to epididymal mouse 

adipose tissue 191. The attenuated response of inguinal adipose tissue could be related to 

differences in lipolysis 179 as the attenuation of fatty acid release by the HSL inhibitor, 

BAY 59-9435, blunts the pro-inflammatory effects of CL 316,243 in mouse adipose 

tissue in vivo 89. In contrast to the present study using lean mice, we have recently 

reported that an acute bout of exercise robustly induces markers of IL-6 signaling in 

inguinal adipose tissue from obese, insulin resistant mice fed a high fat diet 203. While 

speculative, these differences could be due to alterations in adipose tissue lipid handling 

and/or increases in macrophage infiltration/polarization that are present with diet-induced 

obesity. 

Having assessed the effects of acute exercise in untrained mice we next wanted to 

determine if exercise training would a) alter the content of IL-6Rα and gp130 and b) if 

this would augment the effects of exercise on adipose tissue IL-6 signaling. We 

demonstrated that an acute bout of exercise induced the mRNA expression, whereas 

exercise training increased the protein content of IL-6Rα and gp130. Interestingly, 

although exercise increased the mRNA expression of IL-6 to a similar extent in 

epididymal adipose tissue from untrained and trained mice, both the expression of 

SOCS3 mRNA as well as the phosphorylation of STAT-3, were elevated immediately 

post-exercise in trained mice, whereas in untrained mice they were not. Though changes 

in the rate of lipolysis can influence the expression of IL-6 89 neither HSL 

phosphorylation nor levels of circulating FFAs were different between sedentary and 
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trained mice immediately post-exercise. While these endpoints are admittedly indirect 

indices of lipolysis, they would suggest that the rapid induction of IL-6 signaling with 

training is likely not secondary to changes in fatty acid release.  

 While these findings suggest an enhancement of IL-6 signaling with 

training in response to an acute bout of exercise, the phosphorylation of STAT3 was 

increased to a similar extent in trained and untrained mice injected with IL-6. These 

discrepancies could be due to differences in how rapidly IL-6 increases (either 

systemically or locally) or the different hormonal milieus (catecholamines etc) present 

with exercise compared to injections.  It should be noted that we had previously shown 

that STAT3 phosphorylation was reduced in epididymal adipose tissue immediately post 

exercise 175. This discrepancy could be due to differences in the duration of exercise (90 

versus 120 minutes) or perhaps the method used to kill the mice (cervical dislocation in 

175 compared to exsanguination following tissue removal). Regardless of the specific 

reason, both studies clearly show that IL-6 signaling is not activated immediately 

following exercise in adipose tissue from untrained mice. We have previously shown that 

exercise training attenuates the induction of IL-6 signaling by the lipolytic agent, CL 

316,243 191. Given that CL 316,243 exclusively targets beta-3 adrenergic receptors 171 it 

is not surprising that the effects of this compound do not mirror those of an acute exercise 

challenge. In particular, the transient surge in circulating catecholamines with exercise 

stimulates both the lipolytic beta 198,200,204 and anti-lipolytic alpha-adrenergic receptors 

(as reviewed in 24) thus tailoring the release of lipids to match the demands of the 

environment. The relatively unchecked stimulation of lipolysis by CL 316,243 through 

the specific activation of beta 3 adrenergic receptors therefore represents a unique, and 
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non-physiological metabolic challenge. This is reflected in the ability of CL 316,243 to 

induce the expression of pro-inflammatory genes 172, which is not observed following 

acute exercise.  

The role of IL-6 signaling in adipose tissue remains controversial. Though 

traditionally considered a pro-inflammatory cytokine, there is mounting evidence to 

suggest involvement of this cytokine in the anti-inflammatory response (as reviewed in 

188). For example, the macrophage specific deletion of IL-6Rα leads to a worsening of 

high fat diet-induced insulin resistance and a more pro-inflammatory phenotype in mouse 

adipose tissue 71. These findings would perhaps suggest that IL-6 is induced as a 

compensatory response to inflammatory challenges as a means to dampen or resolve 

inflammation. In the current study, the induction of IL-6 would not appear to be 

occurring in response to an inflammatory stress as traditional markers of inflammation, 

i.e. JNK and p38 phosphorylation, TNFα and IL-1β mRNA, were not increased. These 

findings pose the question as to the physiological role of increases in IL-6 signaling post-

exercise. While merely speculative, perhaps the activation of IL-6 signaling in adipose 

tissue serves to promote or maintain the release of fatty acids. From a teleological 

perspective, an enhancement of IL-6 signaling post exercise could be beneficial in 

providing fatty acids to liver and skeletal muscle to be oxidized as a fuel source, while 

sparing glucose for glycogen synthesis.  Of note, liver glycogen levels begin to replete 

much more rapidly following exercise in trained compared to untrained rats 204, a finding 

that mirrors the more rapid induction of IL-6 signaling in trained mice in the current 

study. While we have not been able to demonstrate a direct effect of IL-6 on adipose 

tissue lipolysis ex vivo 175, it remains a possibility that IL-6 could be working 
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synergistically with other neuro-endocrine factors to facilitate this process. However, if 

this were the case then one would expect to see differences in HSL phosphorylation in 

conditions of elevated IL-6 signaling (i.e. trained compared to untrained immediately 

post exercise), which in the current study we did not observe. If IL-6 is in fact modulating 

adipose tissue lipolysis then perhaps it is doing so through a mechanism independent of 

HSL or there is a lag between the activation of IL-6 signaling and the potentiation of 

lipolysis. Clearly, this is an area that requires further investigation.  

 

4.6 Conclusions 
	

In summary we have provided novel data demonstrating depot specific, exercise-

induced increases in adipose tissue IL-6 signaling independent of inflammation. We have 

further shown that the activation of IL-6 signaling occurs more rapidly in adipose tissue 

from trained mice, when exercised at the same relative running speed as untrained 

animals, and is associated with increases in the protein content of IL-6Rα and gp130. We 

speculate that increases in adipose tissue IL-6 signaling following exercise could play a 

role in the provision of lipids to muscle and liver. 

 

4.7 Future Considerations  
(Not included in publication) 

Given the ability of exercise training to remodel adipose tissue and prevent the 

development of adipose tissue inflammation, we next considered how exercise might 

offset the severe metabolic side effects associated with regular antipsychotic use.  
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Chronic antipsychotic use is associated with severe weight gain and subsequent 

development of insulin resistance 104. Further, acute treatment with second-generation 

antipsychotics (SGAs) is associated with an immediate and significant increase in blood 

glucose 112. Before investigating the effects of chronic exercise training on the prevention 

of long-term SGA-induced weight gain and glucose intolerance, we first aimed to 

understand the acute effects of exercise on modulating acute olanzapine-induced 

impairments in glucose homeostasis.  
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CHAPTER 5 

AN ACUTE BOUT OF EXERCISE PROTECTS AGAINST OLANZAPINE-INDUCED 
HYPERGLYCEMIA IN MALE C57BL/6J MICE 
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5.1 Abstract 
 
Background: It has been previously demonstrated that acute olanzapine treatment causes 

a dramatic rise in blood glucose. Given the robust ability of exercise to maintain glucose 

homeostasis we aimed to determine if an acute bout of exhaustive exercise might 

attenuate olanzapine-induced hyperglycemia.  

Methods: To assess the protective effects of exercise, male C57BL/6J mice and IL6-/- 

mice were exercised to exhaustion on a motorized treadmill, then immediately treated 

with olanzapine (5mg/kg body weight) and changes in blood glucose, insulin action, 

pyruvate tolerance and whole body substrate oxidation measured.  

Results: Prior exercise attenuated olanzapine-induced increases in blood glucose. This 

was not explained by IL-6 dependent increases in serum insulin but was associated with 

improved insulin action, pyruvate tolerance and subtle shifts in substrate utilization. 

Conclusions: These findings provide the first evidence that a single bout of exercise 

protects against the acute metabolic impairments in glucose metabolism induced by 

olanzapine.   
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5.2 Introduction 
	

The use of Second-Generation Antipsychotics (SGAs) such as olanzapine has 

increased dramatically in recent years 205. Though traditionally used to manage symptoms 

of schizophrenia and related illnesses, olanzapine has more recently been prescribed for 

the treatment of several off-label conditions including anxiety, chemotherapy-induced 

nausea, and sleep disorders 100,205–207. Despite its growing use, several reports have noted 

severe metabolic side effects associated with olanzapine 102,104,105.  

Chronic treatment with olanzapine causes marked weight gain and leads to the 

development of insulin resistance, hyperglycemia and Type 2 Diabetes 104,208,209. Though 

weight gain is closely associated with impaired glucose homeostasis 210, direct effects of 

olanzapine on glucose metabolism have also been observed. For example, acute treatment 

with olanzapine has been shown to induce a rapid rise in blood glucose, independent of 

changes in body weight, suggesting a direct effect of the drug on glucose homeostasis 112–

117. Though the mechanisms of olanzapine-induced hyperglycemia are not completely 

understood it is thought to involve increased hepatic glucose output 211, impaired insulin 

secretion 119,213,214 and reductions in insulin sensitivity 112,114,115. Further acute olanzapine 

treatment alters fuel utilization as demonstrated by rapid and robust decreases in RER, 

indicative of an increased reliance on fat oxidation 215.  

Given the apparent impairment in glucose metabolism, combination therapy with 

glucose lowering drugs would appear to be a logical approach to mitigate the metabolic 

side effects of olanzapine. Indeed pairing olanzapine with a combination of metformin, 

rosiglitazone or glyburide attenuates the deleterious rise in blood glucose associated with 

this compound 127. Similarly, pre-treatment with metformin has been shown to attenuate 
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acute olanzapine-induced hepatic insulin resistance, however this does not rescue 

peripheral insulin sensitivity 216. Unfortunately many of these anti-diabetic drugs possess 

undesirable side effects. For example, the insulin sensitizing agent metformin only 

partially reverses olanzapine-induced hyperglycemia 216 and has been reported to worsen 

psychoses 217. Similarly, though Thiazolidinediones such as rosiglitazone dampen 

olanzapine-induced perturbations in glucose metabolism they are associated with weight 

gain, a worsening of coronary heart disease and increased risk of heart attack 218. These 

outcomes highlight the need for alternative approaches to reduce the metabolic side 

effects of olanzapine.  

A single bout of exercise has marked effects on glucose homeostasis as shown by 

large increases in insulin-independent skeletal muscle glucose uptake 219 and an 

enhancement of skeletal muscle insulin sensitivity 159. Moreover, recent work by 

Ellingsgaard et al 158, has reported that exercise potentiates glucose stimulated insulin 

secretion through an interleukin-6 (IL-6), glucagon like peptide -1 (GLP-1) dependent 

pathway. With these points in mind it seems reasonable to assume that exercise could be 

used as a countermeasure to offset the harmful metabolic effects of olanzapine and other 

second-generation anti-psychotic drugs.  In this regard, Boyda et al. demonstrated that 

regular physical activity via wheel running attenuated olanzapine induced glucose 

intolerance in rats 160. However it is unclear whether these improvements were a direct 

effect of exercise on glucose metabolism or rather an artifact of exercise-induced weight 

loss. As such, the purpose of the present study was to determine if an acute bout of 

exercise prior to olanzapine treatment could offset olanzapine-induced hyperglycemia. 

We hypothesized that prior exercise would protect against olanzapine-induced increases 
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in blood glucose and that this would be associated with improvements in peripheral 

insulin action, and increases in circulating insulin levels. 

 

5.3 Methods 
	

5.3.1 Materials 
	
ELISAs for IL-6 (cat. no. EZMIL6), insulin (cat. no. EZRMI-13K) and GLP-1 (cat. no. 

EZGLP1-36K) were obtained from Millipore (Billerica, MA, USA). Olanzapine (cat. no. 

11937) was purchased from Cayman Chemicals (Cat. No. 11937) (Ann Arbor, MI, USA). 

Nonesterified free fatty acid (NEFA) kits (NEFA-HR kits), glycerol kits and dimethyl 

sulfoxide (DMSO) were purchased from Wako Chemicals (Richmond, VA, USA). 

Humulin-R insulin was purchased from Eli Lilly (Indianapolis, IN, USA). A Freestyle 

Lite handheld glucometer and blood glucose test strips were purchased from Abbott 

Diabetes Care Inc. (Alameda, CA, USA).  All other reagents were purchased from Sigma 

Aldrich (St Louis, MO, USA).  

 

5.3.2 Animals 

8-week old male C57BL/6J mice and IL6-/- (B6.12952-IL6tmlkopf/J) mice were purchased 

form The Jackson Laboratory (Bar Harbor, ME, USA) and housed 1 per cage with free 

access to standard rodent diet (7004- Teklad S-2335 Mouse Breeder Sterilizable Diet; 

Teklad Diets Harlan Laboratories, Madison WI, USA) and water. Mice were housed on a 

12h:12h light:dark cycle (lights turned on at 7:00h and turned off at 19:00h) at 23°C. All 

protocols were approved by the University of Guelph Animal Care Committee and 

followed the guidelines of the Canadian Council on Animal Care.   
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5.3.3 Drug Preparation 
	
Olanzapine: Olanzapine was first dissolved in DMSO (5mg/mL) and subsequently 

prepared in a solution containing 90% sterile saline (0.9% NaCl), 5% DMSO and 5% 

Kolliphor at a concentration of 10mg/mL. Vehicle solution contained matched 

proportions of sterile saline, DMSO and Kolliphor without olanzapine. Animals were 

injected, I.P. with 5mg/kg body weight as this dose has been previously shown to induce 

a rise in blood glucose 117 as well as reflect a clinically relevant dopamine D2 receptor 

occupancy of ~ 70% 220.  

 

5.3.4 Experimental Procedures  
	

i). Acute High Intensity Exercise 

  
Male C57BL6/J and IL6-/- mice were exercised at high-intensity on a motorized treadmill 

as previously described 221. Briefly, mice performed a single session of treadmill running, 

at an incline of 20° and an initial speed of 12 metres/minute. Speed was increased 1 

meter/minute at 2, 5, 10, and every subsequent 10 minutes until mice were exhausted 

(~90 minutes). Exhaustion was determined as an inability to remain halfway up the 

treadmill belt 3 consecutive times despite gentle prodding. Age matched sedentary male 

mice remained in their cage without access to food for the duration of the exercise 

protocol. Immediately post-exercise blood glucose was measured by handheld 

glucometer and mice were injected (I.P.) with 5mg/kg body weight olanzapine or an 

equivalent amount of vehicle solution. Blood glucose was then measured every 30 

minutes, for 90 minutes after which mice were anesthetized with a weight-adjusted 
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injection of sodium pentobarbital (5mg/100g body weight; I.P.) and liver and vastus were 

collected and frozen at -80°C for further analysis. Cardiac blood was collected, and 

centrifuged at 5,000G for 10 minutes at 4°C. Serum was collected and stored at -80 °C 

until further analysis. A subset of mice were killed immediately post-exercise and serum 

and tissues collected and frozen at -80 °C (Appendix A Figure A3). 

 

ii). Acute Moderate Intensity Exercise 
 
Male C57BL6/J mice were exercised at a moderate intensity, ~75% of VO2max, as 

described previously 222. Briefly, mice ran on a motorized treadmill for approximately 75 

minutes at a speed of 15 meters per minute and an incline of 5°. Immediately post-

exercise mice were treated with a weight-adjusted bolus of olanzapine, or vehicle 

solution and blood glucose was measured 30, 60, and 90 minutes post-treatment.      

 

iii). Pyruvate Tolerance Tests  
	
Mice were exercised until exhaustion, or remained sedentary, as described above. 

Immediately post-exercise mice were treated with olanzapine (5mg/kg body weight, I.P.) 

or vehicle solution and blood glucose was measured 30 and 60 minutes after treatment. 

At 60 minutes, mice were injected with pyruvate (2g/kg body weight) and blood glucose 

was measured 15, 30, 60 and 90 minutes after pyruvate administration (Appendix A 

Figure A4).  
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iv). Insulin Tolerance Tests  
	
Mice were exercised, or not, as described above. Blood glucose was measured 

immediately post-exercise and mice were treated with olanzapine or vehicle-solution. 

After 60 minutes blood glucose was measured, then mice were injected, I.P., with insulin 

(1U/kg body weight, I.P.). Blood glucose was measured 15 post-insulin to assess 

differences in insulin tolerance as previously described 223 (Appendix A Figure A5).  

 

v). Indirect Calorimetry  
	
Male C57BL/6J were singly housed in Comprehensive Laboratory Animal Monitoring 

System (CLAMS) and allowed to acclimatize for 24 hours.  Measurements of RER, VO2 

and VCO2 were recorded for a 12-hours during the dark period prior to olanzapine 

treatment, and a 2-hour light period following olanzapine treatment. Specifically, at the 

beginning of the light cycle (approximately 1-hour) animals were removed from the 

CLAMs and acutely exercised until exhaustion as described above. Sedentary animals 

were removed from CLAMs units and placed in cages with access to water, but not food 

for the duration of the exercise session. Immediately post-exercise mice were treated with 

olanzapine (5mg/kg body weight, I.P.) and placed back in their respective CLAMs cages. 

Mean values used to calculate differences in RER, CHO oxidation and fat oxidation 

represent data collected 1-hour before the bout of exercise, or 120 minutes upon being 

returned to the cage. CHO oxidation was calculated as [VCO2 (L/min)* 4.858]- [VO2 

(L/min) *3.226]. Fat oxidation was calculated as [VO2 *1.695]-[VCO2*1.701].  
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5.3.5 Serum IL-6, insulin, NEFA and glycerol  
	
Serum concentrations of IL-6, insulin and GLP-1 were detected using commercially 

available enzyme-linked immunosorbent assays (ELISAs), according to manufacturer’s 

instructions. Samples from each experiment were run on the same plate, in duplicate with 

an average CV of <10%. Serum NEFA and glycerol concentrations were measured using 

commercially available kits as previously described in detail 196.  

5.3.6 Muscle and Liver Glycogen Analysis  
	
Glycogen concentration in liver and muscle were determined as described in detail 

previously 224. 

5.3.7 Statistical Analysis  
	
Differences between groups were analyzed using either an unpaired, 2 tailed Students T-

test, a 2 way ANOVA, or a 2-way repeated measures ANOVA with Tukey’s post-hoc 

analysis. When data was not normally distributed a Mann-Whitney Rank Sum Test or a 

One-way ANOVA on ranks was used. A relationship was considered significant when 

P<0.05. 

 

5.4 Results 
	

5.4.1 A single session of acute high intensity exercise protects against the olanzapine-

induced rise in blood glucose.  

Blood glucose concentrations were significantly elevated in sedentary mice 

treated with olanzapine compared to vehicle-treated sedentary control animals (Figure 

5.1). Notably, the olanzapine-induced rise in blood glucose was absent in mice that 
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performed a session of exhaustive treadmill running prior to treatment with the drug 

(Figure 5.1A and B). As shown in Figure 5.1C, despite the dramatic increase in blood 

glucose levels, serum insulin was not elevated in sedentary mice 90-minutes after 

olanzapine treatment. Serum insulin levels were significantly reduced in vehicle- treated 

mice 90-minutes post-exercise, compared to sedentary vehicle-treated animals. In 

exercised mice, olanzapine treatment resulted in a significant rise in serum insulin 

compared to vehicle. Further, olanzapine increased serum non-esterified free fatty acid 

(NEFA) levels in both sedentary and exercised mice with fatty acid levels being greater 

in previously exercised compared to sedentary animals, following olanzapine (Figure 

5.1D). Though exercise reduced serum glycerol levels in vehicle-treated mice, there were 

no differences in serum glycerol concentrations in response to olanzapine (Figure 5.1E).  

To determine if the protective effects of exercise were intensity dependent we 

repeated the experiments using a bout of moderate intensity exercise (~75% of VO2 max 

(Høydal et al., 2007)). In contrast to exhaustive, high intensity exercise, moderate 

intensity exercise did not protect against olanzapine-induced hyperglycemia (879± 35 

glucose AUC Sed-VEH;1165±82 Sed-OLZ; 1007 ± 43 Ex-VEH; 1184 ±128 Ex-OLZ; 

Effect of EX P=0.321, Effect of Drug P=0.008, Interaction Effect P=0.348). 
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Figure 5.1. A single session of exhaustive exercise protects against olanzapine-
induced increases in blood glucose. Male C57BL/6J mice were exercised to exhaustion 
on a motorized treadmill. Immediately post-exercise mice were treated with olanzapine 
(5mg/kg body weight, i.p. injection) or an equivalent volume of vehicle control. Blood 
glucose was measured immediately, 30, 60, and 90 minutes post-olanzapine (A), and the 
area under the curve was calculated (B). Serum insulin (C), NEFA (D) and glycerol (E) 
were measured 90-minutes after treatment with drug or vehicle solution in sedentary and 
exercise groups. Data are presented as means + SEM for 6-12 mice/group in A-C and 5-7 
mice/group in D and E. *P<0.05 compared to vehicle-treated within the same group (EX 
or Sed). #P<0.05 compared with vehicle-treated sedentary. !P<0.05 compared with 
olanzapine-treated sedentary. B, C and E were compared using 2-way ANOVA. D was 
analyzed by 1-way ANOVA on ranks.  
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5.4.2 Increases in circulating insulin do not explain the protective effects of exercise 

against olanzapine-induced hyperglycemia  

To assess whether exercise-induced increases in insulin levels after olanzapine 

treatment were mediating the protective effect of exercise against olanzapine-induced 

hyperglycemia we examined the response of IL-6-/- mice to olanzapine and exercise. It 

has been previously shown that exercise-induced increases in IL-6 promote the release of 

insulin in the presence of elevated blood glucose concentrations via the incretin GLP-1 

158.  As exercise-induced glucose uptake is intact in IL-6 -/- mice 225 we feel that this is a 

reasonable model to evaluate the role of insulin in mediating the protective effects of 

exercise against olanzapine-induced increases in blood glucose.  

In C57BL/6J (WT) mice, serum IL-6 and GLP-1 (P=0.064) levels were increased 

immediately following an acute bout of exhaustive, high intensity exercise (Figure 5.2A 

and B).  Serum insulin levels were not statistically elevated in response to olanzapine 

when examined by 2-way ANOVA, however when insulin levels were compared within 

each genotype, serum insulin was increased in WT but not IL-6 -/- mice in response to 

olanzapine after exercise (Figure 5.2C). Despite these differences in serum insulin the 

protective effect of exercise against olanzapine-induced increases in blood glucose was 

similar between WT and IL-6-/- mice (Figure 5.2 D and E).  
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Figure 5.2. Exercise-mediated protection against olanzapine-induced hyperglycemia 
occurs independent of changes in serum insulin. Serum IL-6 (A) and GLP-1 (B) were 
measured in male C57BL6/J mice immediately after a single session of high intensity 
exercise. Male C57BL/6J and IL6-/- mice were exercised and treated with vehicle or 
olanzapine immediately post-exercise (5mg/kg body weight, I.P. injection). Serum 
insulin was measured 90-minutes post-treatment in WT and IL6-/- mice (C).  Blood 
glucose was measured in sedentary and exercised WT and IL6-/- mice, immediately pre-, 
30, 60, and 90-minutes post-olanzapine or vehicle solution (D) and area under the curve 
was calculated (E).  Data are presented as means + SEM for 8-9 mice in A and B and 6-8 
mice in C-E.  *P<0.05 compared to vehicle-treated sedentary and olanzapine treated 
exercised mice within a given genotype. B was analyzed with Mann-Whitney Rank Sum 
Test. C and E were analyzed via 2-way ANOVA. 
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5.4.3 Prior exercise attenuates blood glucose in response to pyruvate in olanzapine 

treated mice.  

Hepatic glucose output has been implicated in the development of acute 

olanzapine-induced hyperglycemia (Ikegami et al., 2013). To assess the effects of 

exercise on olanzapine-induced changes in markers of hepatic glucose production 

exercised and sedentary mice were treated with the gluconeogenic precursor pyruvate 60 

minutes post-olanzapine.  As shown in figure 5.3, the blood glucose AUC was elevated in 

response to pyruvate in olanzapine- compared to vehicle- treated animals, and this 

response was attenuated, but not ablated, after exhaustive, high-intensity exercise.  

 

 

 

 
Figure 5.3. Exercise improves pyruvate tolerance in mice treated with olanzapine. 
Immediately post exercise, sedentary and exercised C57BL6/J mice were treated with 
olanzapine (5mg/kg body weight; i.p. injection) or vehicle control. 60-minutes post-
treatment mice received a bolus of pyruvate (2mg/kg body weight; I.P. injection). Blood 
glucose was measured immediately pre- (0), 15, 30, 60 and 90 minutes post-pyruvate (A) 
and area under the curve was calculated (B). Data are presented as means + SEM for 6 
mice/group. *P<0.05 compared to vehicle-treated within the same group (EX or Sed). 
#P<0.05 compared with olanzapine-treated sedentary. B was analyzed using 2-way 
ANOVA.  
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5.4.4 Prior Exercise Partially Protects Against Olanzapine-Induced Impairments in 

Insulin Tolerance  

Given that exercise-induced increases in serum insulin and alterations in liver 

glucose output, failed to fully explain the protective effect of exercise, we next 

considered whether exercise-induced improvements in insulin tolerance were associated 

with the mitigated OLZ-induced increases in blood glucose. There was a time by group 

effect (Figure 5.4) such that insulin significantly reduced blood glucose in vehicle treated 

sedentary and exercised mice, whereas this was absent in sedentary mice treated with 

olanzapine. A prior bout of exercise partially restored the ability of insulin to reduce 

blood glucose.  

 

 

 
Figure 5.4. Insulin tolerance is improved in olanzapine-treated mice after intense 
exercise. Male C57BL6/J mice were exercised or remained sedentary and were treated 
with olanzapine (5mg/kg body weight, I.P. injection) or vehicle solution immediately 
post-exercise. 60 minutes post-olanzapine or vehicle, mice received a bolus of insulin 
(1U/kg body weight). Blood glucose was measured immediately pre-, and 15-minutes 
post-insulin treatment (A). Data are presented as means + SEM for 6 mice/group. 
*P<0.05 compared to vehicle-treated within the same group (EX or Sed).  
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5.4.5 Prior exercise and olanzapine-induced shifts in fuel oxidation  
	

To examine the effects of prior exercise on olanzapine-induced alterations in 

substrate oxidation we measured changes in RER, VO2 and VCO2 in sedentary and 

exercised animals pre- and post-olanzapine treatment. Olanzapine treatment resulted in 

the expected reductions in RER, VO2 and VCO2 (Figure 5.5 A-C). Reductions in RER 

and absolute carbohydrate oxidation following olanzapine treatment (1 hour before 

treatment compared to 2 hours post within the same animal) tended to be less in the 

previously exercised compared to the sedentary mice (RER P=0.0579; carbohydrate 

oxidation P=0.065). There were no significant differences in the absolute increase in fatty 

acid oxidation with olanzapine between sedentary and exercised mice.  

 

5.4.6 Olanzapine-treatment does not alter the repletion of muscle and liver glycogen 

post-exercise  

Given that muscle glycogen repletion is a metabolic priority and a factor 

influencing glucose disposal post-exercise we next aimed to consider how this process 

might be influenced by treatment with olanzapine. Vastus glycogen content was 

significantly depleted immediately post- exercise compared to sedentary vehicle and drug 

treated mice. 90-minutes post-exercise glycogen content was elevated compared to levels 

in vastus collected immediately post-exercise, in both vehicle and olanzapine-treated 

mice (Table 5.1). Further, liver glycogen content was significantly lower in olanzapine-

treated mice 90 minutes post-exercise compared to sedentary olanzapine-treated mice.  
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Figure 5.5 Acute high intensity exercise subtly modifies olanzapine-induced changes 
in indirect calorimetry. Male C57BL/6J mice were placed in metabolic caging for 24 
hours then removed for a single session of high intensity exercise or remained sedentary. 
Immediately post-exercise mice were treated with olanzapine (5mg/kg body weight, I.P. 
injection) and returned to metabolic caging. Average RER (A), VO2 (B) and VCO2 (C) 
were determined in the ~12 hours preceding exercise, and 120-minutes post-olanzapine 
treatment. Change in RER (D), CHO oxidation (E) and fat oxidation (F) were calculated 
as the average difference in RER, CHO oxidation and fat oxidation 60-minutes pre-, and 
120-minutes post-olanzapine within each mouse.   Data are presented as means + SEM 
for 8 mice/group. D and F were analyzed by T-test. E was analyzed by Mann-Whitney 
Rank Sum Test.  
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Table 5.1. Muscle and liver glycogen levels immediately post exercise and 90-
minutes after olanzapine or vehicle treatment in sedentary and exercised mice 
		

	
	 SED-VEH SED-OLZ EX EX-VEH EX-OLZ 

 
Vastus 

 
59.7 ± 4.9	 59.7 ± 3.6	 18.5 ± 4.2*	 46.3± 6.6	 47.2 ± 6.6 

 
Liver 

 
538.9 ± 139.7	 823.7± 176.8	 344.9 ± 143.6	 299.4 ± 52.5	 202.7  ± 46.0#	

	
Data are presented as means ± SEM for 5-10 mice/group in liver and 5-6 mice/group in 
vastus. In the EX group tissue was collected immediately post-exercise. In the EX-VEH 
and EX-OLZ tissue was collected 90-minutes after treatment.   #P<0.05 compared to Sed-
olanzapine. *P<0.05 compared to all other groups via one-way ANOVA.  
	
	
	

5.5 Discussion 
	

The second-generation antipsychotic (SGA) olanzapine is commonly prescribed 

for the treatment of schizophrenia and several off-label conditions. Though widely used 

for the management of psychoses olanzapine is associated with the development of 

severe metabolic side effects 99. In particular acute olanzapine treatments leads to rapid 

increases in blood glucose 112. In the present investigation we demonstrate that a single 

session of exhaustive exercise prior to treatment negates olanzapine-induced 

hyperglycemia. This is significant particularly as chronic unmanaged excursions in blood 

glucose are intimately related to development of inflammation and impaired insulin 

action 226. Ultimately, in identifying the mechanisms underlying the protective effects of 

this acute exercise bout, future strategies to offset olanzapine-induced hyperglycemia 

may be better tailored to target these pathways.  
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Given the reported ability of exercise to promote insulin secretion in the presence 

of elevated levels of blood glucose 158 it is plausible that changes in circulating levels of 

insulin are involved in the exercise-induced protection against olanzapine-hyperglycemia. 

Indeed, serum insulin was elevated in exercised, but not in sedentary mice despite the rise 

in blood glucose. Though we did not measure changes in insulin secretion directly, this 

aligns with previous in vivo work suggesting olanzapine-induced impairments in insulin 

secretion 119. Of particular interest, when the experiment was repeated in IL6-/- mice, 

which lacked the exercise-induced increases in serum insulin, the protective effects of 

exercise remained intact, providing strong evidence that increases in serum insulin do not 

explain the protective effects of exercise against olanzapine mediated excursions in blood 

glucose.  

 Increased hepatic glucose output has been identified as a central candidate for the 

acute olanzapine-induced disturbances in glucose homeostasis 117. In the current study 

olanzapine treatment led to an exaggerated increase in blood glucose after pyruvate 

challenge in both sedentary and previously exercised mice, though absolute glucose AUC 

was lower in the exercised animals. Following exercise gluconeogenesis has been 

reported to be increased 227,228, an effect that is likely important for the re-synthesis of 

muscle glycogen. Given this, it is not entirely surprising that olanzapine still elicited an 

exaggerated rise in blood glucose in response to pyruvate in previously exercised 

animals, and suggests that exercise-itself does not impair the gluconeogenic response.  

The deleterious effects of olanzapine on glucose homeostasis extend beyond 

increases in hepatic glucose production. Specifically, previous work has identified 

impairments in whole-body insulin sensitivity as a contributing event in olanzapine-
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induced hyperglycemia 112. In the current study prior exercise partially recovered the 

ability of insulin to reduce blood glucose in mice treated with olanzapine. This finding is 

in keeping with the well-known insulin sensitizing effects of exercise 159 and suggests 

that exercise-induced improvements in insulin action could be contributing, in part, to the 

protective effect of exercise against olanzapine. Previous work has demonstrated that 

metformin, while reducing hepatic insulin resistance, does not improve peripheral insulin 

sensitivity in rats acutely treated with olanzapine 216. These findings provide evidence of 

unique mechanisms of action when comparing the beneficial effects of exercise to 

metformin in the context of acute olanzapine treatment and could perhaps explain why 

exercise has a greater protective effect against acute olanzapine induced increases in 

blood glucose when compared to metformin 229. 

 Substrate utilization is markedly altered during exercise and in the recovery from 

it. Following aerobic, endurance type exercise fat oxidation can remain elevated for hours 

to days depending upon the duration and intensity of exercise 230. This is thought to be a 

potential mechanism to spare carbohydrate for glycogen re-synthesis 230. In the current 

investigation prior exercise had only marginal effects in protecting against olanzapine-

mediated shifts in fuel oxidation, with exercised mice showing a somewhat muted 

increase in fatty acid utilization. Despite this, muscle glycogen concentrations had fully 

recovered 90 minutes following exercise in olanzapine treated mice. The partial recovery 

of olanzapine-mediated insulin action, and the residual effects of exercise on insulin-

independent skeletal muscle glucose uptake, could be serving to increase the disposal of 

glucose into skeletal muscle and driving the re-synthesis of muscle glycogen. This could 
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potentially explain, in part, the protective effects of prior exercise against olanzapine-

induced hyperglycemia. 

 In summary we have found that a single bout of vigorous exercise protects against 

acute olanzapine–induced hyperglycemia. This effect is likely multifactorial and due in 

part to a partial preservation of insulin action, re-synthesis of muscle glycogen and 

reductions in absolute hepatic glucose output (compared to sedentary animals treated 

with olanzapine).  Given the high-intensity of exercise needed to elicit this protective 

effect, it seems unlikely that exercise of this nature could be easily incorporated into the 

treatment regimes of individuals taking anti-psychotic drugs. With this being said our 

study provides important proof of principle that exercise can protect against olanzapine 

induced hyperglycemia and highlights physiological targets that could potentially be 

manipulated to mimic the beneficial effects of exercise.  
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CHAPTER 6 

INTEGRATIVE DISCUSSION 
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6.0 Integrative Discussion 
	

The projects presented in this thesis highlight the ability of exercise to protect 

against acute inflammatory and metabolic challenges. Specifically, the work identifies 

adipose tissue dependent and independent processes by which exercise protects against 

the activation of inflammation and disturbances in glucose metabolism.  

 

6.1 Summary of Findings 
	

In chapter 3, it was demonstrated that regular exercise training prevents against 

the activation of inflammatory signals in adipose tissue by the beta-3 adrenergic agonist, 

CL 316,243. Although CL 316,243 mediated NEFA and glycerol release were not 

different between trained and sedentary mice, the CL 316,243 mediated induction of IL-6 

and TNF-alpha was reduced with prior exercise training. Changes in inflammatory 

cytokine expression were paralleled by reductions in the protein content of TRPV4 

content, a membrane associated calcium channel linked to the development of 

inflammation 94.  

In turn, chapter 4 expanded upon the investigation of adipose tissue inflammation 

and examined the acute metabolic challenge of a single bout of moderate intensity 

exercise. It was shown that acute exercise initiates IL-6 signaling and expression 

independent of inflammation. Further, it demonstrated that exercise-induced IL-6 

signaling was potentiated in eWAT of trained mice and that this was perhaps mediated by 

increases in IL-6 receptor content. 

Together the studies highlight a unique, and pronounced role for adipose tissue 

inflammation with respect to acute and chronic exercise. Of course, the metabolic 
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benefits of exercise extend beyond adipose tissue adaptations, as made apparent in 

chapter 5.  In this chapter it was demonstrated that a single session of exhaustive exercise 

protects against impairments in glucose homeostasis caused by the anti-psychotic drug 

olanzapine 112. Notably, the mechanism of improved glucose homeostasis could not be 

attributed to one single process or tissue, but instead reflected changes in hepatic glucose 

output, skeletal muscle glycogen re-synthesis, and whole body insulin tolerance.  

Together these projects demonstrate a beneficial effect of exercise, with particular 

emphasis on maintaining immuno-metabolism. Of course, while this data furthers our 

understanding of these processes, it also prompts further investigations and emphasizes 

the breadth and depth of each respective topic.  

 
Figure 6.1 Summary of Findings. Exercise trainings protects against CL316,243-
mediated induction of inflammatory markers and is paralleled by reductions in TRPV4 
content in eWAT. Acute moderate exercise initiates IL-6 signalings independent of 
inflammatory signals and this is initiated more rapidly with prior exe3rcise training. 
Acute exhaustive exercise protects against olanzapine-induced increases in blood 
glucose.  
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6.2 Interpretation and Discussion of Findings 

6.2.1 Advantages of Amplified IL-6 Signaling in Adipose Tissue 
	

Given that IL-6 is implicated in the development of adipose tissue inflammation 

231, it is perhaps counterintuitive that IL-6 expression and signaling are elevated in WAT 

after exercise, and that this response is amplified with prior exercise training. Certainly, 

while chronic IL-6 signaling in adipose tissue is associated with an inflammatory 

condition, the role of acute, transient increases, especially in adipose tissue, is less well 

understood.  

Systemically, the benefits of exercise-induced increases in IL-6 are better defined. 

Plasma IL-6 has been shown to increase during exercise and the recovery from it 232, 

independent of changes in TNF-alpha and IL-1beta 233. These increases in IL-6 are likely 

derived from contracting skeletal muscle, however plasma IL-6 remains elevated during 

acute exercise in muscle-specific IL-6-/- mice, suggesting a role for exercise-induced IL-6 

release from non-muscle tissues 234. Increased expression 187 and secretion 154 of IL-6 

from adipose tissue post-exercise has also been reported. With respect to exercise, IL-6 

has been previously shown by some to promote whole body fatty acid oxidation  235, 

increase skeletal muscle glucose uptake 236,237 and increase skeletal muscle lipolysis 

238,239. Further, skeletal muscle IL-6 receptor expression is enhanced with regular exercise 

training 192, again emphasizing a role for transient increases in IL-6 in exercise-mediated 

processes.  

i). IL-6 for NEFA-release post-exercise 
	

The advantage of amplified IL-6 signaling post-exercise in WAT is not apparent. 

In part, it is possible that the activation of IL-6 signaling after exercise in adipose tissue 
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aims to preserve adipose tissue lipolysis post-exercise. While chronic impairments in 

insulin signaling are detrimental to glucose and lipid homeostasis, acute suppression of 

insulin signaling (i.e. insulin-mediated reductions in lipolysis), could be advantageous for 

muscle glycogen repletion post-exercise.  

It is appreciated that increased reliance on fatty acid oxidation spares muscle 

glycogen content 240.  Given that IL-6 is associated with a reduction in insulin signaling, 

via suppression of IRS-1 46,63 it is possible that transient activation of IL-6 signaling 

serves to maintain NEFA release immediately post-exercise as a recovery strategy. 

Fasting-induced increases in plasma IL-6 have been previously shown to promote NEFA 

release from WAT in lean mice (albeit less than isoproterenol-stimulated increases in 

lipolysis) 33, as well as to increase lipolysis in mesenteric white adipose tissue in high-fat 

fed mice 241.  

Importantly, exercise-induced increases in circulating IL-6 are proportional to the 

intensity and duration of the exercise session 185,242, and inversely related to muscle 

glycogen content. As such, exercise-induced IL-6 levels are amplified when muscle 

glycogen levels are reduced pre-exercise 243 and attenuated when exogenous glucose is 

consumed during exercise 244. Given that exercise-induced IL-6 release from muscle is 

inversely proportional to skeletal muscle glycogen levels, it is perhaps appropriate that 

IL-6 signaling in adipose tissue would favor NEFA release as a strategy to replenish 

glycogen post-exercise.  

ii). Anti-inflammatory effects of IL-6 
	

In addition to modulating lipolysis, the activation of IL-6 may directly promote 

the release of anti-inflammatory signals in adipose tissue via interaction with adipocytes 
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and immune cells of the SVF. The transient increase in IL-6 has been connected with 

increases in IL-4, IL-10 and Interleukin-1 receptor alpha (IL-1R) 245 which sustain the 

activation of M2 anti-inflammatory macrophages, as well as local eosinophils and T-cells 

153,246.  

Still, it is not clear what advantage the activation of anti-inflammatory signals 

would provide in lean, adipose tissue. It is possible that acute, transient increases in IL-6 

(and associated anti-inflammatory signals) could contribute to chronic exercise–induced 

remodeling of adipose tissue (i.e. more/smaller adipocytes, increased vasculature and 

anti-inflammatory polarization of immune cells) 247. 

6.2.2 “CL 316,243” vs “A Bout Of Exercise” as an acute challenge 
 

While it is apparent that transient increases in IL-6 may be favorable in adipose 

tissue after exercise, it is important to note that these changes exist alongside local and 

systemic changes in metabolic demand. This is contrasted by the use of CL 316,243 as an 

inflammatory challenge, which targets beta-3 adrenergic receptors in adipose tissue 

exclusively and thus is not representative of what occurs with increases in catecholamines 

during exercise which target beta-1, beta-2, beta-3 and alpha- adrenergic receptors 248. 

The metabolic response to both interventions is also distinct with respect to changes in 

circulating insulin. Specifically, acute CL 316,243 treatment induces pancreatic insulin 

secretion 249, which in turn promotes lipid re-esterifcation in adipose tissue and a 

lowering of blood glucose. To the contrary, insulin secretion is suppressed during 

exercise 250. Given that insulin sensitivity in enhanced with regular exercise training 159, it 

is possible that insulin-induced re-esterification of FFAs is more effective post-training 
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thus removing inflammatory FFAs from the interstitial space and dampening the 

inflammatory effect of CL 316,243.     

After regular exercise training, the CL 316,243-mediated induction of IL-6 is 

attenuated, however the induction of IL-6 expression by acute exercise is amplified. In 

part, differences in IL-6 expression could be an artifact of the timing of the 

measurements. IL-6 expression was measured immediately after an acute bout of 

exercise, compared to 4-hours post-CL 316,243 treatment. As such, it is possible that the 

differences are related to timing post-treatment that IL-6 expression and signaling was 

measured in trained animals. 

 

6.2.3 Defining Adipose Tissue Inflammation 
	

While the studies presented in this thesis identify key differences in the activation 

of IL-6, TNF-alpha and IL-1beta in response to acute exercise and beta-adrenergic 

activation it is well appreciated that measures of inflammation extend well beyond the 

signals presented here. 

In part, measurements have been limited to changes in gene expression rather than 

changes in protein content or abundance of cell types. Although gene expression provides 

a reliable measure of the genes of interest, it offers no insight into changes at the level of 

protein 246. In this regard, SOCS3 expression and STAT3 phosphorylation were used as a 

proxy to confirm changes in IL-6 gene expression. Although these signals are activated 

by IL-6, they are similarly regulated by other markers of cell stress and inflammation, 

and do not represent changes in IL-6 exclusively 251. Further, the measures presented in 

this work do not distinguish between cell types, but assess markers of inflammation in 
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adipose tissue as a whole. Using flow cytometry to sort cell types and examine responses 

in individual adipose tissue fractions would be a meaningful approach to better 

understand the regulation of IL-6, TNF-alpha and IL-1beta presented in this work.   

 

6.2.4 High fat diet-induced obesity and acute olanzapine treatment 
	

The regulation of adipose tissue homeostasis is of importance not only for health 

of the tissue, but also for systemic metabolism. It is well understood that accumulation of 

adipose tissue, and subsequent changes in inflammation and lipid deposition can impair 

glucose homeostasis.  

While chapter 5 reveals a protective effect of exercise against olanzapine-induced 

hyperglyceamia in lean, healthy mice it is interesting to consider how this process would 

be altered in high-fat fed, glucose intolerant mice. This is particularly meaningful as 

individuals living with schizophrenia are more likely to be overweight or obese as a result 

of lifestyle behaviors, genetic predispositions and inherent disease processes associated 

with schizophrenia. As such, it is not uncommon for drug naïve patients to be insulin 

resistant and /or overweight prior to drug treatment 105.  

Notably, preliminary work has indicated that the protective effect of exercise against 

olanzapine-induced hyperglycemia was lost in high fat fed, glucose intolerant mice 

(Figure 6.1). 
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Figure 6.2.Exercise does not protect against olanzapine-induced increases in blood 
glucose in high fat fed mice. High-fat fed mice were exercised to exhaustion on a 
motorized treadmill or remained sedentary. Immediately post-exercise mice sedentary 
and exercised mice were treated with olanzapine (5mg/kg, i.p. injection) and blood 
glucose was measured 30, 60 and 90 minutes post-injection (A).  Area under the curve 
was calculated (B). Data is presented as mean + SEM with n=5 per group.  
 
 

Certainly, while exercise did not protect against olanzapine-induced 

hyperglycemia that is not to say that chronic exercise would not benefit high fat fed 

animals. In fact, regular physical activity has been shown to protect against olanzapine 

induced weight gain and metabolic disturbances 160. Similarly, this work does not dismiss 

the possibility that pairing of exercise alongside another metabolic stress, such as fasting 

could recover acute glucose homeostasis. 

 

6.2.5 Fasting and moderate intensity exercise to offset olanzapine-induced 

hyperglycemia  

Given that moderate intensity exercise alone did not protect against olanzapine-

induced increases in blood glucose, as presented in chapter 5, it is possible that the 

exercise intervention was not robust enough to activate the mechanisms responsible for 

improved glucose homeostasis. Interestingly, it has been previously demonstrated that the 
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combination of exercise with fasting improves glucose and lipid homeostasis in human 

and rodent models better than exercise or fasting alone 252. Some, but not all 253, have also 

suggested that fasting enhances training adaptations, specifically activating AMPK and 

promoting glycogen depletion 254. As such it is possible that the additive metabolic stress 

of a moderate intensity bout of exercise preceded by an overnight fast would combine to 

prevent increases in blood glucose after olanzapine treatment.  

In preliminary work examining this relationship, the combination of moderate 

exercise and fasting appears to mimic the effects of exhaustive exercise and protect 

against olanzapine-induced rises in blood glucose (Figure 6.2).  

 

 

Figure 6.3. Fasting and moderate intensity exercise protect against olanzapine 
induced increases in blood glucose. Mice were fasted overnight and then exercised at 
moderate intensity (approximately 75 minutes, 5° incline, 15 metres/minute) or remained 
sedentary with access to food overnight. Immediately post-exercise, sedentary and 
exercised mice were treated with olanzapine (5mg/kg, i.p. injection). Blood glucose was 
measured 30,60, and 90 minutes post-exercise (A) and area under the curve was 
calculated (B). Data are presented as mean + SEM with 7-11 mice per group. *P<0.05 
compared to sedentary-vehicle.  #P<0.05 compared to sedentary-olanzapine.  
 

6.2.6 Recombinant IL-6 and Olanzapine-induced Hyperglycemia  
	

Improvements in pancreatic insulin secretion via GLP-1 analogs have been 

recently targeted as a strategy to improve glucose homeostasis in diabetic patients. 
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Similarly, sub-chronic treatment with the GLP-1 analog liraglutide has been shown to 

improve glucose tolerance and attenuate weight gain associated with olanzapine use 129. 

Given the ability of exercise-induced increases in IL-6 to stimulate GLP-1 release and 

subsequently promote insulin secretion during hyperglycemia 158 it would be interesting 

to determine if IL-6 alone can mimic this protective effect of exercise and GLP-1 

analogs. 

Interestingly, although we demonstrated the activation of IL-6 signaling, as shown 

by increases in the phosphorylation of STAT-3 in the liver, mice treated with 

recombinant IL-6 were not protected against olanzapine-induced increases in blood 

glucose compared to saline treated mice (Figure 6.3). 

 

Figure 6.4. IL-6 is not sufficient to protect against olanzapine-induced increases in 
blood glucose. Mice were treated with saline or IL-6 (3ng/g body weight; i.p. injection). 
15-minutes post-treatment liver was collected and total and phosphorylated STAT-3 
protein content was measured. Content was expressed as a ratio (phospho:total) (A). 15-
minutes post saline or IL-6 treatment olanzapine was administered (5mg/kg, i.p. 
injection) 15 minutes after saline/IL-6 treatment. Blood glucose was measured 30,60, 90 
and 120 minutes post-olanzapine (B) and area under the curve was calculated (C). Data 
are presented as mean + SEM with n=8 per group. *P<0.05 compared to saline-treated 
group.  
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6.2.7 Rodents as a Model for Human Depot-Specific Differences  
	

The work presented in this thesis uses murine models to assess protective effects 

of exercise with response to inflammation and glucose homeostasis. Though an effective 

way to identify and target specific mechanisms, concern is often raised regarding the 

appropriateness of mice as a model for human metabolism.  

i). Adipose tissue depot specificity:  
	

The adipose tissue depots investigated in this thesis are limited to inguinal 

(iWAT) and epididymal white adipose tissue (eWAT). Certainly many other adipose 

tissue compartments are present in mice and based on both location and biology, have 

unique metabolic properties 255. Based on location, the use of inguinal adipose tissue is 

accepted to represent human gluteofemoral subcutaneous adipose tissue 256. Perigonadal 

adipose tissue (i.e. eWAT in male mice) is among the largest and most easily accessible 

intra-abdominal adipose tissue depots in mice and is therefore commonly selected to 

represent visceral adipose tissue in humans. However, murine mesenteric adipose tissue 

is a more accurate representation of intra-abdominal fat in humans, given its biology and 

close proximity to the portal circulation 257–259. Though more difficult to access and more 

often contaminated with non-adipose tissue cells fragments 255, it would be appropriate 

depot to consider for understanding acute inflammatory and metabolic challenges in 

adipose tissue. 

ii). Drug administration and Dose  
	

The administration (intraperitonael injection) and dose of olanzapine presented in 

chapter 5 is consistent with current literature in rodent models aiming to understand 

olanzapine-induced hyperglycemia. In humans, olanzapine is received orally at 10mg/day 
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105. The higher concentration administered to rodents reflects the increased basal 

metabolic rate and acute treatment of approximately 5mg/ kg bw in rats has been shown 

to achieve approximately 70% occupancy of dopamine D2 receptors- the targeted 

receptor occupancy used in humans to manage psychoses 220.  

It would be meaningful to repeat this work using oral administration of olanzapine, 

particularly given emerging role for gut microbiota in the side effects of olanzapine 

treatment 260.  

 

6.2.8 Consideration of Alternative Second-Generation Antipsychotics 
	

The work presented in chapter 5 highlights the benefits of exercise with respect to 

olanzapine-induced changes in blood glucose. Certainly, olanzapine is one of several 

second-generation antipsychotics (SGAs), including clozapine and risperidone, similarly 

prescribed for the management of schizophrenia and bipolar disorders. Like olanzapine, 

these SGAs manage psychoses independent of extrapyramidal side effects, yet have 

notable impacts on glucose and lipid metabolism 105. The decision to focus on olanzapine 

for the work presented in chapter 5 was motivated by the recent surge of off-label 

conditions for which olanzapine was being used 207, as well as the newly appreciated role 

regarding chemotherapy-induced management for this particular SGA 261.  

To fully advance the field of SGA treatment with respect to metabolic side effects 

it is necessary that future work explore the relationship between exercise and other 

commonly prescribed SGAs, such as clozapine and risperidone.  
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6.3 Future Directions 
 

The work presented in this thesis highlights the ability of exercise to protect against acute 

inflammatory and metabolic challenges. While these projects identify key alterations in 

adipose tissue biology and whole body indices of glucose handling in response to acute 

inflammatory and metabolic challenges, future work should aim to understand the 

specific mechanisms regulating these adaptations.  

 

6.3.1 Future Directions- Study 1 

To better understand the reductions in CL-mediated induction of inflammatory markers 

associated with regular exercise training and associated reductions in TRPV4 content 

future work should investigate:  

	

i. Factors mediating reductions in TRPV4 content 

Activation of the pro-inflammatory associated TRPV4 channels on the plasma 

membrane of adipocytes is connected with heat and mechanical shear stress; 

factors that would be expected to change with adipocyte hypertrophy94,95. It is 

possible that reductions in TRPV4 content via regular exercise training are 

associated with reduced adipocyte size previously reported with exercise 

training161. Future work should aim to assess exercise-induced remodeling of 

adipose tissue (e.g. reductions in adipocyte size and/or changes in immune cell 

content) that could result in reductions in TRPV4 content. 
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ii. Depot specific differences in CL-mediated induction of inflammation 

The effect of CL 316,243 on the expression of inflammatory markers is attenuated 

in inguinal adipose tissue compared to eWAT. Similarly the protective effect of 

exercise training is not apparent in inguinal adipose tissue. It has been previously 

reported that inguinal adipose tissue has a lower content of beta-3 adrenergic 

receptors, and a greater affinity for insulin mediated suppression of lipolysis (as 

reviewed by 184). Given that CL 316,243 not only induces inflammation via beta-3 

mediated lipolysis, but also rapidly increases serum insulin196, it is possible that 

the activation of beta-3 adrenergic receptors (and subsequent activation of 

lipolysis) is significantly lower in inguinal, compared to epididymal, adipose 

tissue at a given dose of CL 316,243. Future work assessing activation of lipolytic 

enzymes (i.e. HSL and ERK) could benefit our understanding of depot specific 

responses to exercise and an acute inflammatory challenge with CL 316,243.   

6.3.2 Future Directions- Study 2 

	
Prior exercise training expedites the activation of IL-6 signaling in response to an acute 

bout of exercise. To better understand the benefits of enhanced IL-6 signaling future 

work should investigate:  

	

i. The teleological benefits of IL-6 signaling with prior exercise training  

It is plausible that IL-6 signaling is initiated more rapidly after acute exercise in 

eWAT from trained mice as a strategy to mobilize lipids during recovery. IL-6 

signaling is associated with reductions in insulin signaling62,63, and IL-6 secretion 

from contracting muscle is potentiated when glycogen levels are low 243. It is 
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possible then, that IL-6 signaling post-exercise is associated with dampened 

insulin signaling and the increased release of NEFA. Future work should examine 

insulin signaling in adipose tissue post-acute exercise, as well as muscle and liver 

glycogen replenishment, with respect to changes in serum NEFA content and 

adipose tissue IL-6 signaling.  

 

ii. Factors triggering increased IL-6 receptor content 

Regular exercise training and the rapid induction of IL-6 signaling after acute 

exercise in eWAT collected from trained mice is paralleled by increased IL-6 

receptor content (i.e. IL-6Rα and gp130). It is possible that each transient bout of 

acute exercise triggers the up-regulation of IL_6 receptor mRNA expression 

which ultimately leads to an increased content. Exercise training is also associated 

with adipocyte hyperplasia (i.e. the development of more, smaller adipocytes) 161. 

As such, it is possible that the up-regulation of IL-6 receptor content occurs as a 

consequence of increased adipocyte abundance in eWAT with chronic exercise 

training. Future work is needed to fully understand the remodeling associated with 

increased IL-6 receptor content. Similarly, more work is needed to identify the 

acute signals promoting increased expression of IL-6Rα and gp130 after a single 

bout of exercise.  

6.3.3 Future Directions- Study 3 

A prior bout of exhaustive exercise protects against acute olanzapine-induced increases in 

blood glucose.  This could involve improved insulin and pyruvate tolerance, muscle 

glycogen replenishment and insulin secretion in response to high blood glucose. To better 
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understand exercise-induced improvements in glucose handling, future studies should 

aim to:  

i. Trace whole body glucose appearance and disappearance in response to 

olanzapine-treatment 

To fully understand alterations in glucose homeostasis in response to olanzapine 

treatment, future work should utilize radiolabelled glucose tracing techniques to 

assess changes in glucose appearance and disappearance after acute olanzapine 

treatment. While the work presented in this study indirectly identifies reductions 

in insulin sensitivity and increased hepatic gluconeogenesis, direct measures are 

necessary to fully evaluate olanzapine-induced alterations in glucose metabolism. 

Subsequent work should then evaluate the effects of prior exercise on olanzapine-

induced changes in glucose metabolism.   

 

ii. Assess the effects of olanzapine and exercise in high fat fed model  

It has been previously reported that individuals living with schizophrenia and 

bipolar disorder are predisposed to the development of obesity independent of 

antipsychotic treatment 105. As such, it is important to investigate olanzapine and 

exercise-induced changes in glucose homeostasis in genetic- and/or diet-induced 

models of obesity. Preliminary work presented in this thesis suggests that 

olanzapine-induced increases in blood glucose are not attenuated with exhaustive 

exercise in high-fat fed mice. As such further work is required to understand the 

unique metabolic profile of drug-naïve obese mice treated (acutely and 

chronically) with olanzapine. 
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6.4 Concluding Remarks  
	
In summary, the work presented in this thesis emphasizes a role for adipose tissue 

remodeling and glucose metabolism in the metabolic benefits associated with acute and 

chronic exercise training. Chronic exercise training was noted to protect against acute 

inflammatory challenges in eWAT and to initiate IL-6 signaling more rapidly in response 

to acute moderate intensity exercise. Acute exercise was also shown to prevent against 

excursions in blood glucose associated with acute olanzapine treatment. In all, this 

collection of work highlights mechanisms of exercise-induced adipose tissue remodeling 

and glucose homeostasis that ultimately contribute to metabolic benefits associated with 

exercise.    
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APPENDIX A 
	
Figure A1 

Figure A1 Study1 Experimental Design. Mice were exercised for 4 weeks or remained 
sedentary. 48 hours after the last bout of exercise training mice were treated with CL 
316,243 or saline. Blood was sampled 2- hours post-treatment, and tissue was collected 
4-hours post-treatment.  
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Figure A2 

 
 

 
 
Figure A2 Study 2  Experimental Design. Mice were exercised at a moderate intensity 
and tissue was collected immediatiely and 4-hours post-exercise (a). To assess the effects 
of training the experiment was repeated in trained mice. Mice were trained for 4 weeks, 
or remained sedentary. 48-hours after the last bout of exercise training, mice performed 
an acute bout of moderate intensity exercise (relative to exercise training status). Tissue 
was collected immediately- and 4-hours post-moderate intensity exercise (b).  
 
 
 
 
 

a.	

b.	
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Figure A3 

Figure A3 Study 3 Experimental Design. Mice were exercised to exhaustion or 
remained sedentary. Immediately post-exercise mice were treated with olanzapine 
(5mg/kg body weight) or a weight-matched vehicle solution. Blood glucose was 
measured every 30 minutes for a total of 90 minutes. Tissue was collected 90 minutes 
post-treatment.  
 
 
 
Figure A4 
 

 
Figure A4 Study 3 Pyruvate Tolerance Test Experimental Design. Mice were 
exercised to exhaustion or remained sedentary. Immediately post-exercise mice were 
treated with olanzapine or vehicle solution. 60-minutes post-treatment mice were treated 
with a bolus of pyruvate and blood glucose was measure every 30 minutes for 90 
minutes.  
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Figure A5 

 
Figure A5 Study 3 Insulin Tolerance Test Experimental Design. Mice were exercised 
to exhaustion or remained sedentary. Immediately post-exercise mice were treated with 
olanzapine or vehicle solution. 60-minutes post-treatment mice were treated with a bolus 
of insulin and blood glucose was measure 15 minutes post-insulin.  


