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ABSTRACT 

THE ROLE OF PHYSICAL ACTIVITY AND EXERCISE IN ACUTE METABOLIC 
PERTURBATIONS TO THE LIVER 

 

Willem T. Peppler        Advisor: 
University of Guelph, 2018      David C. Wright 
 

Physical activity and exercise are understood to lead to beneficial effects on 

many aspects of health, including protection against acute and chronic disease. To 

identify the molecular mechanisms that regulate these adaptations, research has 

primarily focused on skeletal muscle and the cardiovascular system; however, the liver 

has recently become recognized as an important organ involved in almost all aspects of 

physical activity and exercise.  Therefore, the focus of this thesis is to investigate how 

physical activity, exercise, and exercise-activated pathways, influence the response to 

acute metabolic perturbations of the liver.  

In study I, it was identified that prior physical activity via voluntary wheel running 

(VWR) attenuates lipopolysaccharide (LPS) induced liver inflammation, which was 

primarily evident when assessed after 6 hours as opposed to after 12 hours. To 

ascertain a molecular mechanism, a number of endpoints were measured, and it was 

observed that VWR increased the protein content of the molecular chaperone heat 

shock protein 70/72, suggesting it may mediate some of the protective effects. In study 

II, it was identified that the exercise-induced increase in liver mRNA expression of 
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follistatin (FST) occurs after exhaustive but not moderate exercise. Using glucagon 

receptor knockout mice, and pre-treatment of propranolol to block the effects of 

epinephrine, it was observed that the exercise-induced increase in liver mRNA 

expression of FST is mediated by glucagon but not epinephrine. In study III, it was 

identified that interleukin-6 (IL-6), which is an exercise-inducible factor, improves indices 

of hepatic glucose homeostasis in vivo in both low fat diet and high fat diet fed mice. 

However, IL-6 had minimal effect on indices of hepatic glucose homeostasis when 

measured in vitro, using isolated primary hepatocytes, suggesting that the effects of IL-6 

observed in vivo are secondary to a direct effect on the hepatocyte.  

In sum, the studies of this thesis provide evidence that physical activity, exercise, 

and exercise-activated pathways have pronounced effects on the liver, and moreover, 

these effects may protect against inflammation or improve aspects of metabolic health.  
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1. INTRODUCTION 

1.1. PHYSICAL ACTIVITY AND EXERCISE 

The current guidelines from the Canadian Society for Exercise Physiology state 

that persons 18 to 64 years old should accumulate ≥150 minutes a week of moderate to 

vigorous aerobic activity in bouts of 10 minutes or more, with additional muscle and 

bone strengthening activity 2 days per week 1. Similarly, the American College of Sports 

Medicine recommends ≥150 minutes of exercise training at a moderate (30-60 min, 

5x/week) or vigorous (20-60 min, 3x/week) intensity, alongside resistance, flexibility, 

and neuromotor exercise 2.  

It is important to note that definitions of physical activity and exercise differ. For 

example, Warburton, Nicol, & Bredin 3 define physical activity as “all leisure and non-

leisure body movements resulting in an increased energy output from the resting 

condition” (p. 809); however, they define exercise as “structured and repetitive physical 

activity designed to maintain or improve physical fitness” (p. 809). The same could be 

applied to rodent models, where treadmill and swim training as part of a regular 

program (e.g. 5x/week, 1 hour/day) could be considered exercise, whereas access to 

voluntary wheel running could be considered physical activity. 

It has been reported that only 15% of Canadian adults accumulate the 

recommended amount of physical activity 4. This leads to a large economic burden, as 
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healthcare costs associated with physical inactivity are over $5 billion 5. With this in 

mind, identifying the molecular mechanisms that mediate the beneficial effects of 

physical activity and exercise may lead to development of novel pharmaceuticals, or 

optimization of exercise prescription, which may lead to improvements in population 

health. The focus of this thesis is to investigate how physical activity, exercise, and 

exercise-activated pathways, influence the response to acute metabolic perturbations 

within the liver. 

1.2. BIOLOGICAL FUNCTIONS OF THE LIVER 

Glucose homeostasis 

The liver is able to regulate glucose homeostasis, both through uptake, storage, 

and release 6. Liver glucose uptake is increased after a meal, with estimates suggesting 

the liver takes up between 25-40% of ingested glucose 7. Glucose enters the liver by 

facilitated diffusion via glucose transporter 2 8, and is then phosphorylated by 

glucokinase to glucose-6-phosphate (G6P). Glycogenesis is the process of glycogen 

synthesis, and occurs through conversion of G6P to glycogen for storage, via glycogen 

synthase (GYS2) 6, 7. GYS2 is allosterically activated by glucokinase 9, and can be 

phosphorylated by insulin and kinases such as glycogen synthase kinase 3 (GSK-3) 6.  

Glucose output is increased from the liver during situations of metabolic demand 

such as fasting and exercise, and does so by two principle mechanisms termed 
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glycogenolysis and gluconeogenesis. Glycogenolysis involves breakdown of stored 

glycogen via glycogen phosphorylase (PYGL) to eventually become G6P 6. The G6P 

generated by the actions of PYGL is hydrolyzed by glucose-6-phosphatase (G6Pc) 

resulting in the formation of free glucose, which is exported from the liver. 

Gluconeogenesis, in contrast, involves the formation of glucose within the liver, but from 

non-glucose sources (e.g. pyruvate, alanine, lactate, free fatty acid, and glycerol 6. In 

this process the enzymes phosphoenolpyruvate carboxykinase (PEPCK, encoded by 

Pck1) and G6Pc are critically important 6. PEPCK converts oxaloacetate to 

phosphoenolpyruvate, which then continues through the gluconeogenic cascade to 

become G6P, and ultimately free glucose via the activation of G6Pc. In addition to these 

biochemical processes, liver glucose homeostasis is influenced by hormonal cues such 

as insulin, glucagon, catecholamines, and non-esterified free fatty acids (NEFA) that 

provide a signal to the liver to either store or release glucose. 

Insulin is released by pancreatic β cells, primarily in response to increases in 

blood glucose, and has a number of biological functions in the liver. These are carried 

out through the insulin-signaling pathway, which is initiated upon insulin binding to the 

cell surface insulin receptor 10. Next, insulin receptor substrate proteins are 

phosphorylated, of which a number of isoforms exist, such as insulin receptor substrate 

(IRS) 1 and 2 10. Phosphorylation of the IRS proteins initiates a signaling cascade, 

which ultimately leads to activation and phosphorylation of protein kinase B (PKB/AKT, 

or AKT) at serine 473 and threonine 308 residues 11. AKT represents a critical 
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branching point in the insulin-signaling pathway. For example, AKT phosphorylates and 

inhibits GSK-3 to increase glycogenesis 12. Moreover, AKT inhibits forkhead box 

protein-O1 (FoxO1), and the interaction with the transcriptional co-activator, peroxisome 

proliferative activated receptor-gamma co-activator 1 (PGC-1α, encoded by Ppargc1a), 

to reduce indices of hepatic gluconeogenesis 13. In addition, insulin is able to promote 

fatty acid synthesis, through AKT activation of mammalian target of rapamycin 1 in a 

step proximal to, and required for, the activation of sterol-response element binding 

protein-1c, 14.  

Glucagon is a hormone produced by pancreatic α-cells, primarily in response to 

low blood glucose, such as during fasting, as a means to increase liver glucose 

production. Glucagon binds the cell-surface G-protein coupled glucagon receptor 

(Gcgr), which activates adenyl cyclase and increases intracellular cyclic adenosine 

monophosphate (AMP) levels 6. This activates protein kinase A, which then acts on 

enzymes including liver pyruvate kinase and 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase 2 6. Moreover, increases in intracellular Ca2+ lead to phosphorylation of 

cyclic AMP-response element binding protein (CREB) and alterations in a CREB protein 

complex 6. Likewise, FoxO1 is a transcription factor activated by fasting and glucagon, 

potentially via up-stream actions of histone deacyetylases 15. Moreover, PGC-1α is an 

activator of FoxO1 13, and CREB 16, thus suggesting potential gluconeogenic roles for 

PGC-1α. This transcriptionally activates gluconeogenic genes (Pepck, G6Pc, and 

pyruvate carboxylase) to increase gluconeogenesis, and also activates the enzyme 
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phosphorylase kinase, which promotes activity of PYGL and decreases that of GYS2 6. 

In addition to these effects, glucagon also decreases hepatic glucose uptake 17. To 

identify the critical role of glucagon, Gcgr knockout (Gcgr-/-) mice have been generated 

18, which have low blood glucose despite supraphysiological glucagon levels, improved 

glucose and insulin tolerance, lower adiposity, but similar energy expenditure, and no 

compensatory increase in circulating insulin levels.  

Catecholamines such as epinephrine are released from the adrenal gland and 

lead to a rapid and robust increase in blood glucose, which is accomplished via 

promotion of glycogenolysis and gluconeogenesis alongside inhibition of glucose 

uptake. Epinephrine primarily binds to β-adrenergic receptors on target tissues such as 

the liver and alike to glucagon, leads to a signaling cascade marked by increases in 

cyclic AMP and activation of protein kinase A, which promotes phosphorylase kinase 

dependent activation of PYGL and promotion of glycogenolysis 19. However, in addition 

to binding to β-adrenergic receptors, epinephrine also binds to α-adrenergic receptors, 

which leads to increases in Ca2+, and subsequent activation of phosphorylase kinase 19.  

In addition, epinephrine increases uptake of gluconeogenic precursors such as lactate 

and alanine which lead to increases in blood glucose 20. Finally, the actions of 

epinephrine to increase blood glucose levels are further potentiated by an effect to 

suppress whole body glucose clearance 21, 22. Interestingly, while the actions of 

epinephrine may be similar to that of glucagon, they appear to act through divergent 
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mechanisms as co-infusion has greater effects on glucose production and metabolism 

than either alone 23.  

In addition to insulin, glucagon, and epinephrine, adipose tissue lipolysis 

generates NEFA and glycerol in response to fasting, adrenergic stimulation, and 

exercise. Specifically, it has been suggested that NEFA undergo β-oxidation to increase 

acetyl-CoA and activate pyruvate carboxylase to increase gluconeogenic capacity, 

whereas glycerol gets directly converted to gluconeogenic precursors 6. Further, 

infusion of lipid during a hyperinsulinemic-euglycemic clamp blunts the insulin 

dependent reduction in hepatic glucose production 24. Likewise, mice fed a high fat diet 

(HFD) have impaired insulin dependent suppression of hepatic glucose production, 

which occurs in parallel with increases in lipolysis; however, this is normalized in mice 

deficient of adipose triglyceride lipase 25. Moreover HFD-induced increases in 

interleukin 6 (IL-6) are important in lipolysis-induced regulation of hepatic glucose 

production 25.  

Inflammation 

As the liver receives blood flow from the gastrointestinal tract via the portal vein, 

it is tasked to clear diet derived inflammatory components before reaching systemic 

circulation 26. Likewise, through the portal vein, the liver rapidly takes up inflammatory 

products derived from non-gut sources, including those from the spleen and pancreas, 

or in a rodent after intraperitoneal injection 27. The key cells within the liver that 
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recognize the inflammatory stimuli, and subsequently clear the pathogens, are 

hepatocytes and kupffer cells 26. Although there are a number of molecules and signals 

that can initiate inflammation within the liver, in the context of this thesis those that 

model a sepsis-like state will be discussed.  

Currently, Singer and colleagues 28 define sepsis as “life-threatening organ 

dysfunction caused by a dysregulated host response to infection” (p. 804), and can be 

further classified into the more severe form of septic shock. A meta-analysis of 27 

studies estimated that there are 31 million cases of sepsis and 19 million cases of 

severe sepsis per year 29. Likewise, they identified potential for over 5 million deaths 

within these cases 29, and others have reported that 28-day mortality rates are as high 

as 33% 30. In contrast, and fortunately, this data also indicates that the majority of 

patients actually survive sepsis 30; however, survivors have an increased risk of 

morbidity 31.  

In humans, sepsis can arise from both community and health care acquired 

infections, and diagnostic criteria include identification of an infection alongside 

symptoms such as fever, hypothermia, tachycardia, hyperglycemia, inflammation, and 

hypotension 32. The microorganisms initiating sepsis are diverse, and large-scale clinical 

data suggests that this is approximately equal between pure gram positive and pure 

gram-negative bacteria, at 25% 33. There is currently no universal treatment for sepsis, 

although guidelines are in place and separate treatment into an initial management and 

a subsequent supportive phase 34. Initial management of sepsis begins early in the 



    

 

 

8 

presentation (i.e. ~ 6 hr.) and involves resuscitation, antimicrobial therapy, source 

control, and infection prevention 34. In a rodent model, it has been shown that initial 

antimicrobial therapy is best delivered as early as possible in the treatment phase after 

cecal ligation and puncture 35. After this, a supportive phase begins whereby methods 

used to control the infection are potentially weaned, and deleterious effects on system 

function can be treated 34.  

In contrast to humans where sepsis is somewhat of a random occurrence, in 

rodent models sepsis is initiated for experimental practices primarily by using either 

cecal ligation and puncture or injection of lipopolysaccharide (LPS), which is a 

component of the outer membrane of gram negative bacteria. In situations of acute 

exposure, LPS initiates an inflammatory cascade by binding to LPS binding protein, 

which then interacts with the cell surface receptor complex involving toll-like receptor 4 

(TLR4), myeloid differentiation factor 2 and cluster of differentiation 14 36. This engages 

the TLR4 pathway, which is either myeloid differentiation primary response-88 (MyD88) 

dependent or independent, ultimately leading to an immune cell response 36. The 

outcome of LPS exposure includes an induction of a host of inflammatory genes and 

proteins, involving a number of signaling pathways and is characterized by an initial 

increase in pro-inflammatory signals followed by anti-inflammatory 36. It is suggested 

that MyD88 dependent TLR4 signaling leads to the induction of nuclear factor κB and 

mitogen activated protein kinase pathways, whereas the independent pathway leads to 

activation of interferon signaling, apoptosis, and anti-inflammatory aspects 36.   



    

 

 

9 

Endocrine actions 

The liver is well known to be integral for control of metabolic homeostasis due, in 

part, to an endocrine role. Liver derived factors known as hepatokines are released from 

the liver 37, including fibroblast growth factor 21 (FGF-21), fetuin-A, selenoprotein P, 

angiopoeitin-like 4 (ANGPTL4), and follistatin (FST), among many others. In the context 

of this thesis, only FST will be discussed.  

FST is a protein that has widespread biological roles, and is thought to exert effect 

through inhibition of members of the transforming growth factor-β signaling pathway, 

such as myostatin and activin 38. With this in mind, FST has effects in virtually every 

tissue or organ. For example, FST is known to inversely regulate muscle mass via direct 

inhibition of myostatin 39, 40, and as such circulating FST levels are slightly increased in 

patients and mouse models of muscular dystrophy 41. In addition to effects on muscle, 

FST influences energy metabolism by increasing adipose tissue thermogenesis 42, 43. 

Moreover, FST is able to protect against inflammation induced by LPS 44, and is 

beneficial for DNA synthesis, liver regeneration, and recovery of biochemical 

parameters such as glucose and albumin after partial hepatectomy 45. Thus, this clearly 

indicates that FST is an important metabolic factor in many biological systems.  
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1.3. OBESITY 

Etiology 

It is estimated that over 2 billion people worldwide are classified as overweight or 

obese, with greater prevalence in developed countries 46. As obesity is often considered 

an imbalance in energy homeostasis, with greater energy ”in” from the diet then going 

“out” from activity, this leads to increases in storage of fat in adipose tissue, or 

ectopically in liver and muscle. As a consequence, cellular function is impaired and 

obesity is associated with an increased risk for numerous chronic diseases, including 

disturbances in glucose homeostasis, non-alcoholic fatty liver disease (NAFLD), and 

many others.   

Effect of obesity on the liver 

Impairments in glucose homeostasis are common during the development of 

obesity 47. In rodent models, insulin resistance is a progressive outcome of HFD 

feeding, which is an attenuated response to the biological effects of insulin, and 

develops in as little as 3 days 48. This is marked by higher basal glucose level and rate 

of hepatic glucose production, and a lower glucose infusion rate alongside impaired 

insulin dependent suppression of hepatic glucose production during a hyperinsulinemic-

euglycemic clamp 48. Moreover, the insulin resistant phenotype is marked by an inability 

of insulin to phosphorylate AKT in the liver, which is reported in numerous studies. This 
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has downstream effects, including an inability of AKT to phosphorylate and inhibit 

FoxO1 49, as well as GSK-3 and glycogen synthase activity 50. The effects of HFD 

feeding are recapitulated in vitro, as isolated hepatocytes treated with saturated fat (i.e. 

palmitate) display an insulin resistant phenotype 51. In addition to the liver, insulin 

resistance has marked effects in skeletal muscle to reduce ability for glucose uptake 52, 

and in adipose tissue via blunting of inhibitory effect of insulin on lipolysis 48, which 

leads to an increase in NEFA and glycerol delivery to the liver.  

In addition to impairments in glucose homeostasis, obesity leads to an increased 

risk for development of NAFLD. NAFLD is diagnosed when greater than 5% of 

hepatocytes are infiltrated with lipid, as determined by liver biopsy, and only if patients 

consume a limited intake of alcohol (≤2 drinks/day for women; ≤3 drinks/day for men) 53.  

NAFLD represents a spectrum of liver diseases including simple steatosis, with potential 

progression to non-alcoholic steatohepatitis (NASH), cirrhosis, and even hepatocellular 

carcinoma. Recently, it was estimated that over 25% of the population has NAFLD, and 

this was associated with greater risk of comorbidities such as hypertension and 

diabetes 54. It was originally proposed that NAFLD begins with fat accumulation, and 

then progresses with inflammatory and oxidative stress events leading to NASH 55, but it 

is now known to be much more complex and likely involves interplay between numerous 

environment and hereditary factors. Although there is currently no treatment for NAFLD, 

lifestyle interventions combining diet and exercise are often regarded as one of the best 

options. 
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1.4. PHYSICAL ACTIVITY AND EXERCISE IN THE LIVER 

Acute exercise 

At the onset of exercise, the metabolic demands of the body immediately 

increase. This shifts substrate use and delivery, whereby active skeletal muscles must 

take up more fuel and the liver and adipose tissue are tasked with maintaining supply. 

The liver is able to regulate glucose output during exercise by glycogenolysis and 

gluconeogenesis, and prolonged exercise leads to a precipitous drop in glycogen stores 

in liver, muscle, and even the brain 56.  

In rodent models, non-exhaustive exercise is often used as a tool to perturb 

energy metabolism, and the outcome on the liver is quite consistent. For example, after 

a single 1-hour bout of exercise (60 min, 14 m/min, at 14° incline), there is an increase 

in gluconeogenic gene expression, alongside an increase in phosphorylation of the 

energy sensor AMP-activated protein kinase (AMPK) 57. In addition, they found that this 

single bout of exercise increased glucose-mediated insulin signaling via phosphorylation 

of IRS-1 and AKT, and led to a reduction in circulating insulin levels alongside increases 

in NEFA but no change in glucagon 57. Aligning with this work, treadmill exercise at 45% 

maximum speed for 30 minutes, led to a decrease in liver glycogen stores alongside an 

increase in the AMP/ATP ratio (activator of AMPK), decreased insulin, and increased 

glucagon 58. This occurred with an increased gluconeogenic drive, marked by 

endogenous glucose production, glycogenolysis, and gluconeogenesis, which was 
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partially dependent on AMPK 58. The gluconeogenic flux observed post exercise has 

been attributed to direct promotion of glucose production in the hepatocyte 59.  

In contrast to non-exhaustive exercise, exhaustive intensity exercise is performed 

until rodents are unable to volitionally continue, which leads to a greater energetic 

stress. Alike to the data observed after non-exhaustive exercise, a single bout of 

exhaustive exercise decreases hepatic glycogen content alongside increased 

expression of gluconeogenic genes (G6Pc, Pepck, Ppargc1a) and activation of IL-6 

signaling 60. Moreover, exhaustive exercise in mice has been found to lead to increases 

in blood glucose, lactate, norepinephrine, epinephrine, glucagon, corticosterone, 

alongside a decrease in insulin and growth hormone, which again occur alongside 

decreases in hepatic glycogen content and increases in gluconeogenic gene expression 

(G6Pc, Pepck, and Ppargc1a) 61. Others have shown that streptozotocin treated rats 

(type I diabetes) have a reduction in fatty acid synthase mRNA expression after a single 

bout of exhaustive exercise 62, and alike to this, exhaustive exercise was found to 

attenuate increases in fatty acid synthase activity and mRNA expression during feeding 

after prolonged fast 63. Together, these data demonstrate that acute exercise leads to a 

general increase in gluconeogenic capacity of the liver, which occurs in parallel to 

elevations in hormones such as glucagon and epinephrine and decreases in insulin. 
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Physical activity and exercise training 

The role of regularly performed physical activity and exercise training, is known 

to have a robust effect on the liver 64, which include reductions in indices of lipid 

homeostasis, increases in indices of mitochondrial biogenesis, and improved control of 

glucose homeostasis.  

Physical activity and exercise training are a well-understood treatment option for 

NAFLD. For example, a recent meta-analysis examined the effect of primarily aerobic 

exercise with or without dietary intervention in comparison to sedentary controls, when 

on the same diet 65. They concluded from 28 randomized trials that physical activity or 

exercise training led to reductions in specific indices of NAFLD such as liver lipid 

content and serum levels of alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST), which occurred alongside a reduction in body mass index 

(BMI) and indices of insulin resistance 65. Interestingly, the benefit of these interventions 

was greater in persons with a higher BMI 65.  

Mitochondrial biogenesis is a well-known adaptation to exercise training in 

skeletal muscle, and is also known to occur in the liver, which has been demonstrated in 

lean 66-68 and obese 69-73 rodents. One of the most comprehensive studies to evaluate 

this was completed by Fletcher and colleagues 68. In this, they used a number of 

modalities including voluntary wheel running (VWR) alone, VWR with overnight fast, 

treadmill training, and treadmill sprint training for 4 weeks in comparison to sedentary 
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controls 68. All modalities increased mitochondrial respiration and pyruvate oxidation, yet 

there were specific effects in each group on other markers of mitochondrial biogenesis 

such as Ppargc1a expression, which was most elevated in the VWR with overnight fast 

group 68.  

Improved glucose homeostasis is a beneficial outcome of exercise and physical 

activity, and early studies demonstrated reduced need for insulin in patients with type-II 

diabetes after being prescribed exercise 74. In rodent models, exercise trained rats have 

improved glucose tolerance, which often occurs alongside elevations in glycogen stores 

via increased GYS2 and decreased PYGL activity 75. Interestingly, while there appears 

to be a fairly consistent reduction in basal glucose levels after prolonged exercise 

training and physical activity, the capacity for glucose production increases. For 

example, exercise trained rats have increased glucose production during a single bout 

of exercise, as well as glucose utilization 76. Moreover, the protein content and mRNA 

expression of gluconeogenic enzymes, such as Pepck and G6Pc have been 

demonstrated to be elevated after a 5-week protocol of combined treadmill training and 

wheel running (~100 min/day) 67. Yet, despite this increased capacity of glucose 

production, the liver is more responsive to insulin, marked by greater insulin dependent 

suppression of hepatic glucose production 77 and increases in insulin signaling in some 

78, 79 but not all 80 reports.  
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1.5. MOLECULAR SIGNALS MEDIATING THE EFFECT OF EXERCISE 

Interleukin 6 (IL-6) 

IL-6 is a pleiotropic cytokine, and was first identified by the laboratory of Bente 

Pedersen as an exercise-inducible myokine 81, 82. In this work, they demonstrated 

increased circulating concentrations of IL-6 immediately post marathon running in 

humans, with a slow reduction during the recovery period. This increase in serum IL-6 

was later shown to be associated with increases in IL-6 mRNA expression in muscle of 

rats suggesting release from skeletal muscle 83, and was further linked to a decline in 

muscle glycogen levels 84, 85. While these early reports demonstrated that IL-6 is 

released from active skeletal muscle, more recent data has shown that it may also be 

released from adipose tissue 86, 87 and the brain 88. Likewise, mice deficient of IL-6 

within skeletal muscle still experience an elevated increase in circulating IL-6 levels 

during graded treadmill exercise, although blunted, and similar increases in indices of 

IL-6 signaling in liver 89, 90, which further supports IL-6 release from non-muscle sources 

during exercise.  

In addition to these seminal discoveries, work has aimed to discover the 

contribution of IL-6 to exercise metabolism. In this regard, a number of strategies have 

been used to investigate the role of IL-6 during exercise, in particular use of knockout 

mice or inhibition of IL-6 via pharmacologic agents. IL-6 knockout mice have a similar 

metabolic response to acute exercise 91-93; however, under HFD conditions exercise 
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tolerance is reduced 94. In addition to IL-6 knockout mice, blockage of IL-6 signaling 

using a neutralizing antibody injection prior to a single non-exhaustive bout of exercise 

(20 m/min, 90 min, 10° incline) led to inhibition of glucose uptake and glucose 

transporter 4 protein content in skeletal muscle, with no changes in insulin signaling 95.  

In addition to the effect of exercise on IL-6, the role that IL-6 has on host 

metabolism independent of exercise has also been identified. Whole body IL-6 knockout 

mice have normal glucose and insulin tolerance under lean conditions in some 91, but 

not all studies 92, 96; however, under HFD conditions IL-6 knockout mice are heavier, and 

have impaired glucose and insulin tolerance 97, 98. Moreover, hepatocyte specific IL-6 

receptor alpha knockout mice have impaired glucose and insulin tolerance, yet during a 

hyperinsulinemic-euglycemic clamp they had a lower glucose infusion rate without a 

change in hepatic glucose production despite increases in some markers of 

gluconeogenesis 99. In tissues such as the liver, IL-6 binds to an IL-6 receptor/gp130 

complex to increase janus kinase (JAK)/signal transducer and activator of transcription 

(STAT) signaling, and phosphorylation of STAT3 is most often used as a downstream 

signal 100. Interestingly, there is conflicting data in the role of IL-6 injections, or 

exposure, on systemic and hepatic glucose homeostasis. Reports have shown that IL-6 

injections promote increases in hepatic glucose production or mRNA expression of 

gluconeogenic enzymes 92, whereas others report decreases 101.  Moreover, some have 

shown that IL-6 promotes glucose induced insulin secretion 102 while others have not 
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103. In cell culture, IL-6 exposure to HepG2 cells impaired insulin signaling 104, and 

increased glucose production in Fao hepatoma cells 92.  

Follistatin  

The discovery of FST as an exercise inducible hepatokine was made in 

experiments using mice, humans, and cells 105. In humans, the circulating levels of FST 

were elevated during the recovery period after 3 hours of bicycling exercise 105. 

Likewise, in mice subjected to 1 hour of swim exercise circulating FST was increased in 

circulation in parallel with an increase in FST mRNA expression only in the liver, and 

occurred alongside an increase in FST protein content 105
. Later, this group provided 

direct evidence that FST is released from the liver during exercise by measurement of 

the arterial-venous difference across the splanchnic bed in participants exercising for 2 

hours at 60% VO2 max via semi-supine bicycling 106. Even more intriguing, exercise-

induced increase in FST mRNA expression and circulating levels are influenced by the 

metabolic characteristics of the liver. For example, in participants with diabetes, the 

acute exercise induced increase in circulating FST was attenuated when measured 

during one hour of 50% VO2 max cycling in the fasted condition 107. Alike to this data, 

exercise-induced increase in circulating levels of FST are reduced in participants who 

are overweight, and measured by a BMI of ≥ 25 kg/m2 108.  

In search for the biological signal(s) that may lead to the increase in FST during 

exercise, the role of IL-6, glucagon, insulin, and epinephrine has been investigated. 
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Hansen and colleagues infused recombinant IL-6 in men for 3 hours at 5 µg/hour which 

lead to IL-6 concentrations of ~200 ng/ml, similar to that during exercise 82, and they 

observed no change in circulating FST levels 105. To determine if epinephrine was 

mediating the exercise-induced increase in hepatic FST, they injected mice with 2 mg/g 

of epinephrine for 30 minutes and saw a slight decrease in FST mRNA expression in 

liver 105. In later studies it was shown that glucagon, and specifically increases in the 

glucagon-to-insulin ratio, may regulate follistatin release at rest 106. Moreover, forskolin 

increases FST mRNA expression in HepG2 cells, and exposure of human primary 

hepatocytes to glucagon increases FST release into media 106. Extending these 

observations, inhibiting glucagon secretion using somatostatin attenuates the induction 

of circulating FST during and after 2 hours of supine cycling at 60% VO2 max 107.  

Although these data suggest that FST mRNA expression and circulating levels are 

increased after acute aerobic exercise, the evidence as to the chronic effects of 

exercise are less understood. For example, chronic swim training in rats decreased FST 

mRNA expression in liver of lean and HFD fed animals 109, and alike to this swim 

training in control and streptozotocin treated rats decreased FST mRNA expression in 

the adipose tissue and muscle 110. Additionally, 6 weeks of high intensity interval 

training in previously sedentary and active humans led to a slight decrease in circulating 

FST in participants who were previously sedentary, and the overall level was lower in 

those previously active 111. Thus, there clearly needs to be more work to identify the role 

and response of FST to chronic physical activity or exercise training.  
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1.6. THERAPEUTIC ROLE OF EXERCISE 

Chronic metabolic dysfunction 

Exercise training has been shown to protect against, and treat, the deleterious 

metabolic effects of chronic HFD feeding. For example, exercise training during a 12 

week HFD attenuated gains in body mass and impairments in insulin action at insulin 

receptor, IRS-1, and AKTSer473 in skeletal muscle, liver, and adipose tissue 112. This 

preventative effect against HFD induced metabolic dysfunction has been investigated at 

different time points (i.e. 4, 8, and 12 weeks), with generally a greater protective effect 

at longer time periods 113. Moreover, 16 weeks of concurrent exercise training with a 

HFD in mice has been shown to protect against markers of NAFLD, such as hepatic 

triglyceride accumulation and serum ALT, which occurs in parallel with protection 

against markers of liver inflammation as indexed by gene expression levels of tumor 

necrosis factor α (TNF-α) and monocyte chemoattractant protein 1 (MCP-1) 114.  

Similar to these preventative studies, exercise is able to treat chronic metabolic 

dysfunction. For example, 12 weeks of exercise training after mice were fed a HFD, 

attenuated further increases in body mass and impairments in glucose homeostasis, but 

did not alter liver triglyceride levels 115. Others have used high intensity exercise training 

after a HFD, which does not lead to significant decreases in body mass 115, 116, and 

demonstrated attenuated increases in fasting glucose and insulin, improved insulin 

tolerance, and increased insulin sensitivity in muscle, adipose tissue, and liver 117. This 
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occurred with increases in phosphorylation of AKT in quadriceps muscle, lower levels of 

gluconeogenic markers in liver, and lower circulating AST and ALT 117. Together, these 

studies highlight the beneficial effects of exercise training in the treatment and 

prevention of obesity induced insulin resistance, impaired glucose homeostasis, and 

inflammation, and suggest that longer durations are able to yield greater benefit.  

Acute metabolic dysfunction 

In contrast to the effects of HFD feeding and obesity, acute metabolic dysfunction 

during conditions such as sepsis can present a dramatic chain of events leading to rapid 

metabolic consequence. Moreover, in sepsis, treatment is often initiated only after the 

development of symptoms; thus, preventative strategies that can mitigate the effects of 

sepsis before they begin may yield beneficial effects above and beyond standard care.  

A number of studies have assessed the role of physical activity or exercise in prevention 

of sepsis, and some have identified specific effects in the liver. In this regard, 10 weeks 

of VWR did not protect against acute LPS-induced liver inflammation or mortality in 

aged mice (19 month) when assessed with a low-dose (up to 0.33 mg/kg) over 24 hours 

118. In contrast, two months of VWR in aged mice (22 months), attenuated sepsis (3.75 

g/kg fecal slurry injection) induced increases in myeloperoxidase after 7 hours 119. 

Moreover, 3 months of treadmill training improved endotoxin clearance and attenuated 

circulating levels of TNF-α and IL-6 after tail vein injection of LPS (0.01 µg/g) 120. In 

addition to these effects of physical activity and exercise training, one bout of 

exhaustive exercise was shown to protect against increases in circulating TNF-α and 
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liver protein content of TNF-α when assessed one hour post LPS challenge (1 mg/kg) 

121. Moreover, 45 days of VWR protects against LPS combined with galactosamine (10 

µg and 5 mg, respectively) for markers of AST and ALT, cleaved caspase 3, and mRNA 

expression of TNF-α, IL-6, and MCP-1 122. Together, this data suggests that VWR may 

be able to protect against LPS induced inflammation.  
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2. THESIS OBJECTIVES AND RATIONALE 

Physical activity and exercise are known to provide numerous health benefits, and 

aid in the prevention and treatment of metabolic disease; however, the mechanisms 

through which this occurs are relatively unknown. The focus of this thesis is to 

investigate how physical activity, exercise, and exercise-activated pathways, influence 

the response to acute metabolic perturbations within the liver. This thesis has three 

main objectives, each with an individual hypothesis.  

Study 1: Voluntary wheel running attenuates lipopolysaccharide 

induced liver inflammation in mice  

Objective: This study aimed to determine if the response to lipopolysaccharide (LPS) -

induced inflammation would differ in mice housed under sedentary conditions or with 

10-week access to voluntary wheel running (VWR) as a model of physical activity. 

Specifically, the objective includes:  

- Determine the metabolic phenotype of mice after 10 weeks of VWR. 

- Assess if the liver inflammatory response to LPS would differ in mice with access 

to VWR, when measured at 6 and 12 hours post LPS injection.  

- Identify potential molecular targets that differ in mice after VWR.  
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Hypothesis: It was hypothesized that VWR would protect against LPS induced 

inflammation in the liver at both 6 and 12 hours post-exposure, which would occur in 

parallel with up-regulation of anti-inflammatory proteins (e.g. HSP70/72 and FST).  

Study 2: Regulation of hepatic follistatin expression at rest and during 

exercise in mice 

Objective: To determine the molecular signals that may mediate exercise induced 

increases in the hepatokine, FST. Specifically, the objectives include: 

- Determine if acute exercise influences hepatic FST expression. 

- Determine if glucagon and epinephrine influence hepatic FST expression. 

- Determine if the effect of glucagon and epinephrine was necessary for exercise-

induced increases in hepatic FST expression, content, and release.  

Hypothesis: It was hypothesized that glucagon and epinephrine are necessary 

endocrine signals that mediate exercise-induced increases in the hepatokine, FST.  

Study 3: IL-6 acutely improves indices of hepatic glucose 

homeostasis and insulin action in lean and obese mice  

Objective: To determine if IL-6, independent of exercise, influences indices of liver 

glucose homeostasis, and delineate if these effects are different in lean and obese 

mice. Specifically, the objective includes: 
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- Determine if IL-6 acutely impacts in vivo glucose homeostasis, and if this differs 

in lean and obese mice.  

- Determine if IL-6 acutely impacts in vivo indices of hepatic gluconeogenesis and 

insulin signaling, and if this differs in lean and obese mice.  

- Determine if IL-6 acutely impacts in vitro indices of hepatic insulin signaling, and 

if this response is different in control hepatocytes or those that model an obese-

like state.  

Hypothesis: It was hypothesized that IL-6 would improve indices of glucose 

homeostasis in LFD fed mice, but not HFD fed mice, and this would occur through an 

indirect effect on the hepatocyte.  
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3. VOLUNTARY WHEEL RUNNING ATTENUATES 
LIPOPOLYSACCHARIDE INDUCED LIVER INFLAMMATION 
IN MICE  
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3.1. ABSTRACT 

Sepsis induces an acute inflammatory response in the liver, which can lead to 

organ failure and death. Given the anti-inflammatory effects of exercise, we 

hypothesized that habitual physical activity could protect against acute sepsis-induced 

liver inflammation via mechanisms, including heat shock protein (HSP) 70/72. Male 

C57BL/6J mice (n = 80, ∼8 wk of age) engaged in physical activity via voluntary wheel 

running (VWR) or cage control (SED) for 10 wk. To induce sepsis, we injected (2 mg/kg 

ip) LPS or sterile saline (SAL), and liver was harvested 6 or 12 h later. VWR attenuated 

increases in body and epididymal adipose tissue mass, improved glucose tolerance, 

and increased liver protein content of PEPCK (P < 0.05). VWR attenuated increases in 

LPS-induced IL-6 signaling and mRNA expression of other inflammatory markers (TNF-

α, chemokine C-C motif ligand 2, inducible nitric oxide synthase, IL-10, IL-1β) in the 

liver; however, this was not reflected at the whole body level, as systemic markers of 

inflammation were similar between SED and VWR. Insulin tolerance was greater in 

VWR compared with SED at 6 but not 12 h after LPS. The protective effect of VWR 

occurred in parallel with increases in the liver protein content of HSP70/72, a molecular 

chaperone that can protect against inflammatory challenges. This study provides novel 

evidence that physical activity protects against the inflammatory cascade induced by 

LPS in the liver and that these effects may be mediated via HSP70/72. 
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3.2. INTRODUCTION 

Sepsis is a continuum of clinical events defined by the presence of infection and 

systemic inflammation 123. The worldwide incidence of sepsis was recently estimated at 

437 cases per 100 000 person-years during 2003 to 2015, with an associated fatality 

rate of 17% 29. This puts a significant burden on the healthcare system, and in the 

United States alone the direct hospital costs associated with sepsis are over $24 billion 

124.  

The infiltration of a host with both gram-negative and gram-positive bacterial 

species is often considered to be the cause of acute sepsis 125. Lipopolysaccharide 

(LPS) from Escherichia Coli, a component of gram-negative bacteria, is often used to 

produce these effects in rodent models. Upon exposure to LPS, an inflammatory 

cascade is activated both systemically and at a tissue specific level 32. Initial signaling 

involves a Toll-like receptor 4 (TLR4) – Myeloid differentiation primary response gene 

88 (MyD88) interaction that then propagates the inflammatory response 36. Increases in 

circulating inflammatory factors such as tumor necrosis factor alpha (TNF-α), interleukin 

6 (IL-6), and interleukin 1-beta (IL-1β) occur rapidly, and are regulated by the dose and 

duration of exposure 126-128. Clearance of inflammatory markers begins as early as 8 

hours post-exposure, and most markers return to baseline levels by 16 hours 129. In 

parallel with the systemic inflammatory response, acute exposure to LPS induces 

profound inflammation within the liver. LPS activates the janus kinase (JAK) – signal 
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transducer and activator of transcription (STAT) signaling complex, which includes 

phosphorylation of STAT3, and is a well-known marker of IL-6 signaling 100, 130, 131.  

Further, SOCS3 is induced by activation of the JAK/STAT signaling cascade and acts 

as an inhibitor of this pathway 132. This inflammatory cascade leads to increases in 

circulating markers of liver damage such as aspartate aminotransferase (AST) and 

alanine aminotransferase (ALT) 133, and morphological alterations to the liver 134.  

A number of different mechanisms have been shown to modulate the inflammatory 

response to LPS-induced inflammation. Of interest, the transforming growth factor β 

(TGF-β) superfamily protein follistatin (FST) offers protection via binding to activin A 44, 

135, proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibits LPS uptake and 

clearance 136, and heat shock protein (HSP) 70/72 acts a molecular chaperone 137-139. 

Since physical activity, in the form of voluntary wheel running (VWR), leads to increases 

in the protein content of HSP70/72 in skeletal muscle 140, VWR may be able to protect 

against LPS induced inflammation. Somewhat surprisingly, Martin and colleagues 118 

demonstrated that 10 weeks of VWR, did not protect against increases in the hepatic 

expression of TNF-α, IL-6, and IL-1β when assessed 24 hours after a 0.33 mg/kg 

injection of LPS. However, at 24 hours post LPS, others have shown circulating 

inflammatory markers are at near baseline levels 129 and this dose of LPS leads to less 

than peak inflammatory responses 126. With these points in mind, a protective effect of 

physical activity may have been missed. 
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In this report, we assessed whether VWR could protect against LPS-induced liver 

inflammation in C57BL/6J mice at 6 and 12 hours after a 2 mg/kg injection, which we 

consider to correspond to late peak and early resolution of the inflammatory response 

126, 129. We hypothesized that VWR would protect against the deleterious effects of LPS 

on the liver, and that this would be associated with increases in HSP70/72 and follistatin 

and reductions in PCSK9. Indeed, we show here that VWR provides modest protection 

against the inflammatory cascade induced by LPS within the liver at both 6 and 12 

hours post-exposure, and that this occurs, in parallel with increases in HSP70/72.   
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3.3. METHODS 

Ethics 

All procedures adhered to the guidelines of the Canadian Council on Animal 

Care and were approved by the University of Guelph Animal Care Committee.  

Animals 

Eight week-old male C57BL/6J mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). These experiments were completed in two rounds of n=40 

each. In round 1, mice were exposed to saline (Sal) or LPS for 6 hours, and in round 2 

mice were exposed to Sal or LPS for 12 hours. After acclimation, mice were housed in 

shoebox cages as sedentary controls (SED group, n=20 per experiment) or in cages 

outfitted with a 14 cm diameter running wheel (VWR group, n=20 per experiment) and 

rotation counter (VDO M3 wired bike computer, Mountain Equipment Co-Op Vancouver, 

Can). All mice were housed individually, with access to food and water ad libitum, and 

on a 12 hr light-dark cycle (~9 am to 9 pm). Body mass and food intake (amount of food 

in hopper of cage) were measured weekly.  

Glucose tolerance test 

During the final week of the intervention, and at least 48 hours prior to LPS 

injections, an intraperitoneal glucose tolerance test (GTT) was performed. Following a 6 

hour fast, and with wheels removed from cages, mice were injected i.p. with a weight 
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adjusted bolus (2 g·kg-1 ) of D-glucose. Tail blood glucose was measured immediately 

prior to the glucose injection and at 15, 30, 45, 60, 90, and 120 minutes post using a 

handheld Freestyle Lite glucometer (Abbott Laboratories; Abbott Park, IL.). Glucose 

area under the curve (AUC) was calculated. 

Lipopolysaccharide 

LPS was purchased from Sigma-Aldrich (St. Louis, MO) (0111:B4, L2630). After 

10-weeks of VWR, or SED control, a dose of 2 mg/kg of LPS was injected (i.p.) into 

awake, non-anesthetized mice starting at 9 or 6 am (6 and 12 hour experiments, 

respectively), and control mice were injected with Sal. A 2 mg/kg injection of LPS has 

been shown to induce peak cytokine concentrations in serum 126, and leads to impaired 

insulin action 141. Food was provided ad libitum prior to and during LPS exposure, and 

mice that were in the VWR group had their wheels locked 24 hours prior to injection. 

After the LPS injection, mice were monitored for signs of shock, kept warm using a 

heating blanket, and if necessary supplemented with saline.  

Insulin stimulation and tissue collection 

At 6 or 12 hours post-LPS injection we measured tail blood glucose, as LPS is 

known to reduce blood glucose levels in mice 141. To assess LPS-mediated impairments 

in insulin action, we conducted an insulin tolerance test (ITT) using a 0.5 U/kg insulin 

injection (i.p.) as previously described 141, and blood glucose was monitored for 20 

minutes, which is the time in which blood glucose declines in a near linear manner 141. 
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Mice were then anesthetized with sodium pentobarbital (~5 mg·100 g bw-1), blood was 

collected for serum analysis, and the liver was removed and frozen in liquid nitrogen for 

storage at -80°C or fixed in 10% neutral buffered formalin (12 hr experiments only).   

Western Blotting 

Whole liver tissue was homogenized in a 30x cocktail of cell lysis buffer, 

supplemented with phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sima-

Aldrich). Western blotting procedures were completed similar to that which we have 

previously described 142. Nitrocellulose membranes were incubated with indicated 

primary antibodies overnight, corresponding secondary antibody for 1 hour, and imaged 

using enhanced chemiluminescence signals on a FluorChem HD imaging system 

(Alpha Innotect, Santa Clara, CA). Antibodies used were from AbCam (Tubulin Cat # 

7291; FST Cat # 64490; GAPDH Cat # 8245; PCSK9 Cat # 31762; TLR4 Cat #83444), 

Cayman (PEPCK Cat # 10004943), Cell Signaling (MyD88 Cat # 4283; pSTAT3 Cat # 

9138; STAT3 Cat # 8678; pSTAT1 Cat # 7649; STAT1 Cat # 9172; SOCS3 Cat # 

2932), Enzo Life Sciences (HSP70/72 Cat # ADI-SPA-810), and Santa Cruz (G6Pase 

Cat # 25840). 
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Real-Time Quantitative PCR  

Liver RNA extraction was completed using a Qiagen RNeasy Mini Kit. cDNA was 

synthesized using Superscript II Reverse Transcriptase kit (Cat # 18064-014) 

purchased from Thermo Fisher Scientific (Waltman, MA) and diluted 1:15 for all genes 

of interest. PCR plates were prepared using Quanta mix, water, TaqMan Gene 

Expression Assay for the gene of interest (Table 1), and 5 ul of cDNA. Relative 

differences were compared using the 2-ΔΔCT method 143. The endogenous control gene, 

GAPDH, did not change between the experimental groups. 

Table 3-1. TaqMan PCR primers. All gene expression assays were purchased from 
Thermo Fisher Scientific (Cat # 4331182). 

Gene Assay ID 
TNF- α Mm00443258_m1 
IL-6 Mm00446190_m1 
IL-1β Mm00434228_m1 
Ccl2 Mm00441242_m1 
Nos2 Mm00440502_m1 
IL-10 Mm01288386_m1 
socs3 Mm00545913_s1 
FST Mm00514982_m1 
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Histology 

Liver tissue that was fixed in 10% neutral buffered formalin was dehydrated with 

xylene overnight prior to paraffin wax embedding. Tissue sections were cut at 5 µm, 

mounted (1.2 mm Superfrost Slides, VWR Mississauga ON), and then stained with 

hematoxylin and eosin. Images were obtained using an Olympus FSX 100 light 

microscope (Olympus, Tokyo Japan) at 40x.  

Serum analysis 

Blood was collected from mice after euthanasia and tissue removal, centrifuged 

at 4,000 g for 15 min at 4°C, and then serum was collected and stored at -80°C. Serum 

AST and ALT were measured as previously described 144, 145. Measurement of TNF-α, 

IL-6, IL-1β, Ccl2, Nos2, IL-10, SOCS3 (MCYTOMAG-70K-06), and FST (MAGPMAG-

24K-01) were completed using the Milliplex MAP system (Billerica, MA USA). Samples 

were diluted twofold, and for IL-6 and Ccl2 data points that fell above the standard curve 

were extrapolated using the 5-parameter logistic curve-fitting method.  

Statistical Analysis 

Data was analyzed using repeated measures two-way ANOVA (GTT), three-way 

ANOVA (ITT), unpaired t-test (body mass, AUC, and fold changes), and two-way 

ANOVA (all other measures). Data was first assessed for normality and homogeneity of 

variance, and when not met for two-way ANOVA tests the data was transformed (log10), 
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and for t-tests a Mann-Whitney U-test or Welch’s correction was used. The uncorrected 

Fisher’s LSD post-hoc test was used to compare two-way ANOVA interactions. All data 

are presented as mean±standard error and a significance level of p<0.05 was used. 

Statistical tests were completed using Sigma Plot version 11.0 (San Jose, CA) and 

Graph Pad version 6.2 (La Jolla, CA).   
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3.4. RESULTS 

Voluntary wheel running attenuates body mass and adipose tissue gain, 
improves glucose tolerance, and increases markers of hepatic glucose 
production  

We first wanted to ensure the effectiveness of VWR, and thus assessed 

differences in body mass, glucose homeostasis, and levels of gluconeogenic precursors 

previously shown to be increased with exercise 67. Mice in the VWR group averaged ~3-

5 km per night over the 10 week period (Figure 3-1A), and despite greater food intake 

than SED mice (Figure 3-1B) had attenuated gains in body mass (Fig 1C). VWR also 

improved glucose tolerance (Figure 3-1D) and reduced epididymal white adipose tissue 

mass (Figure 3-1E). Further, the protein content of PEPCK was increased ~50% in 

VWR compared to SED mice (p<0.05), whereas, there were no differences in hepatic 

G6Pase protein content (Figure 3-1F).  
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Figure 3-1. Effects of voluntary wheel running on A) distance run, B) food intake, 
C) body mas, D) blood glucose during a GTT, E) epididymal adipose tissue mass, 
and F) protein content of PEPCK and G6Pase. Values are pooled from 6 and 12 hour 
experiments, unless indicated. Two-way ANOVA main effect for VWR, §p<0.05. 
Unpaired t-test between SED and VWR, *p<0.05. 
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Voluntary wheel running attenuates LPS-induced induction of liver inflammatory 
markers 

To assess the inflammatory cascade induced by LPS within the liver, we 

measured the mRNA expression of well-known inflammatory markers. At 6 hours-post 

LPS, VWR mice injected with LPS had an attenuated response when compared to SED 

mice for IL-6 (p=0.001) (Figure 3-2B). In addition, VWR tended to lower both TNF-α and 

Ccl2 (two-way ANOVA main effect of VWR, p=0.08 and p=0.09, respectively) (Figure 

3-2A and D). We then compared the level of induction above SAL control within SED 

and VWR mice injected with LPS, and found that VWR mice had attenuated increases 

in TNF-α, IL-6, Ccl2, Nos2, and IL-10 (p<0.05) (Figure 3-2A-F, insets).  
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Figure 3-2. Effect of voluntary wheel running on 6 hour exposure to LPS for mRNA 
expression of A) TNF-α, B) IL-6, C) IL-1β, D) Ccl2, E) Nos2, and F) IL-10. Text indicates p 
values for two-way ANOVA, and when an interaction was observed †p<0.05 indicates LPS 
group significantly different within SED or VWR and ‡p<0.05 indicates VWR group different 
within SAL or LPS. Inset indicates fold change relative to SAL control and *p<0.05 for t-test 
between SED and VWR groups. 
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At 12 hours post-LPS, VWR mice injected with LPS had an attenuated increase 

in IL-1β when compared to SED mice (p=0.002) (Figure 3-3C). In addition, there was a 

main effect of VWR for TNF-α, IL-1β, and Ccl2 (Figure 3-3A, C, and D). When 

comparing the level of induction above SAL control within LPS treated mice, we 

observed attenuations for IL-1β and Nos2 in VWR mice (Figure 3-3C and E). Together, 

these data suggest that VWR attenuates inflammatory response to LPS within the liver 

when assessed both at 6 and 12 hours post-LPS.  
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Figure 3-3. Effect of voluntary wheel running on 12 hour exposure to LPS for 
mRNA expression of A) TNF-α, B) IL-6, C) IL-1β, D) Ccl2, E) Nos2, and F) IL-10. 
Text indicates p values for two-way ANOVA, and when an interaction was observed 
†p<0.05 indicates LPS group significantly different within SED or VWR and ‡p<0.05 
indicates VWR group different within SAL or LPS. Inset indicates fold change relative to 
Sal control and *p<0.05 for t-test between SED and VWR groups.  
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Next, we wanted to determine if VWR attenuated the induction of IL-6 signaling 

after LPS exposure. In mice injected with LPS, the phosphorylation of STAT3 was 

increased (p<0.001), which was modestly attenuated by VWR at 12 hours post-LPS 

(two way ANOVA main effect, p<0.001) (Figure 3-4A and B). The phosphorylation of 

STAT1 was also increased after LPS, however as this was undetectable in SAL 

controls, we compared the level of induction only between LPS injected mice. At 6 

hours post-LPS there was no protective effect of VWR against increases in the 

phosphorylation of STAT1 (p=0.95), however at 12 hours post-LPS, VWR offered mild 

protection (p=0.10) (Figure 3-4C and D). At 6 hours post-LPS, SOCS3 mRNA 

expression was not different between SED and VWR mice injected with LPS, however 

VWR mice injected with Sal had a higher mRNA expression when compared to SED 

mice (p<0.001) (Figure 3-4E). In contrast, the fold change compared to SED control was 

attenuated at both 6 and 12 hours post-LPS by VWR (p<0.05) (Figure 3-4E and F). 

These results did not translate to the protein level, as the content of hepatic SOCS3 

was not different with VWR or LPS (data not shown).  
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Figure 3-4. Effect of voluntary wheel running and LPS on the phosphorylation of 
A) STAT3 and B) STAT1 and the mRNA expression of C) SOCS3. Two-way ANOVA 
p-values are indicated below figures, with post-hoc testing of interaction †p<0.05 
indicates LPS different within SED or VWR and ‡p<0.05 indicates VWR different within 
SAL or LPS group. Inset indicates fold change compared to Sal control and *p<0.05 for 
t-test between SED and VWR groups. 
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To determine if the beneficial effect at the mRNA and protein level in the liver 

corresponded to clinically relevant markers of liver damage, we measured serum AST 

and ALT, and both increased in response to LPS (2 way ANOVA main effect of LPS, 

p<0.001). However, this increase was similar is SED and VWR mice for AST (SED SAL, 

94.4±11.3 U/L; VWR SAL, 97.7±9.4 U/L; SED LPS, 166.0±27.8 U/L; VWR LPS, 

185.8±18.7 U/L) and ALT (SED SAL, 25.9±2.8 U/L; VWR SAL, 21.8±1.2 U/L; SED LPS, 

41.8±1.0 U/L; VWR LPS, 50.0±8.7 U/L). As further confirmation of this finding, we 

wanted to determine if LPS exposure led to morphological alterations in the liver, and 

whether VWR could protect against this, though there were no gross histological 

alterations observed (data not shown) 

We next wanted to determine whether the attenuation of LPS-induced liver 

inflammation occurred in parallel with attenuated levels of the circulating inflammatory 

markers IL-6, Ccl2, IFN-γ, TNF-α, IL-1β, and IL-10. There was a significant induction of 

all inflammatory markers in mice injected with LPS, however as the levels in mice 

injected with Sal were below the level of detection we compared SED and VWR mice 

injected with LPS independent of Sal controls. Despite an attenuated induction of IL-1β 

in VWR mice after 6 hours of LPS exposure (p=0.02), there were no other differences in 

circulating inflammatory markers, suggesting a direct role for VWR in attenuating LPS-

induced liver inflammation (Figure 3-5A and B).  
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Figure 3-5. Effect of voluntary wheel running on serum levels of inflammatory 
markers at A) 6 hours and B) 12 hours post-LPS exposure. SAL injected mice had 
levels lower than the limit of detection, therefore we used an unpaired t-test between 
SED and VWR groups, *p<0.05. 
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The protective effects of voluntary wheel running on LPS induced inflammation 
are associated with increases in HSP70/72 

As VWR conferred a protective effect against LPS induced inflammation in the 

liver, we next sought to elucidate potential mechanisms that could be mediating this 

effect. First, we assessed members of the LPS signaling complex and found no 

differences in TLR4 protein content with VWR or LPS (Figure 3-6A), however MyD88 

protein content was increased at both 6 and 12 hours post-LPS (~1.7 and 1.3 fold, 

respectively), which was similar between SED and VWR groups (Figure 3-6B). Next, we 

assessed hepatic FST and found that the mRNA expression was robustly elevated in 

mice injected with LPS. At 6 hours post-LPS, VWR attenuated the LPS response 

compared to SED mice, and at 12 hours post-LPS there was a two-way ANOVA 

interaction which revealed the induction of FST post-LPS was lower in VWR mice 

(p=0.029) (Figure 3-6C). Circulating levels of FST, although induced by LPS, did not 

differ between SED and VWR mice (Figure 3-6D). Further, there were no differences in 

the hepatic protein content of FST with VWR or LPS (data not shown). Third we 

measured PCSK9 and neither VWR nor LPS had an effect (Figure 3-6E). Lastly, we 

measured the protein content of HSP70/72 and in both the 6 and 12 hour experiments, 

higher levels of HSP70/72 were observed in VWR mice regardless of Sal or LPS 

treatment (6 hour main effect of VWR, p<0.01; 12 hour main effect of VWR, p<0.001) 

(Figure 3-6F). 
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Figure 3-6. Potential mechanisms mediating the beneficial effect of wheel running 
on LPS induced inflammation. A) TLR4 protein content in liver, B) MyD88 protein 
content in liver, C) FST mRNA expression in liver, D) circulating FST in serum, E) 
HSP70/72 protein content in liver, and F) PCSK9 protein content in liver. Two way 
ANOVA p-values indicated in text and when a significant interaction occurred, †p<0.05 
indicates LPS different within SED or VWR group and ‡p<0.05 indicates VWR different 
within LPS group. Inset, when shown, displays fold change compared to Sal control and 
*p<0.05 for t-test between groups. 
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LPS mediated changes in glucose homeostasis are modestly altered by voluntary 
wheel running 

As a final outcome measure, we wanted to determine if VWR could protect 

against LPS induced hypoglycemia and insulin resistance. At both 6 and 12 hours post-

LPS blood glucose values were reduced to approximately 40% of Sal control, with no 

protective effect of VWR (data not shown). Upon insulin injection, the blood glucose 

response (i.e. reduction) was impaired in mice injected with LPS, and when comparing 

the AUC of the blood glucose response VWR moderately attenuated the impairment at 

6 but not 12 hours post-LPS (main effect of VWR, p=0.004) (Figure 3-7A and B). 

Together, this suggests that VWR is not able to offer significant protection against LPS 

mediated reductions in blood glucose and insulin resistance, especially with a prolonged 

exposure to LPS.  
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Figure 3-7. Time course of blood glucose response to an insulin injection at A) 6 
hrs and B) 12 hrs after LPS injections. Insulin tolerance test (ITT) curve shows SAL-
injected (circles) and LPS injected (squares), and data were normalized to baseline 
levels. Inset indicates area under curve (AUC). †A three-way ANOVA interaction post 
hoc indicates LPS different SED for indicated time points at p<0.001.  
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3.5. DISCUSSION 

In this study, we demonstrate that ten weeks of VWR attenuates the inflammatory 

response to LPS within the liver of male C57BL/6J mice. In a time dependent manner, 

VWR led to attenuations in the liver mRNA expression of known inflammatory markers 

36. At 6 hours post-LPS, there were attenuations in IL-6 and FST, while at 12 hours 

post-LPS IL-1β was attenuated, which together is indicative of a reduced inflammatory 

load. These effects occurred despite only minor alterations to circulating levels of 

inflammatory markers, which supports the idea that the protective effect of VWR was 

directly in the liver. In addition, there was modest prevention of insulin resistance in 

response to LPS in VWR mice at 6 hours post exposure, but not at 12 hours post 

exposure. Despite these protective effects, VWR had little influence on AST and ALT, 

which likely indicates that VWR is not able to overcome the robust effect of a 

supraphysiological LPS challenge on these measures. 

The effects of VWR on modulating LPS induced liver inflammation have produced 

mixed results. For example, Martin et al 118 used a 0.33 mg/kg injection of LPS and did 

not show a protective effect of VWR on increases in the liver mRNA expression of 

inflammatory markers TNF-α, IL-6, and IL-1β when assessed at 24 hours post. In 

contrast, here we show a protective effect of VWR on the mRNA expression of IL-6 at 6 

hours post, and for IL-1β at 12 hours post LPS. In support of our data, others have 

demonstrated that 4 weeks of treadmill exercise attenuates the deleterious effects of a 
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10 mg/kg injection of LPS on mean arterial pressure, heart rate, and leukocytopenia in 

non-anesthetized rats over 72 hours 146. As we used a 2 mg/kg injection of LPS, which 

has been shown to induce a peak inflammatory response 126 but does not lead to 

significant mortality as would higher doses 147, and measured mRNA expression in the 

liver at time-points prior to significant resolution of the systemic inflammatory response 

129, the discrepancies between our study and that by Martin et al 118 are likely attributed 

to dose and time. However, the protective effect that we observed for the mRNA 

expression of inflammatory markers was not found for protein content (e.g. pSTAT3). 

This may be due to a different time or dose response in the liver at the protein level 

versus that systemically 129. 

In addition to liver, it is possible, that VWR may also confer a protective effect 

against LPS-induced markers of inflammation in other tissues. A recent report 

demonstrated that individuals who were exercise trained responded differently than 

untrained subjects to LPS, and this occurred in a tissue dependent manner 148. Trained 

subjects had a slightly delayed and attenuated systemic TNF-α and IL-6 response, 

increased adipose tissue IL-6 mRNA expression, and a heightened skeletal muscle 

TNF-α and IL-6 mRNA expression to a 2 hour LPS challenge 148. As humans are more 

sensitive to LPS than mice but have a similar cytokine response 149, the findings of 

previous studies along with ours, suggest that physical activity and exercise training are 

likely able to attenuate the acute inflammatory response induced by large doses of LPS. 
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Exposure to LPS leads to alterations in glucose and insulin homeostasis. In this 

study, mice injected with LPS were hypoglycemic, as evident from a 40% reduction in 

blood glucose levels at 6 and 12 hours post-injection, which has been previously shown 

by other groups 141, 150. In addition, LPS exposure induced insulin resistance that was 

attenuated by VWR at 6 but not 12 hours, suggesting that VWR is not able to overcome 

the effect of a more prolonged exposure. Whether this attenuation occurred directly due 

to VWR or to attenuation in inflammation is not known. Ellingsgaard et al. 102 recently 

demonstrated that an acute injection of IL-6 induces increases in insulin secretion, and 

IL-6 is known to have a part in regulation of glucose homeostasis in response to LPS 

151. Therefore, it is possible that attenuated insulin resistance at 6 hours post-LPS 

occurs secondary to alterations in inflammatory levels. Our data would suggest that 

despite attenuated LPS induced-inflammation in the liver of VWR mice, there were 

minimal differences in insulin and glucose homeostasis.   

In this study, we were interested in determining potential mechanisms through 

which VWR may protect against LPS induced inflammation. In VWR mice, we detected 

increases in the liver protein content of HSP70/72, a protein considered to have dual 

roles as a molecular chaperone and in buffering against metabolic stressors 137. Unlike 

other studies that observed increases in HSP70/72 protein content in the skeletal 

muscle after LPS exposure 152, we did not observe an effect of LPS in the liver but only 

of VWR. Increases in the liver protein content of HSP70/72 have recently been shown 

to protect against LPS induced inflammation. For example, adenoviral overexpression 
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of HSP70/72 in the liver attenuated LPS-induced increases in serum IL-6, serum TNF-α, 

and hepatic NFkB p65 expression in the nucleus 139. In addition, others 138 have used 

heat stress to induce HSP72 prior to an acute injection (10 mg/kg) of LPS in normal or 

cirrhotic rats, and this protected against increases in AST, ALT, and TNF-α in serum 

while also preventing neutrophil infiltration in the liver. Together, our data, and that from 

previous studies 138, 139, suggests that HSP70/72 likely contributes to the beneficial 

effect of VWR on LPS induced inflammation.  

In addition to HSP70/72, we were also interested in exploring the potential role of 

the TLR4-MyD88 signaling complex and FST in mediating the protective effects of 

VWR. While others have shown that swim training reduces the protein content of TLR4 

and its association with MyD88 in livers from rats fed a high fat diet 153, we did not 

detect reductions in the content of these proteins in response to LPS injection in mice 

given access to a running wheel.  Next, we wanted to determine the role of FST, a 

member of the TGFβ superfamily that has been shown to confer protection against LPS 

induced inflammation. FST mRNA expression in the liver and circulating levels peak ~5 

hours post exposure to LPS 135, and the direct treatment of mice with FST prior to LPS 

exposure attenuates the inflammatory response 44. We show that FST mRNA in the liver 

is increased at 6 and 12 hours post-LPS, and that this is moderately attenuated with 

VWR. These findings suggest that despite a response of FST to LPS, it likely does not 

play a role in the beneficial effects of VWR. As FST would appear to be increased in 

response to inflammatory stresses, the blunted induction of FST in liver from VWR mice 
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in our study may be the result of the attenuated induction of liver inflammation in these 

animals. 

Perspectives and Significance 

In this study, we demonstrate that habitual physical activity, via ten weeks of 

VWR, is able to protect against the inflammatory cascade induced by LPS within the 

liver of mice. The protective effect is primarily evident for mRNA expression of 

inflammatory cytokines and occurred in parallel with increases in the protein content of 

HSP70/72. Future work should explore whether the protective effect of habitual physical 

activity occurs across different doses and durations of LPS exposure and if a similar 

relationship exists with HSP 70/72 in different tissues.  
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4. REGULATION OF HEPATIC FOLLISTATIN EXPRESSION AT 
REST AND DURING EXERCISE IN MICE  
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4.1. ABSTRACT 

Introduction: Follistatin (FST) is a protein with numerous biological roles, and was 

recently identified as an exercise inducible hepatokine; however, the signals that 

regulate this are not well understood. The purpose of this study was to delineate 

potential endocrine factors that may regulate hepatic FST at rest and during exercise. 

Methods: This study consisted of three experimental models. First, C57BL/6J mice 

remained as controls or were subjected to a single bout of exercise at a moderate or 

exhaustive intensity with liver collected immediately post, injected with epinephrine, or 

injected with glucagon. Second, C57BL/6J were pre-treated with increasing doses of 

propranolol prior to epinephrine injection. Third, glucagon receptor wild type (Gcgr+/+) or 

knockout (Gcgr-/-) mice were pre-treated with saline or propranolol and were subjected 

to a single bout of exhaustive exercise with liver collected immediately post, or after 2 

hours recovery. In all experiments, liver was collected and FST mRNA expression was 

measured, and in experiment three, FST protein content was also measured.  

Results: In experiment one, a single bout of treadmill exercise performed at an 

exhaustive but not moderate intensity increased hepatic FST expression, as did 

injections of glucagon and epinephrine, when compared to control. In experiment two, 

pre-treatment of mice with propranolol attenuated the increase in hepatic FST 

expression after epinephrine. Third, the exercise-induced increase in hepatic FST 

expression was significantly attenuated in Gcgr-/- mice, but there was little effect of 
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propranolol. In addition, Gcgr-/- mice had higher protein content of FST, but there was 

no effect of exercise or propranolol.  

Conclusion: This data suggests that both glucagon and epinephrine regulate hepatic 

FST expression at rest; however, only glucagon is required for the exercise-induced 

increase.   
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4.2. INTRODUCTION 

 Follistatin (FST) is a protein known to inhibit members of the transforming growth 

factor beta super-family (TGFβ), including myostatin and activin 38. Adenoviral 

overexpression of FST has been demonstrated to increase muscle mass and improve 

muscle function 40, whereas FST heterozygote mice have lower muscle mass and 

impaired muscle function when compared to wild type controls 39. In addition to this, 

FST is able to promote liver proliferation in vivo 154, a single injection of FST is able to 

offset the systemic inflammatory response and associated mortality of sepsis 44, and 

FST treatment has been shown to attenuate liver fibrosis induced by carbon 

tetrachloride 155. Together, this data demonstrates that FST has important roles in 

growth, metabolism, and immunity; therefore, identifying physiological situations that 

increase FST levels, and the signals that mediate this, may have clinical importance. 

In this regard, a single bout of exercise is known to increase circulating FST levels, 

both in humans and mice 105. In humans, plasma FST was elevated in the recovery 

period after bicycling exercise, with no change in skeletal muscle mRNA expression or 

arterial-venous difference across the working leg 105. In mice, 1 hour of swim exercise 

was found to increase plasma FST levels during recovery which occurred in parallel 

with a robust and immediate increase in hepatic FST expression, and as neither 

adipose tissue, muscle, kidney, or spleen displayed an increase in FST expression this 

suggests that the liver was the source of FST 105. Later, this same group observed an 

increased arterial-venous difference of FST across the splanchnic bed after exercise in 
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humans, clearly identifying FST as an exercise-inducible hepatokine 106. In these initial 

reports, it was observed that rises in glucagon, and specifically the glucagon-to-insulin 

ratio increase FST expression and release during exercise 105, 106. Yet, as exercise is 

known to also increase epinephrine 156, which acts on the liver through a different 

receptor than glucagon but converges on the same pathway 157, it is possible that these 

hormones act synergistically to regulate FST expression. However, this has not been 

empirically assessed. Therefore, the purpose of this study was to directly determine, in 

vivo, the role of glucagon and epinephrine in mediating resting, and exercise-induced 

increases in hepatic FST expression. We hypothesized that the contribution of both 

glucagon and epinephrine is required for exercise-induced increases in liver FST 

expression.  
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4.3. METHODS 

Animal protocols 

All protocols in this study adhere to the Canadian Council on Animal Care 

guidelines and were approved by the University of Guelph Animal Care and Use 

Committee. C57BL/6J male and female mice were purchased from Jackson 

Laboratories (stock # 000664, Jackson Labs). A breeding pair of Gcgr heterozygous 

mice was kindly provided by Maureen Charron (Yeshiva University) and mice were 

continually bred on site as heterozygous pairs, as previously described 18. Genotyping 

of ear notches was completed using a commercially available kit (Cat # XNAT; Sigma-

Aldrich Oakville, ON), with primers obtained from the University of Guelph Genomics 

Facility corresponding to that previously published 18. Male and female offspring 

identified as Gcgr wild type (Gcgr+/+) and knockout (Gcgr-/-) mice were used in this 

study. In all experiments mice were used between approximately 10 – 14 weeks of age 

and were housed on a 12-hour light/dark cycle with water and standard rodent diet 

provided ad libitum (Cat # 7004; Teklad, Madison WI).  

Exercise models 

Mice were exercised via forced treadmill training using a rodent treadmill (Cat # 

Exer 3/6; Columbus Instruments, Columbus OH), as we have previously described 158. 

Prior to the experimental days, mice were acclimated to the treadmill for two 10-minute 

sessions at 15 m/min on a 5° incline, and were allowed to recover for at least 48 hours 
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before beginning experimental protocols. In the exercise to exhaustion trials mice began 

running at 12 m/min on a 20° incline, and speed was increased 1 m/min every 2 

minutes until 15 m/min at which point it was increased 1 m/min every 5 minutes until 

exhaustion, similar to that which we have previously described 158. In the moderate 

exercise trials, mice were run for 75 minutes at 15 m/min on a 5° incline 158. Liver 

samples from treadmill exercise trained mice (male C57BL/6J mice, start at 8 weeks old 

age) were collected after 4 weeks, and 48 hours after the last training session, using a 

protocol previously published by our group 159, 160. Specifically, mice ran 5 days per 

week at increasing intensity such that week 1 was 20 m/min at 10° incline, week 2 was 

22 m/min at 15° incline, week 3 was 23 m/min at 20° incline, and week 4 was 25 m/min 

at 20° incline.  

Drug injections 

Epinephrine (Cat #, E4642), glucagon (Cat #, G2044), and propranolol (Cat #, 

P8688) were purchased from Sigma Aldrich (Oakville, ON), and prepared using 

manufacturer instructions. In epinephrine experiments, mice were intraperitoneally 

injected with a weight-adjusted bolus of epinephrine (2.0 mg/kg) or saline, and liver was 

collected after 30 minutes. This dose of epinephrine is the same as that previously used 

105, and is similar to other studies examining the effects of catecholamine signaling on 

liver gene expression 161, 162. In experiments using propranolol, mice were 

intraperitoneally injected with a weight-adjusted bolus of propranolol (20, 40, or 60 

mg/kg) 30 minutes prior to the start of treadmill exercise or epinephrine injections. In 
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experiments using glucagon, mice were injected with 1 mg/kg of glucagon or saline and 

liver was collected after 60 minutes.  

Tissue collection 

In all experiments, mice were anesthetised with sodium pentobarbital (~60 

mg/kg) and liver tissue was freeze-clamped in situ, cut from the animal, and 

immediately frozen in liquid nitrogen for storage at -80°C. Cardiac puncture was used to 

collect blood, which was allowed to clot at room temperature, centrifuged, and serum 

was collected for storage at -80°C. 

Real Time PCR 

Liver (10-30 mg) was homogenized in 1 mL of QIAzol (Cat # 15596018; 

ThermoFisher Scientific, Mississauga, ON) in a bead mill followed by RNA extraction 

using a RNeasy mini kit as per the manufacturers instructions (Cat # 74104; Qiagen, 

Toronto, ON), including DNase free treatment with a commercially available kit (Cat # 

AM1906; ThermoFisher Scientific, Mississaugua ON). Synthesis of cDNA was 

completed using SuperScript II (Cat # 18064014; ThermoFisher Scientific, Mississauga, 

ON). PCR plates (Cat # 3753; Corning, NY) were prepared using PerfeCTa FastMix II 

(Cat # 95120-05K; Quantabio, Beverly, MA). Gene expression assays were purchased 

for FST (Mm00514982_m1), Gapdh (Mm9999915_g1), and Actb (Mm02619580_g1). 

Relative differences in follistatin mRNA expression were determined using the 2-∆∆CT 
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method and normalized to the respective control group 143. The housekeeping gene, 

Gapdh or Actb depending on experiment, did not change between groups.  

Western Blotting  

Liver was homogenized in 30 x volume of cell lysis buffer supplemented as 

suggested by the manufacturer with phosphatase and protease inhibitor (Cat # 

FNN0021, Life Technologies), centrifuged (10 minutes at 5,000 X G, 4°C), and the 

supernatant was collected. Protein content was determined using a Bicinchoninic acid 

(BCA) assay 163, and samples were prepared in Laemmli sample buffer at equal 

concentrations, and loaded in 10% acrylamide gels and run at 120 V for 90 min. Gels 

were cut at defined molecular weights, wet transferred onto the same nitrocellulose 

membrane at 0.6 A for 120 min, and blocked in 5% non-fat milk made up in tris buffered 

saline/0.1% tween 20 (TBST) for one hour at room temperature (SMAD) or overnight at 

4°C (FST). The membrane was then rinsed in TBST, and incubated in primary antibody 

either overnight at 4°C (SMAD) or for 3 hours at room temperature (FST). Primary 

antibodies were purchased from AbCam (Cambridge, MA) for FST (ab64490), and from 

Cell Signaling via New England Biolabs (Whitby, ON Canada) for pSMAD2 (Cat # 3108) 

and pSMAD3 (Cat # 9520). After this incubation, membranes were washed in TBST and 

then incubated in HRP-conjugated secondary antibodies for one hour at room 

temperature (Cat # 711-035-152; Cedarlane, Burlington ON). Images were obtained 

using enhanced chemiluminescence substrates (Cat # 1705060; BioRad, Mississauga 

ON) on a FluorChem imaging system. Ponceau S staining (Cat # P3504; Sigma-Aldrich, 
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Oakville ON) was used to verify loading, and was obtained via imaging of the 

membrane used for each target protein, which has been previously validated as an 

appropriate alternative to single protein normalization methods 164.  

Serum analysis 

Commercially available kits were used to measure serum FST in Gcgr+/+ and 

Gcgr-/- mice, specifically via ELISA (Cat # DFN00; R&D systems, Minneapolis, MN) and 

multiplex assay (Cat # MAGPMAG-24K; Millipore, Etobicoke, ON).  

Statistical Analysis 

Data are presented as means + SEM.  Comparisons between groups were 

completed using an unpaired t-test (or non-parametric alternative), two-way ANOVA, or 

three-way ANOVA (genotype*drug*time), as indicated in figure legends. Prior to 

statistical testing using ANOVA, data was assessed for normality and homogeneity of 

variance, and if failed data was log10 transformed prior to testing. The LSD post-hoc test 

was used for data analyzed by ANOVA. Statistical significance was defined as p<0.05, 

and is further identified in the figure legends.   
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4.4. RESULTS 

Acute exhaustive exercise increases hepatic FST mRNA expression  

To determine the effect of exercise in modulating hepatic FST expression, we 

first evaluated the effect of intensity. An acute bout of treadmill exercise performed at an 

exhaustive, but not moderate intensity, led to a marked increased in hepatic FST mRNA 

expression, and this occurred in both male (Figure 4-1A) and female (Figure 4-1B) 

mice. As acute exercise is known to increase circulating glucagon and epinephrine 

levels 156, we next wanted to determine if these hormones  alone were sufficient  to 

increase hepatic FST expression in vivo. Glucagon and epinephrine increased hepatic 

FST mRNA expression, and this occurred in both male (Figure 4-1A) and female 

(Figure 4-1B) mice. In contrast, four weeks of treadmill exercise training did not change 

hepatic FST expression when compared to sedentary controls (sedentary, 1.0±0.18 vs. 

exercise, 1.75±0.41; Mann Whitney test, p=0.24 for n=6/group), and in previous studies 

from our group we found little difference in hepatic FST expression after 10 weeks of 

voluntary wheel running (VWR) 165. Together, this data indicates that a single bout of 

exhaustive exercise increases hepatic FST expression, as do the exercise-inducible 

hormones glucagon and epinephrine.  
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Figure 4-1. Liver follistatin expression is increased in response to metabolic 
stimuli. Mice were subjected to a single bout of treadmill exercise at a moderate or 
exhaustive intensity with liver collected immediately post, injected with 1 mg/kg 
glucagon for 60 minutes, injected with 2 mg/kg epinephrine for 30 minutes, and liver 
follistatin (FST) mRNA expression was measured. Data from experiments using A) male 
and B) female mice are shown. An unpaired t-test, or Mann-Whitney test was used to 
compare each group to their respective control (shown as dashed line), and significance 
is shown as *p<0.05 or **p<0.01. In all panels, data is displayed as mean±SEM, and is 
indicative of n=6-8 mice per group. 
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The next aim of this study was to determine the role of glucagon and epinephrine 

in regulating FST mRNA expression during exhaustive exercise. First, we wanted to 

determine if the epinephrine-induced increase in hepatic FST expression could be 

attenuated by pre-treating male mice with the beta-blocker propranolol (20 to 60 mg/kg), 

for 30 minutes before epinephrine injection. Propranolol significantly attenuated 

epinephrine-induced increases in hepatic FST expression, and this was more 

pronounced at a higher dose (Figure 4-2). It should be noted that although propranolol 

at a dose of 20 mg/kg attenuated the effect of epinephrine to increase hepatic FST 

expression, it was not completely blocked.    
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Figure 4-2. Propranolol attenuates epinephrine induced increases in liver 
follistatin mRNA expression.  

Propranolol (20 to 60 mg/kg) was administered 30 min prior to epinephrine injection (2 
mg/kg for 30 minutes), and liver follistatin (FST) mRNA expression was measured. Data 
is displayed relative to control (white circles) and assessed via one-way ANOVA after 
log10

 transformation, with significance after LSD post-hoc testing shown between groups 
as indicated by lines, at *p<0.05, **p<0.01, and ***p<0.001. Data is displayed as 
mean±SEM, and is indicative of n=6-7 mice/group.  
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Role of glucagon and epinephrine during exercise 

As this experiment demonstrated that the effect of epinephrine could be 

attenuated with propranolol, we designed a study whereby mice deficient of glucagon 

receptor (Gcgr-/-) or wild type controls (Gcgr+/+) were either sedentary or exercised to 

exhaustion concomitant with pre-treatment of saline or the beta-blocker propranolol, and 

tissues were collected immediately post exercise (0 HR) and after 2 hours of recovery 

(2 HR) (Figure 4-3A). This design effectively allows for an evaluation of the individual, 

and combined, effect of glucagon and epinephrine during exercise. In pilot experiments 

using 40 mg/kg of propranolol, it was observed that mice were unable to consistently 

exercise, and thus in the subsequent experiments a dose of 20 mg/kg propranolol was 

used. In these experiments (Figure 4-3A) both male and female mice were examined, 

with female mice having a significantly lower body mass (p<0.001), but no difference 

between genotypes was observed (Table 4-1). After injection of saline or propranolol, 

mice were subjected to a single bout of exhaustive treadmill exercise (Figure 4-3A), and 

it was observed that time to exhaustion was negatively impacted by both genotype 

(p=0.03) and propranolol (p=0.07), but a two-way ANOVA interaction was not significant 

(Table 4-2).  
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Table 4-1. Body mass of male and female glucagon receptor wild type and 
knockout mice. Glucagon receptor wild type (Gcgr+/+) and glucagon receptor 
knockout (Gcgr-/-). Data was analyzed using two-way ANOVA, and is displayed as 
mean±SEM with n size included in brackets (note that total n=72). 

Genotype (G) Gcgr+/+ Gcgr-/- ANOVA 

Sex (S) Male Female Male Female G S G*S 

Body mass 
(g) 

27.8±0.7 
(n=21) 

21.2±0.5 
(n=15) 

27.1±0.9 
(n=13) 

22.1±0.5 
(n=23) 

p=0.93 p<0.001 p=0.21 

 

 

Table 4-2. Time to exhaustion in mice subjected to a single bout of exhaustive 
treadmill exercise. Data was analyzed using two-way ANOVA, and is displayed as 
mean±SEM with n size included in brackets. Abbreviations are, glucagon receptor wild 
type (Gcgr+/+), glucagon receptor knockout (Gcgr-/-), SAL (saline), and PROP 
(propranolol). 

Genotype (G) Gcgr+/+ Gcgr-/- ANOVA 

Drug (D) SAL PROP SAL PROP G D G*D 

Time to 
exhaustion  

65.2±3.6 
(n=12) 

64.8±2.2 
(n=12) 

63.8±3.2 
(n=12) 

52.3±3.5 
(n=12) 

p=0.03 p=0.07 p=0.09 
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Gcgr knockout mice have a blunted increase in hepatic FST expression post 
exercise 

Next, we aimed to determine whether glucagon and epinephrine synergistically 

regulate FST levels during exhaustive exercise, by measurement of both hepatic FST 

expression and protein content. First, hepatic FST mRNA expression was measured 

(Figure 4-3B), and post-hoc testing after a significant genotype*time interaction (p<0.05) 

indicated that there was an attenuated increase in hepatic FST mRNA expression in 

Gcgr-/- mice immediately post exercise (i.e. 0 HR) (p<0.01) but there was no genotype 

difference in the sedentary or 2 HR post-exercise values. In addition, post-hoc testing 

also identified that hepatic FST expression immediately after exercise was elevated in 

both Gcgr+/+ and Gcgr-/- when compared to their respective sedentary controls (p<0.001) 

as well as the 2 HR post-exercise group (p<0.001), and moreover, the expression of 

FST was lower in both Gcgr+/+ and Gcgr-/- at 2 HR post-exercise than sedentary 

(p<0.001). In addition to the genotype*time interaction, a significant three-way ANOVA 

main effect of genotype and time were observed (p<0.05 and p<0.001), but there was 

no main effect of propranolol (p=0.19). Second, to determine if the attenuated exercise-

induced increase in hepatic mRNA expression of FST in Gcgr-/- mice translated to 

differences in protein content, we measured FST levels by western blot (Figure 4-3C). It 

was observed that Gcgr-/- mice had significantly elevated FST protein content (three 

way ANOVA main effect, p<0.001), but there was no effect of exercise or propranolol. 

These data suggest that glucagon, but not epinephrine, regulate exercise induced 

increases in hepatic FST expression.   
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Figure 4-3. Liver follistatin expression is attenuated after exhaustive exercise in 
Gcgr knockout mice.A) Study design detailing experimental groups. B) Liver follistatin 
(FST) mRNA expression. C) Liver FST protein content. C) Representative western 
blots, with molecular weight marker indicated. Data was analyzed using a three-way 
ANOVA and associated main effects are indicated above each panel. Data is shown as 
mean±SEM (n=6 per genotype in each group, n=72 total). FST mRNA expression was 
log10 transformed prior to ANOVA, and significance after an LSD post-hoc test is shown 
only between genotypes as **p<0.01. In addition, and not outlined on the figure for 
clarity, in both Gcgr+/+ and Gcgr-/- mice the 0 HR time-point was different from sedentary 
(p<0.001) and 2 HR (p<0.001), and 2 HR was different from sedentary (p<0.001). 
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4.6. DISCUSSION 

 In this report, we provide data to support a role for glucagon in exercise-induced 

increases in hepatic FST expression, which supports that from two prior studies 105, 106. 

A novel aspect of our report is the observation that hepatic FST expression is impacted 

by exercise intensity. Moreover, we add that while glucagon and epinephrine increase 

FST expression at rest, only glucagon appears to have an influential role during 

exercise.  

The exercise-induced increase in hepatic FST expression we observed was 

dependent on intensity, as exhaustive-intensity treadmill exercise but not moderate-

intensity treadmill exercise led to an increase in hepatic FST expression, which adds to 

the previously published data demonstrating increases in hepatic FST expression after 

swim exercise 105. The differences between exhaustive and moderate-intensity exercise 

are likely quite complex, and in this study we chose to focus on glucagon and 

epinephrine as evidence indicates that the response of these hormones to exercise is 

dependent on intensity. For example, exercise to exhaustion led to a dramatic rise in 

circulating epinephrine and glucagon in humans, and the rise in glucagon was greater 

with longer durations of exercise 156. In addition to these hormones, it is also possible 

that FST is influenced by the energetic demand on the liver, as hepatic energy charge is 

reduced to a larger extent by exhaustive exercise than moderate exercise 166. Together, 

this data demonstrated that exercise intensity is a critical factor involved in control of 
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hepatic FST expression, which may be linked to changes in hormonal cues and/or 

hepatic energy balance. 

We expected that glucagon and epinephrine would have a synergistic role in 

regulation of hepatic FST mRNA expression during exercise, as both increased FST 

mRNA expression when injected. While we make the novel observation that the 

exercise induced increase in hepatic FST mRNA expression was blunted in Gcgr-/- 

mice, we cannot confirm a synergistic role of epinephrine in this process. The necessity 

of glucagon is supported from previous data, which demonstrated that the glucagon-to-

insulin ratio is critical for regulation of hepatic FST expression at rest and during 

exercise in humans and HepG2 cells 106. Thus, this would suggest that while glucagon 

and epinephrine act on the same pathway 157, they may have different physiological 

roles in regulation of FST. In support of this, it has been shown that epinephrine 

increases delivery of gluconeogenic precursors to the liver (e.g. lactate and fatty acids) 

whereas glucagon increases efficiency of gluconeogenesis, and a combination of the 

two hormones led to the greatest net effect on hepatic glucose production 167. Thus, this 

data may suggest that glucagon signaling is necessary for the exercise induced 

increase in hepatic FST expression, whereas epinephrine may not be required.  

The lack of effect of propranolol, and by extension that associated with blockade 

of epinephrine, in attenuating exercise-induced increases in hepatic FST expression 

was initially surprising. As we used the same dose of propranolol prior to exercise as 

that which attenuated FST expression induced by epinephrine injections, this would 
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suggest that the experimental design was appropriate; however, it is possible that the 

dose of propranolol was not enough to completely block the exercise induced increase 

in epinephrine. Yet, this seems unlikely as circulating epinephrine levels after 

subcutaneous injection of 100 µg/g has been reported to lead to much larger increases 

in circulating epinephrine levels (34.1 ng/ml at 30 min) 168 than seen with strenuous 

swim exercise (5.24 ng/ml) 169, at least in rats. Moreover, studies in humans have 

shown that administration of propranolol prior to exhaustive exercise (60% VO2max) 

leads to a potentiated increase in circulating epinephrine and glucagon 170. Thus, if 

propranolol acts as a non-selective β-blocker, and epinephrine can also signal through 

α-receptors, it is possible that epinephrine signaling was only partially blocked in our 

model. However, we observed an attenuation in exercise capacity, which mirrors work 

in humans 170, suggesting that propranolol was at least moderately effective in our 

model. Other approaches exist to limit epinephrine signaling during exercise, such as 

adrenalectomy. However, adrenalectomy in mice attenuates swimming exercise 

induced increases in Pepck mRNA expression 171, and has also been shown to 

attenuate exercise-induced increases in glucagon and alongside a greater reduction in 

insulin 172, potentially limiting this model as well. Thus, while we observed no effect of 

propranolol in influencing exercise induced increases in hepatic FST expression, it is 

possible that our design may have caveats, therefore we cannot completely rule out a 

role for epinephrine in exercise induced increases in hepatic FST expression.  
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 While we observed a significant exercise effect on hepatic FST mRNA 

expression and a blunting of the response in Gcgr-/- mice, there was no effect of 

exercise on the protein content of FST. This lack of change in protein content of FST 

could likely be explained by timing, and that transcription of mRNA to protein is not 

evident after just a single bout of exercise. It is possible that assessment of FST protein 

content after a longer time period post-exhaustive treadmill exercise, or perhaps after a 

few sessions, might demonstrate increases. However, hepatic FST protein content was 

found to be elevated immediately post swim exercise and in the recovery period 105, 

suggesting that the mode of exercise may be important for inducing FST protein content 

changes. In addition to this, it was observed that Gcgr-/- mice had elevated FST protein 

content in the liver, regardless of exercise or propranolol. The biological basis for this is 

not clear, but it is possible that the compensatory increases in cyclic AMP activity 

observed in Gcgr-/- mice may be a mediator 18, as it has been previously shown that 

forskolin, which activates cyclic AMP, increases FST expression and release in HepG2 

cells 106. Furthermore, we also examined the protein content of down-stream markers of 

FST signaling in the liver as FST is known to inhibit members of the TGF-β superfamily 

38, which activates a mothers against decapentaplegic homolog (SMAD) signaling 

cascade, including phosphorylation of SMAD2 and SMAD3 that form a complex with 

SMAD4 to exert biological effect 173. However, we observed no difference in 

phosphorylation of SMAD2 or SMAD3 after exercise, as well as no effect of genotype or 

propranolol (data not shown). Although we observed no change in these markers, 

others have observed elevated SMAD2 phosphorylation and gene expression post-
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moderate intensity treadmill exercise in soleus muscle of rats 174, whereas there is no 

change in SMAD2 phosphorylation after acute lengthening contractions in tibialis 

anterior 175. Thus, while there are clear increases in hepatic mRNA expression of FST 

after exhaustive exercise, this does not translate into changes in FST protein content or 

downstream markers of FST signaling, thus future investigation could expand to include 

additional time points or exercise models.  

In addition to the earlier points of discussion, we must address potential 

limitations of this study. First and foremost, circulating levels of FST were not included 

in this manuscript, and thus we cannot directly make any claims as to whether glucagon 

or epinephrine influence FST release from the liver at rest, or during exercise. Yet, it is 

important to mention that using an ELISA we had difficulty in measuring FST levels 

above the limit of detection, and using a multiplex assay with a lower limit of detection 

there was a technical error (low bead count) which prevented use of data. In continuing 

studies it is important to note that circulating levels of FST at rest are low in adult mice 

(200 pg/ml), which is approximately 10 fold lower than that observed in humans 105. 

Therefore to determine the regulation or actions of FST as a hepatokine, more sensitive 

analysis methods are likely required to pick up subtle changes that might be observed 

after exercise. Secondly, in the experiments using Gcgr+/+ and Gcgr-/- mice, males and 

females were pooled therefore whether there is sex specific effects in our model are not 

known. Third, and importantly, is whether signals aside from glucagon and epinephrine 

lead to an increase in hepatic FST expression during exercise. As Gcgr-/- still had an 
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increase in hepatic FST expression (~3 fold over rest), which was merely attenuated 

compared to Gcgr+/+ mice, it is possible that other hormones or signals may influence 

this response. As other metabolic perturbations such as sepsis increase circulating FST 

44, 165 and hepatic FST expression 165, delineating whether molecular signals aside from 

glucagon and epinephrine regulate hepatic FST expression may be of importance.  

Fourth, and finally, are results regarding epinephrine injections are divergent to that 

previously published by Hansen and colleagues, who showed that epinephrine 

decreased hepatic FST mRNA expression in female Naval Medical Research Institute 

(NMRI) mice 105. As both experiments used the same dose (2 mg/kg) and duration (30 

min) of epinephrine injection, and we completed experiments in male and female 

C57BL/6J mice, the likely reasons for discrepancy could be mouse strain or 

environmental features.  

 In summary, this is the first report to demonstrate that glucagon and epinephrine 

influence hepatic FST expression at rest, but only glucagon mediates exercise-induced 

increases. Future work should aim to uncover whether these increases in FST are 

necessary for exercise induced metabolic adaptations, and if glucagon and epinephrine 

regulate follistatin levels in response to diverse metabolic stimuli. 
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5.1. ABSTRACT 

Obesity can lead to impairments in hepatic glucose and insulin homeostasis, and 

although exercise is an effective treatment, the molecular targets remain incompletely 

understood. As IL-6 is an exercise-inducible cytokine, we aimed to identify if IL-6 itself 

influences hepatic glucose and insulin homeostasis, and if this response differs during 

obesity. In vivo, male mice were fed a low fat diet (LFD, 10% kcal) or high fat diet (HFD, 

60% kcal) for 7 weeks, which induced obesity and hepatic lipid accumulation. LFD and 

HFD fed mice were injected with or without IL-6 (400 ng, 75 min) and then with or 

without insulin (1 U/kg, 15 min), at which point livers were collected. In both LFD and 

HFD fed mice, IL-6 decreased mRNA expression of gluconeogenic genes and 

potentiated phosphorylation of AKT. To determine if this effect of IL-6 was directly on 

the liver, we completed in vitro isolated primary hepatocyte experiments from chow fed 

mice and cultured with or without exposure to free fatty acid (250 µm palmitate and 250 

µm oleate, 24 hours) to induce lipid accumulation. In both control and free fatty acid 

treated hepatocytes, IL-6 (20 ng/ml, 75 min) slightly attenuated insulin stimulated (10 

nM, 15 min) AKT phosphorylation.  Together, this data suggests that IL-6 may lead to 

improvements in indices of hepatic glucose and insulin homeostasis in vivo; however, 

this is likely due to an indirect effect on the hepatocyte.  
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5.2. INTRODUCTION 

It is estimated that over 30% of the adult population in the United States of 

America and Canada is obese 46, representing an economic cost of over $100 billion 176 

and $6 billion 177, respectively. The pathogenesis of obesity is associated with a number 

of deleterious metabolic effects, including hepatic manifestations that often include lipid 

infiltration and impaired control of glucose homeostasis. Thus, identifying therapeutic 

modalities to combat the detrimental outcomes of obesity may have important clinical 

implications.  

In this regard, lifestyle interventions such as exercise and diet are frontline options 

in the treatment of obesity, yet little is known as to the molecular mechanisms that may 

mediate the beneficial effects. Of interest, interleukin-6 (IL-6) is an exercise-inducible 

cytokine that has received much attention over the past two decades 178. IL-6 is 

increased in circulation after a single bout of exercise in both humans 82, 179 and rodents 

180, via release from muscle 82, 83, 179, adipose tissue 86, 87, and even the brain 88. In 

target tissues such as the liver, IL-6 binds to an IL-6 receptor complex to activate a 

signal transduction pathway that phosphorylates signal transducer and activator of 

transcription 3 (STAT3), and subsequently increases suppressor of cytokine signaling-3 

(Socs-3) expression as a negative feedback mechanism 100. Although a number of 

reports have investigated the role of IL-6 during exercise, using knockout mice 91-94 or 

pharmaceutical blockade 95, 96, 102, the effect of IL-6 on hepatic metabolism alone is 

conflicting, and little is known as to whether the response differs in a setting of obesity.  
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For example, a beneficial role of IL-6 has been observed, as acute exposure (i.e. a 

single injection or treatment) to IL-6 has been shown to decrease expression of 

gluconeogenic enzymes in chow fed mice and HepG2 cells, through a STAT3 

dependent mechanism 101. Additionally, IL-6 injections promote glucose stimulated 

insulin secretion and improve glucose tolerance in lean and obese mice 102. Alike to 

these data, deletion of IL-6 signaling in the liver via IL-6 receptor knockout 99, or liver 

specific STAT3 knockout 181, demonstrate an insulin resistant phenotype. In contrast, a 

detrimental role of IL-6 has also been suggested, as in HepG2 cells IL-6 was found to 

impair insulin action 104, and chronic exposure to IL-6 via mini-osmotic pump leads to 

insulin resistance in mice 182. While these studies have been primarily focused on lean 

mice, the effect of IL-6 has been incompletely investigated in a setting of obesity, and 

interestingly, obese mice have an attenuated response to IL-6 on phosphorylation of 

STAT3 in the liver 183. As there is clearly conflicting data as to the effect of IL-6 on 

hepatic control of glucose and insulin homeostasis, and little is known as to whether the 

response differs in an obese setting, additional information is required.  

The purpose of this study was to determine if IL-6 acutely influences indices of 

hepatic glucose and insulin homeostasis in vivo and in vitro, and to delineate whether 

this response differed in a setting of obesity and metabolic dysfunction. We found that 

IL-6 led to improvements in indices of glucose metabolism and insulin action in vivo in 

both lean and obese mice. However, IL-6 had a detrimental effect on insulin action in 

vitro using isolated primary hepatocytes.   
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5.3. METHODS 

In vivo experiments 

For in vivo experiments, C57BL/6 male mice (8 weeks old) were purchased from 

Charles River and fed a commercially available sucrose-matched low fat diet (LFD, 10% 

kcal from fat) or high fat diet (HFD, 60% kcal from fat) ad libitum for 7 weeks (LFD, Cat 

# D12450J and HFD, Cat # D12492; Research Diets, New Brunswick, NJ). Animals 

were housed individually in shoebox cages on a 12-hour light/dark cycle. The University 

of Guelph Animal Care Committee approved the animal protocols for in vivo 

experiments and these followed Canadian Council on Animal Care guidelines. 

Glucose and insulin tolerance testing 

The oral glucose tolerance test was conducted as previously described 102. Mice 

were fasted for 6 hours then injected (i.p.) with 400 ng of IL-6 (Cat # 216-16; 

PeproTech, Montreal QC) and after 30 minutes were orally gavaged with 2 g/kg  D-

glucose. Blood glucose was measured via tail snip pre and post IL-6 injection and then 

at 0, 15, 30, 60, and 90 minutes post glucose gavage via a handheld Freestyle Lite 

glucometer and glucose stripes (Abbott, Alameda CA). The insulin tolerance test was 

conducted as we have previously described 184. Mice had food removed approximately 

1 hour prior to intraperitoneal injection of insulin at 0.5 U/kg [Eli Lilly, Toronto, ON ]. 

Blood glucose was measured at 0, 15, 30, 60, 90, and 120 post-injection as described 

above.  
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IL-6 injection and tissue collection  

Recombinant murine IL-6 (Cat # 216-16; PeproTech, Montreal, QC) was injected 

as a 400 ng bolus, or equal volume of PBS as a control, as previously described 102. 

After 75 minutes, mice were injected with an intraperitoneal bolus of insulin (1 U/kg) or 

saline, and after 15 minutes mice were anesthetized with sodium pentobarbital (60 

mg/kg) and the liver was removed, frozen in liquid nitrogen, and stored at -80°C. 

Cardiac puncture was used to collect whole blood, which was allowed to clot, and then 

centrifuged for 10 minutes at 4,000 rpm at 4°C to collect the serum.   

Triglyceride assay and histology 

Liver triglyceride content was measured from a 20-30 mg piece of liver in LFD 

and HFD fed mice, as previously described 185. Liver tissue was fixed in 10% neutral 

buffered formalin for 48 hours, transferred to 70% ethanol, processed for hematoxylin 

and eosin staining at the University of Guelph Animal Health Laboratory, and images 

were obtained using an Olympus FX100 light microscope at 40x magnification.  

Primary hepatocytes isolation and culture 

Hepatocytes were isolated from chow fed mice (n=12) using a two-step 

collagenase perfusion technique as previously described 186, and in detail 187. The 

University of Missouri Institutional Animal Care and Use Committee and the Harry S 

Truman Memorial VA Hospital Subcommittee for Animal Safety approved study 

protocols for these experiments. After isolation, cells were plated on collagen-coated 
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plates and incubated at 37°C overnight in growth media (Williams E media 

supplemented with 10% FBS, penicillin/streptomycin, 4mM L-glutamine, 2 ng/ml 

Epidermal growth factor, ITS, 100 nM dexamethasone, 0.1% BSA, and 10 mM sodium 

pyruvate). After this, the media was switched to starvation media (Williams E media 

supplemented with 0.1% FBS, penicillin/streptomycin, 4 mM L-glutamine, and 0.1% 

BSA) with or without free fatty acid (FFA) at a concentration of 500 µM of 1:1 palmitate 

and oleate, similar to that previously described 186. After 24 hours, the media was 

replaced by starvation media with and without 20 ng/mL IL-6 (Cat # 216-16, Peprotech 

Montreal QC), and after 75 minutes included the addition of insulin (final concentration, 

10 nM) for another 15 minutes. Thus, the total exposure to IL-6 was 90 minutes. After 

this period, cells were washed in ice-cold PBS, collected in cell lysis buffer (50 mM 

HEPES, 12 mM Na3 pyrophosphate, 100 mM Na fluoride, and 10 mM EDTA) that was 

supplemented with phosphatase and protease inhibitors using cell scrappers, and 

frozen in liquid nitrogen.  

Hepatocyte palmitate oxidation 

Palmitate oxidation in primary hepatocytes was determined as previously 

described 187, 188, with minor modifications. After treatments, cells in 12-well plates were 

incubated with 14C-labeled palmitate reaction medium consisting of starvation media, 

0.25 µCi/ml [1-14C]palmitate, 100 µM palmitate, 0.5% BSA, 1 mM carnitine, and 12.5 

mM HEPES (pH ∼7.4) at 37°C for 3 h in triplicate. After 3 h, the medium from each well 

was collected, and an aliquot of medium was dispensed into the sealed trapping device. 
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The 14CO2 was driven from the media aliquot by addition of perchloric acid and trapped 

in 1M NaOH, which was collected and analyzed by liquid scintillation counting for 

determination of complete palmitate oxidation to CO2. The acidified medium was 

collected, refrigerated, and centrifuged (16,000 g, 4°C). An aliquot was analyzed by 

liquid scintillation counting for determination of the acid-soluble metabolites (ASMs) of 

palmitate oxidation. The cells were rinsed three times with ice-cold PBS and lysed with 

cell lysis buffer. The protein concentration of the lysate was determined by BCA assay. 

Hepatocyte immunohistochemistry 

Bodipy staining of hepatocytes was completed for visual identification of lipid 

deposition. After IL-6 exposure for 90 minutes, cells were washed three times in ice-cold 

PBS, and incubated under aluminum foil for 10 min with 1:10,000 Bodipy (Cat# D3922; 

ThermoFisher Scientific, Waltham MA) diluted in Hanks Balanced Salt Solution (Cat #, 

14175-095; ThermoFisher Scientific, Waltham MA). Images were obtained using a 

Zeiss Axio microscope at 20x magnification, and quantification was performed in 

ImageJ 189. 

Western blotting of whole liver and hepatocytes 

To process whole liver, approximately 20 mg of frozen tissue was homogenized 

using a cocktail of 30 x cell lysis buffer (Cat # FNN0021, LifeTechnologies) 

supplemented with phenylmethylsulfonyl fluoride and protease inhibitor cocktail as 

indicated, followed immediately by centrifugation (1500 g, 5 minutes, 4°C) and collection 
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of supernatant. To process primary hepatocytes, the suspended cell solution was 

sonicated, centrifuged (14,000 g, 15 minutes, 4°C), and supernatant collected. Protein 

content was determined via BCA 163, and prepared for western blotting using Laemmli 

sample buffer. Samples were run on pre-cast (hepatocyte) or homemade (liver) 

acrylamide gels, wet transferred onto nitrocellulose or PVDF membrane for liver and 

hepatocyte samples respectively, blocked using 5% milk for 1 hr at room temperature, 

and then incubated in primary antibody overnight at 4°C. Primary antibodies were 

purchased from Cell Signaling for AKT (Cat # 9272), pAKTSer473 (Cat # 9271), pAKTThr308 

(Cat # 9275), pSTAT3 (Cat # 9138), and STAT3 (Cat # 8678), AbCam for β-Actin (Cat # 

Ab8227), Cayman for PEPCK (Cat # 10004943), Millipore for Vinculin (05-386), and 

Santa Cruz for G6Pase (Cat # 25840) and β-actin (Cat # 81178). Membranes were then 

rinsed in TBST, and incubated in anti-rabbit or anti-mouse horseradish peroxidase-

conjugated secondary antibody using 5% milk in TBST at a concentration of 1:5000 for 

1 hour at room temperature and signals were detected using enhanced 

chemiluminescence. Phosphorylated and total proteins were run on separate gels, with 

loading controls used to verify equal loading.  

Real-time quantitative PCR of whole liver 

Approximately 20 mg of liver tissue was used to extract RNA using Qiagen 

RNeasy Mini Kits and Qiazol. cDNA was synthesized using Superscript II and diluted 

1:15. PCR plates were prepared using PCR reagent (QuantaBio, Beverly MA), RNase 

free water, gene expression assay, and cDNA. Gene expression assays were 
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purchased for Gapdh (Mm99999915_g1), G6Pc (Mm00839363_m1), Pck1 

(Mm01247058_m1), and Socs3 (MM00545913_s1) for use in these experiments (Cat # 

4331182, LifeTechnologies Mississauga ON). Data was analyzed using the 2-ΔΔCT 

method 143. Gapdh was used as an endogenous control gene, and the expression did 

not change between the experimental groups.  

Statistical analysis 

Data was first assessed for normality via the Shapiro-Wilk test and homogeneity 

of variance, and if failed was transformed prior to ANOVA. Statistical tests included an 

unpaired t-test (or non-parametric alternative), two-way ANOVA, two-way repeated 

measures ANOVA, or three-way ANOVA as indicated in figure legends. If a significant 

ANOVA interaction was found, pairwise comparisons were then completed using the 

Fisher LSD method. All data is presented as mean±standard error of the mean (SEM) 

and significance is indicated in the figure legends. Statistical tests were completed in 

Sigma Plot (San Jose, CA) and figures prepared using GraphPad Prism (La Jolla, CA).   
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5.4. RESULTS 

HFD feeding leads obesity and systemic metabolic dysfunction  

To verify the efficacy of 7 weeks of HFD feeding on development of obesity and 

metabolic dysfunction we assessed a number of endpoints. In comparison to the LFD 

fed control group, HFD fed mice had an increased body mass (Figure 5-1A), which 

occurred independent of change in liver mass (Figure 5-1B). Histological staining via 

hematoxylin and eosin (Figure 5-1C), as well as biochemical analysis of triglycerides 

(Figure 5-1D), identified that mice fed the HFD had increased liver lipid accumulation. 

Moreover, HFD fed mice had impaired insulin tolerance (Figure 5-1E). In addition, we 

have previously shown that HFD fed mice have increased adipose tissue mass when 

compared to LFD fed controls 86. Together, these data demonstrate that 7 weeks of 

HFD feeding leads to development of obesity and associated metabolic dysfunction.  
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Figure 5-1. Metabolic phenotype of mice fed a LFD or HFD for 7 weeks. A) Final 
body mass and B) liver mass after 7 weeks of feeding (LFD, n=28; HFD, n=29). C) 
Representative image from hematoxylin and eosin stained formalin fixed liver sections, 
40x magnification. D) Liver triglyceride content (LFD, n=6; HFD, n=6). E) Insulin 
tolerance test, expressed as blood glucose normalized to baseline (LFD, n=12; HFD, 
n=13). Data is presented as mean±SEM and was analyzed using an unpaired t-test (A, 
B, and D), or repeated measures two-way ANOVA (E). Statistical significance is shown 
as *p<0.05 and ***p<0.001. 
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IL-6 acutely alters indices of glucose metabolism in LFD and HFD fed mice 

To first evaluate the acute effects of IL-6 in vivo, we replicated prior experiments 

by Ellingsgaard and colleagues who found that IL-6 acutely improves oral glucose 

tolerance 102. As in their original report, we found that mice injected with 400 ng of IL-6 

at 30 minutes prior to an oral glucose gavage (2 mg/kg) had improved glucose 

tolerance, and this occurred in both LFD and HFD fed mice (Figure 5-2A to B). As this 

experiment demonstrated that IL-6 acutely impacts systemic glucose metabolism, we 

next aimed to identify whether IL-6 directly influences indices of hepatic glucose 

metabolism and insulin action, and if this differed in obese mice.   
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Figure 5-2. Acute injection of IL-6 improves oral glucose tolerance in LFD and 
HFD fed mice. In LFD and HFD fed mice, 400 ng of PBS or IL-6 was intraperitoneally 
injected and after 30 minutes was followed by a 2 g/kg glucose gavage, with blood 
glucose measured at indicated time points. Note that -30 min is IL-6 injection and 0 min 
is glucose gavage. A) Blood glucose response in LFD fed mice. B) Blood glucose 
response in HFD fed mice. Data is presented as mean±SEM (LFD, n=7/group; HFD, 
n=7/group) and was analyzed using a two-way repeated measures ANOVA (A-B). 
Statistical significance is shown as *p<0.05, **p<0.01, ***p<0.001. 
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To assess this, mice were injected with 400 ng of IL-6, or PBS as a control, and 

after 75 minutes were injected with 1 U/kg of insulin (INS) or saline (SAL), and livers 

were collected after 15 minutes. To measure IL-6 signaling in the liver, we used 

phosphorylation of STAT3 as our main endpoint, and mRNA expression of Socs3 132. 

STAT3 phosphorylation was increased after IL-6 injection (p<0.001), and we also 

observed a main effect of INS (p<0.05) and an IL-6*INS interaction (p<0.01) (Figure 

5-3A). Post-hoc testing identified an effect of IL-6 in SAL and INS groups (p<0.001 for 

both), and an effect of INS in IL-6 (p<0.001) but not PBS (p=0.74) groups, suggesting 

that phosphorylation of STAT3 in response to IL-6 was potentiated by INS. Similar to 

these data, we found an increase in Socs3 mRNA expression after IL-6 injection that 

was similar in LFD and HFD fed mice (p<0.001) (Figure 5-3B). Together, these data 

show that IL-6 injection activated IL-6 signaling in the liver and the degree of activation 

was not different, at least at the time point measured, in obese mice.  
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Figure 5-3. Acute injection of IL-6 increases markers of hepatic IL-6 signaling in 
LFD and HFD fed mice. In LFD and HFD fed mice, 400 ng of IL-6 or PBS was 
intraperitoneally injected and after 75 minutes either 1 U/kg of insulin or saline was 
intraperitoneally injected and livers were collected after 15 minutes. A) Phosphorylation 
of STAT3 expressed relative to total STAT3 (different gels). B) mRNA expression of 
Socs3 normalized to Gapdh. C) Representative western blots. Data is presented as 
mean±SEM (n=6-8/group) and was analyzed using a three-way ANOVA with main 
effects and interactions identified in text above. Statistical significance after post-hoc 
testing is shown as: #effect of IL-6 within SAL and INS groups at p<0.001, and §effect of 
INS within IL-6 at p<0.001. 
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We next assessed whether IL-6 influenced the expression and protein content of 

enzymes involved in hepatic gluconeogenesis. Tail blood glucose was measured before 

and after injection of IL-6, and there was no effect of IL-6 on blood glucose in either LFD 

or HFD fed mice (data not shown). The mRNA expression of Pck1 and G6Pc, which are 

gluconeogenic enzymes, was decreased after IL-6 injection (p<0.001), and there was 

also an effect of HFD to decrease G6Pc mRNA expression (p<0.001) (Figure 5-4A and 

B). HFD fed mice had increased protein content of PEPCK and G6Pase (p<0.01 and 

p<0.05, respectively), and was not influenced by IL-6 or INS injection in either LFD or 

HFD fed mice (Figure 5-4C and D). Together, these data suggest that IL-6 can rapidly 

decrease the expression of hepatic gluconeogenic enzymes in vivo, and this effect is 

not different in obese mice. 
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Figure 5-4. Acute injection of IL-6 decreases mRNA expression of gluconeogenic 
enzymes in LFD and HFD fed mice. In LFD and HFD fed mice, 400 ng of IL-6 or PBS 
was injected i.p. and after 75 minutes either 1 U/kg of insulin or saline was injected and 
livers were collected after 15 minutes. Liver mRNA expression of A) Pck1, B) G6Pc, and 
protein content of C) PEPCK and D) G6Pase. E) Representative western blots. Data is 
presented as mean±SEM (n=6-8/group) and was analyzed using a three-way ANOVA 
with main effects identified in text above. 
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IL-6 acutely alters indices of insulin action in LFD and HFD fed mice 

Next, we aimed to determine if hepatic insulin action was altered in LFD and HFD 

fed mice by injection of IL-6, and used phosphorylation of AKT at Ser473 and Thr308 as 

an index 11. For pAKTSer473, a main effect of INS and IL-6 was observed, indicating an 

increase with these treatments (p<0.001 and p<0.01 respectively) (Figure 5-5A). 

Moreover, there was also a DIET*INS interaction (p<0.05), and post-hoc testing 

identified an effect of INS within both the LFD and HFD fed group (p<0.001), but no 

effect of DIET within INS (p=0.05) or SAL (p=0.271) groups. For pAKTThr308 only a main 

effect of INS and IL-6 was observed (p<0.001) (Figure 5-5B). Despite the effect of IL-6 

on phosphorylation of AKT, IL-6 did not influence the ability of insulin to lower blood 

glucose (Figure 5-5C). Thus, as these data suggest that IL-6 is able to potentiate 

phosphorylation of AKT under both basal and insulin stimulation conditions, and as 

previous reports have shown that IL-6 promotes glucose stimulated insulin secretion 102, 

we next wanted to ascertain whether IL-6 was increasing insulin secretion in our model. 

Circulating levels of insulin were measured in LFD and HFD fed mice after injection with 

PBS or IL-6 (Figure 5-5D), and there was no detectable difference after IL-6 but only an 

effect of diet (p<0.05). Together, this data suggests that IL-6 is able to influence hepatic 

insulin action to a similar extent in lean and obese mice, and this may be independent of 

changes in circulating insulin.  
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Figure 5-5. Acute injection of IL-6 influences insulin action in LFD and HFD fed 
mice. In LFD and HFD fed mice, 400 ng of IL-6 or PBS was injected i.p. and after 75 
minutes either 1 U/kg of insulin or saline was injected and livers were collected after 15 
minutes. Western blotting was completed for phosphorylation of AKT at A) Serine 473 
and B) Threonine 308, expressed relative to total AKT (different gels). C) Blood glucose 
response to insulin, expressed as a percent of pre-insulin. D) Serum insulin levels 
measured using ELISA. Data is presented as mean±SEM (n=6-8/group) and was 
analyzed using a three-way ANOVA (A and B) or two-way ANOVA (C and D), with 
associated main effects and/or interactions identified in text above. Statistical 
significance after post-hoc testing is shown as: Φfor effect of INS within LFD and HFD 
fed group, p<0.001. 
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IL-6 has differential effects on control and fatty acid treated hepatocytes 

As IL-6 led to a robust effect in vivo, we next aimed to elucidate whether the 

effects of IL-6 were occurring due to a direct effect on the liver or secondary to other 

metabolic adaptations. To do this, primary hepatocytes were isolated from chow fed 

mice and exposed to media containing 500 µM free fatty acid (FFA) (250 µM palmitate, 

250 µM oleate) or standard conditions. The FFA treatment increased lipid accumulation 

visualized via Bopidy staining (Figure 5-6A and B) but did not impact palmitate oxidation 

to CO2 (Figure 5-6C), and neither of these measures was influenced by prior treatment 

with IL-6. As these endpoints suggest that FFA treatment led to lipid accumulation in the 

hepatocyte, we next aimed to determine if this setting would impact the response to IL-6 

(20 ng/ml, 90 min) or insulin (10 nM, 15 min). Of note, the experimental design used 

within this study aligns with previous work, as the concentration of IL-6 is the same as 

that using HepG2 cells 104, and the time frame of insulin exposure is the same as we 

have previously completed 186.   
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Figure 5-6. Characteristics of mouse primary hepatocytes under control or FFA 
conditions. Isolated primary hepatocytes were cultured using standard conditions or 
with 24 hour exposure to 250 µm palmitate and 250 µm oleate. A) Bodipy staining at 
20x magnification with quantification (n=4-5/group) B) Palmitate oxidation to CO2 

expressed as a percent of total (n=4/group). Data is presented as mean±SEM and was 
analyzed using a two-way ANOVA with associated main effects identified in text above. 
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First, phosphorylation of STAT3 was measured to determine if IL-6 exposure 

activated hepatic IL-6 signaling, and if this was impacted by FFA treatment. A main 

effect of IL-6 was observed confirming IL-6 signaling was activated (p<0.001), and there 

was also a main effect of FFA and INS (p<0.01 and p<0.05 respectively) (Figure 5-7A). 

Moreover, there were significant interactions observed between FFA*IL-6 (p<0.001) and 

IL-6*INS (p<0.05). Pairwise comparisons after a significant FFA*IL-6 interaction 

indicated that there was an effect of IL-6 within CON and FFA conditions (p<0.001 for 

both), and an effect of FFA within IL-6 (p<0.001) but not PBS (p=0.44) conditions. 

Pairwise comparisons after a significant IL-6*INS interaction indicated that there was an 

effect of IL-6 within no-insulin and insulin conditions (p<0.001 for both), and an effect of 

insulin within IL-6 (p<0.01) but not PBS (p=0.99) conditions. These data show that the 

IL-6 exposure activated IL-6 signaling in both CON and FFA hepatocytes, yet this effect 

of IL-6 was lower in FFA treated hepatocytes and was potentiated by insulin.   
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Figure 5-7. Phosphorylation of STAT3 in mouse primary hepatocytes.Isolated 
hepatocytes were cultured under standard conditions or with 24 hour exposure to 250 
µm palmitate and 250µm oleate followed by 90 minutes of IL-6 (20 ng/mL) with or 
without insulin (10 nmol/L) for the final 15 minutes. A) Quantification of western blot for 
phosphorylation of STAT3 relative to total (different gels). B) Representative western 
blots. Data is presented as mean±SEM (n=12 mice, 10-12/group) and was analyzed 
using a three-way ANOVA with associated main effects and/or interactions identified in 
text above. Statistical significance after post-hoc testing: FFA*IL6 interaction as †effect 
of IL6 within CON and FFA condition at p<0.001, or ¶effect of FFA condition within IL6 
condition at p<0.001; IL6*INS interaction as §effect of INS within IL6 at p<0.01, or 
#effect if IL6 within INS and no-INS at p<0.001. 
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Next, we investigated whether IL-6 exposure would influence insulin action in 

CON and FFA treated hepatocytes, and used phosphorylation of AKT at serine 473 and 

threonine 308 as an index 11. For pAKTSer473 there was a main effect of FFA (p<0.01), 

IL-6 (p<0.05), and INS (p<0.001) (Figure 5-8A). Likewise, for pAKTThr308 there was a 

main effect of INS (p<0.001) (Figure 5-8B). This data suggests that insulin treatment led 

to increased phosphorylation of AKT, and for serine 473 it was evident that pre-

treatment with FFA and IL-6 negatively impacted overall phosphorylation levels.   
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Figure 5-8. Phosphorylation of AKT in mouse primary hepatocytes. Isolated 
hepatocytes were cultured under standard conditions or with 24 hour exposure to 250 
µm palmitate and 250µm oleate followed by 90 minutes of IL-6 (20 ng/mL) with or 
without insulin (10 nmol/L) for the final 15 minutes. Quantification of western blot for A) 
phosphorylation of AKTSer473 and for B) phosphorylation of AKTThr308 and both are 
expressed relative to total (different gels). C) Representative western blots. Data is 
presented as mean±SEM (n=12 mice, n=10-12/group for pAKTSer473 and n=5/group for 
pAKTThr308 due to sample limitations), and was analyzed using a three ANOVA with 
associated main effects identified in text above. 
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5.5. DISCUSSION 

In this report we identify that a single in vivo IL-6 injection improves indices of 

glucose metabolism and liver insulin action in LFD and HFD fed mice. However, the 

outcomes observed in vivo are likely not solely due to a direct effect of IL-6 on the liver, 

as isolated primary hepatocytes maintained under control or lipid-laden conditions 

demonstrated a detrimental response to IL-6 on insulin action. Together, these data 

suggest an important role of IL-6 in control of glucose and insulin metabolism in vivo, 

and this is maintained in a setting of obesity. 

The IL-6 induced improvement in indices of glucose metabolism observed in our 

study was evident in both LFD and HFD fed mice. This builds on earlier work, which 

found that IL-6 leads to a decrease in G6Pase mRNA expression in chow fed mice 

through a STAT3-dependent mechanism 101. Interestingly, despite both observing a 

decrease in mRNA expression of gluconeogenic genes after IL-6, neither of our studies 

observed decreases in blood glucose. As other groups have shown that injections of IL-

6 for 7 days lead to decreases in both fed and fasted blood glucose 102, and STAT3 

adenoviral injections decrease blood glucose and mRNA expression of gluconeogenic 

enzymes in diabetic mice after 7 days 181, it is possible that an effect of IL-6 on blood 

glucose only manifests after longer-term exposure. On the other hand, IL-6 promotes 

glucose stimulated insulin secretion through a GLP-1 dependent mechanism to improve 

oral glucose tolerance 102, which we have partially replicated herein, providing evidence 

that IL-6 is able to rapidly modulate glucose homeostasis. Together these findings 
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suggest that the beneficial effects of IL-6 on whole body glucose metabolism are 

maintained in obese mice; however, the time course of these effects has not been 

completely delineated.  

In addition to an in vivo effect of IL-6 on indices of glucose metabolism, we found 

that IL-6 potentiated the phosphorylation of AKT in vivo, but led to a slight detriment in 

vitro. Given the discordance between these data, this suggests that the effect of IL-6 on 

phosphorylation of AKT in vivo is occurring secondary to a direct effect of IL-6 on the 

hepatocyte. As earlier work found that IL-6 promotes glucose stimulated insulin 

secretion in vivo 102, in our experiment IL-6 may have lead to an increase in circulating 

levels of insulin, which would then act to increase the phosphorylation of AKT. However, 

we found no differences in serum insulin when measured at 90 minutes post-IL6, thus it 

is possible that our preposition was incorrect, or that there were differences in serum 

insulin at earlier time points that we did not assess. Aligning with our findings, prior 

reports have demonstrated a necessary role of IL-6 signaling in regulation of insulin 

action. Specifically, loss of IL-6 signaling was found to impair insulin induced 

suppression of hepatic glucose production 181, 190, which was assessed using a 

combination of models such as liver specific STAT3 knockout, anti-IL6 antibody, and IL-

6 knockout mice. Despite this in vivo data, we found that IL-6 exerts a detrimental effect 

on indices of insulin action in primary hepatocytes, which is in agreement with work in 

HepG2 cells 104, thus this would suggest that the in vivo effects of IL-6 are occurring 

secondary to a direct effect on the liver.   
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An interesting finding from our study is that HFD fed mice had a similar response 

to IL-6 in vivo, but FFA treated hepatocytes had an attenuated response to IL-6 in vitro, 

when assessed via phosphorylation of STAT3. To our knowledge, only one previous 

study has assessed hepatic IL-6 resistance induced by obesity, and found that HFD 

feeding attenuated IL-6 induced phosphorylation of STAT3 in vivo, but not in vitro 183. As 

this previous report collected liver from chow and HFD fed mice at 15 and 45 minutes 

post IL-6 (500 ng), whereas we did from LFD and HFD fed mice at 90 minutes post IL-6 

(400 ng), it is possible that these subtle differences in control group diet, dose of IL-6, 

and time course of IL-6 exposure led to the divergent responses for phosphorylation of 

STAT3. Moreover, we treated primary hepatocytes with palmitate and oleate to model 

obesity; whereas, they used primary hepatocytes from 18 week HFD fed mice, and 

again a different dose and duration of IL-6 exposure was used. Together these data 

suggest that resistance to IL-6 is a potential outcome of HFD feeding or lipid 

accumulation, but our findings do not directly support that of earlier studies 183.  

In the current study we assessed the role of IL-6 on indices of hepatic metabolism, 

but it is also important to note that a number of recent studies suggest that IL-6 may 

mediate the beneficial actions of therapeutic modalities. For example, Amlexanox, 

which is an inhibitor of IκB kinase (IKK)-ε and TANK-binding kinase 1 (TBK1), acutely 

decreases markers of hepatic gluconeogenesis in obese mice through IL-6 release from 

adipose tissue 191, 192. Extending this work, supplementation with Amlexanox for 12 

weeks in people with type 2-diabetes attenuated post-prandial increases in insulin, 



    

 

 

111 

which occurred alongside increases in circulating IL-6 193. Similar to Amlexanox, a 

beneficial role for IL-6 has been found in acute treatment with TP-113, which is a 

docosahexaenoic acid (DHA)-Metformin compound 194. In this study, TP-113 was found 

to increase IL-6 production from skeletal muscle alongside increasing production of 

DHA and it’s downstream molecule, protectin DX (PDX) 194. Importantly, PDX 

administration lead to increases in muscle derived IL-6, and an IL-6 dependent 

decrease in hepatic gluconeogenesis 195. Thus, the contributions of IL-6 may be 

required for the ability of some treatments to have beneficial effects on glucose and 

insulin homeostasis.  

Despite the notable beneficial role of IL-6 discussed within this manuscript, we 

must acknowledge that a detrimental role of IL-6 exists. Particularly, circulating levels of 

IL-6 are increased during obesity and are reduced upon weight loss intervention in 

humans 196, and in mice this has been found to be due to secretion of IL-6 from 

macrophages within adipose tissue 197. As such, there are increases in IL-6 within the 

portal circulation during obesity, which may mediate some of the negative effects of 

HFD feeding we see on liver function 198. In line with this, when IL-6 was 

subcutaneously infused for 5 days it led to large decreases in the effects of insulin 182. 

Likewise, recombinant IL-6 administration to whole body IL-6 knockout mice for 15 

days, reported increased hepatic lipid deposition via up regulation of lipogenic enzymes 

199. Even epidemiological data has identified negative effects of IL-6, as older adults 

with higher levels of IL-6 have been found to be at increased risk of all-cause and liver 
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related mortality 200. As these data suggests that IL-6 is associated with detrimental 

outcomes, it is clear that the effects of IL-6 are still up for debate (as extensively 

reviewed previously 201, 202). It is possible that the conflicting data regarding the effect of 

IL-6 on hepatic control of glucose homeostasis can be partially explained by duration of 

exposure, and we believe that brief increases in IL-6 such as that induced by exercise 

or pharmaceutically may yield beneficial effects; whereas, prolonged increases may 

yield detrimental effects.  

Overall, our study demonstrates a beneficial role for IL-6 in acute systemic and 

hepatic control of glucose and insulin action in vivo that is maintained in conditions of 

obesity; however, this effect of IL-6 on insulin action did not occur in vitro. As our data 

add to a number of studies identifying a beneficial acute effect of IL-6, elucidating the 

potential mechanisms through which IL-6 exerts a beneficial response in vivo may lead 

to novel approaches to combat the deleterious effects of obesity.   
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6. INTEGRATED DISCUSSION 

The objective of this thesis was to identify whether physical activity, exercise, and 

exercise-activated pathways influence the response to acute metabolic perturbations of 

the liver, with the goal to delineate potential molecular mechanisms that may protect 

against acute and chronic disease. Although it has been known for decades that 

physical activity and exercise have robust effects on the musculoskeletal and 

cardiovascular system, the role of the liver has been more recently identified [reviewed 

in 64]. Understanding how physical activity and exercise lead to adaptations within the 

liver may help identify strategies to improve overall health. In sum, this thesis is 

comprised of three distinct studies, and the relevant findings are:  

1) VWR attenuates the liver inflammatory response after acute LPS exposure. 

2) The exercise induced increase in hepatic FST expression is mediated by 

glucagon, but not epinephrine. 

3) IL-6 improves indices of glucose homeostasis in both lean and obese mice, 

through a mechanism that may not directly involve actions in the hepatocyte. 

6.1. FUTURE DIRECTIONS AND LIMITATIONS 

 In study 1, it was demonstrated that habitual physical activity via 10-weeks of 

VWR attenuated the LPS-induced liver inflammatory response (2 mg/kg), with slightly 

greater protection after 6 hours than after 12 hours. Since the publication of this work 
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165, it has been demonstrated that 45 days of VWR protects mice against combined LPS 

(10 µg) and N-acetyl-D-galactosamine (GalN, 5 mg) induced inflammation when 

assessed after 5 hours 122. This was evident for ALT and AST, cellular free DNA, 

cleaved caspase 3 protein content, as well as mRNA expression of TNF-α, IL-6, and 

MCP-1 122. Additionally, it has been shown that aged mice (20-22 months) provided 

intermittent access to VWR (1-3 days on, 1-2 days off) were protected against fecal 

slurry induced increases in myeloperoxidase, but not against decreases in heart rate or 

cardiac output 203. Together, these papers build upon work that showed 4 weeks of 

treadmill training in rats blunted the effect of LPS (10 mg/kg, 20 minute intravenous 

infusion) to increase AST, ALT, creatine phosphokinase, lactate dehydrogenase, and 

histological liver injury 146. With these studies considered together, this data suggests 

that exercise or physical activity are able to protect against some of the deleterious 

effects of LPS, or sepsis, on hepatic inflammation.  

 To expand upon the study, a number of options exist. As a single dose (2 mg/kg) 

and two time-points (6 and 12 hr post) were used to assess if VWR altered the 

inflammatory response to LPS, the follow-up period could be extended to evaluate 

recovery and mortality after LPS injection, or a different dose could be used. For 

example, others have demonstrated significant mortality during the 7 days after LPS 

injections in aged mice (22 month) using a low dose (0.02 mg/kg to 0.33 mg/kg), and no 

protection in mice with prior access to VWR 118. However, using a high dose of LPS (15 

mg/kg), 3 weeks of treadmill training attenuated mortality and detrimental effects on 
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cardiovascular function (e.g. heart rate, mean arterial pressure, stroke volume, and 

cardiac output) in Wistar rats 204. Thus, it would be interesting to determine if a similar 

mortality occurs in our study, and if this is altered with VWR. In addition, as clinically 

important variables were only marginally assessed in this study (i.e. blood glucose), it 

would be beneficial to use clinically relevant methods of assessment such as 

temperature, heart rate, and blood gases, which is similar to that recently completed 35. 

Together, with these additional experiments, the study would then have much stronger 

translational impact, and thus could guide work in clinical populations, or at least aide in 

modeling epidemiological studies. 

An additional means of expansion would be to directly delineate if heat shock 

protein 70/72 (HSP70/72) and FST, are mediating any of the protective effect of VWR. 

We observed that liver HSP70/72 levels were ~1.5 fold elevated in liver 165, which is in 

agreement with a previous investigation using 8 weeks of treadmill training in rats 205, 

and even that which found a single bout of recumbent cycling at (~60% VO2 max) 

increases HSP72 release from the liver 206. A future direction could be to use whole 

body HSP70/72 knockout mice, or potentially even a targeted approach to the liver 

using viral vector injection through the tail vein. Likewise, it was also expected that FST 

may mediate the protective effects of VWR, as others have shown beneficial outcomes 

of FST treatment prior to LPS 44. It was initially anticipated that FST mRNA expression 

and circulating levels would be higher in mice with previous access to VWR after LPS, 

however the levels of FST in mice with prior access to VWR were similar or even 
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decreased. To continue this investigation and explore whether FST may mediate the 

protective effect of VWR, a number of options could be completed. First, LPS could be 

administered immediately after a single bout of exercise, as FST is an exercise-

inducible hepatokine 105, and this would also prevent the confounder of changes in body 

mass and adiposity after 10 weeks of VWR 165. Additionally, study II of this thesis made 

the novel observation that Gcgr-/- mice have higher levels of FST protein content, thus it 

would be interesting to determine if these mice are protected against LPS induced 

inflammation. Alternatively, an antibody against Gcgr could be provided to mice over a 

short time frame, similar to that previously described 207, to see if it up-regulates FST 

levels while removing some of the other lifelong effects of genetic deletion. An important 

consideration of these strategies is that they all would decrease blood glucose, which is 

also substantially decreased after LPS, so consideration into the glucose response may 

be necessary. In opposition to attempting to increase FST, to remove the effects of FST 

might be difficult, as FST knockout mice die shortly after birth 208. Yet, as the mice are 

commercially available (Cat # 002788, Jackson Lab), the heterozygote mice could be 

used instead of knockout mice, as previously completed for investigation of muscle 39. 

With these points in mind, study II aimed to determine the regulation of FST as a 

hepatokine during exercise. In this, acute exhaustive exercise led to an increase in 

hepatic FST expression, which was mediated by glucagon and not epinephrine. This 

builds on prior work, which has demonstrated that the exercise induced increase in FST 

is mediated by glucagon, and the glucagon-to-insulin ratio 106, 107. Other previous 
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studies in mice have detected increases in circulating FST levels after swim exercise, 

which peak at approximately 700 ng/L (700 pg/ml) at 2 hours post but are unchanged 

immediately post-exercise 105. Using the same assay as this study, we attempted to 

measure FST but found the limit of detection was too low (lowest standard is 250 pg/ml) 

and the samples tested were essentially undetectable. Moreover, we then used a 

multiplex assay that has a lower limit of detection, but unfortunately a bead count error 

prevented use of the data. As we successfully measured circulating FST via multiplex 

assay in study I, the technical error is unfortunate, as inclusion of circulating FST would 

strengthen this data set.  

In light of the issue of ELISA sensitivity or technical performance of the multiplex 

assay, and to circumvent the cost and sample requirements associated with purchasing 

another multiplex assay, we then attempted to western blot for serum FST (Figure 6-1), 

as previously described 209. For this analysis, recombinant mouse FST (Cat # 4718-20; 

BioVision) and a whole liver sample were used as positive controls, and the antibody 

used (Cat # ab64490, AbCam) suggests a predicted molecular weight for FST of 38 

kDA. From Figure 6-1, it can be appreciated that multiple bands are observed in all 

serum samples, with one close to the predicted molecular weight; however, the serum 

band appears to be slightly lower than that of both recombinant FST and liver, and there 

are a number of additional bands at molecular weights which do not correspond to the 

molecular weight of FST. Thus, this data provides evidence that serum protein content 

of FST may be measured via western blot. In ours hands, however, whether the bands 
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observed are actually FST should be validated prior to inclusion in a published study. 

One possibility to validate the antibody is to use serum or liver from FST knockout 

samples, or FST heterozygote mice, to discern whether the observed band is absent, or 

reduced.  
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Figure 6-1. Western blot for follistatin in serum. Follistatin (top) and Ponceau S 
staining (bottom) A total of 12 µg of protein was loaded for serum samples. Beside, 
mouse recombinant follistatin (BioVision) was prepared in 2x Laemlli sample buffer 
directly from a stock made up and 0.0001 µg/µl and loaded as 2 µl (0.0002 µg), 6 µl 
(0.0006 µg), 12 µl (0.0012 µg), and 24 µl (0.0024 µg) after a 10 minute boil at 100°C 
and then 6 µl non-boiled), and 5 µg of liver was run in the final lane. 
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Aside from limitations with the work of study II, a future direction could be to 

investigate how glucagon and epinephrine influence other exercise-inducible 

hepatokines. For example, ANGPTL4, which is a protein known to inhibit lipoprotein 

lipase, was recently discovered as an exercise-induced hepatokine 210. In this, they 

used somatostatin infusion to demonstrate that ANGPTL4 release during exercise was 

regulated by glucagon. It would be of value to measure hepatic mRNA expression, 

protein content, and circulating levels of ANGPTL4 in the samples collected from study 

II to determine if glucagon and epinephrine synergistically regulate levels during 

exercise. Likewise, a similar analysis could be done for FGF-21, which was identified by 

this same group as an exercise-inducible hepatokine regulated by glucagon 211. In 

addition to this targeted approach, a non-targeted option could be used on these 

samples, such as microarray, which could inform of novel genes known to be up or 

down regulated by acute exhaustive exercise. Commercially available microarray 

options exist (e.g. Cat # 902120, ThermoFisher), which have been completed in our 

department 212, therefore may be valuable to pursue. Extending this further, a second 

directive could be to validate whether the genes or proteins identified using microarray 

or RT-PCR were secreted as proteins by hepatocytes and not other cells of the liver, 

and to do this a cell culture approach could be used. In this, primary hepatocytes could 

be isolated from mice and after allowing adherence and growth, could be exposed to 

exercise-inducible factors such as epinephrine, glucagon, AMPK agonists such as 

metformin, or other substances. Then, both cells and media could be collected to 

delineate secreted proteins into the media, potentially identifying novel hepatokines. 
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In addition to these assessments, it would be of value to assess the impact of 

glucagon and epinephrine on circulating IL-6 and hepatic IL-6 signaling at rest and 

during exercise, as IL-6 has been of great interest since discovery as an exercise-

inducible myokine 82, 179. Some data does exist on this relationship, as in mouse 

hepatocytes it has been shown that glucagon exposure (50 nM) attenuates IL-6 (20 

ng/mL, 1 hr) induced phosphorylation of extracellular signal-regulated kinase (ERK) but 

not STAT3 213. On the other hand, IL-6 infusion at a high dose attenuates declines in 

blood glucose during fasting in parallel with an increase in glucagon levels 214. 

Moreover, in the face of an inflammatory challenge such as LPS, or simply high insulin 

levels, IL-6 amplifies glucagon secretion in vivo, and IL-6 amplifies glucagon secretion 

after epinephrine exposure in isolated pancreas islets 215. Likewise, epinephrine itself 

has also been shown to increase IL-6 production from perfused rat liver and Kupffer 

cells 216, and 2 hour infusion of epinephrine increases IL-6 mRNA expression and 

protein content in gastrocnemius and liver 217. This would together suggest that IL-6, 

glucagon, and epinephrine may influence one another, but how this is impacted during 

exercise is not known.  

As exercise increases glucagon and epinephrine 156, and given the relationships 

just discussed, whether these hormones influence circulating IL-6 or IL-6 signaling could 

be of interest and this could be expanded to look at the role of IL-6 on glucose 

homeostasis. A model of use could be a single bout of exercise, which increases insulin 

stimulated whole body glucose disposal, basal and insulin stimulated hepatic glucose 
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uptake and fractional extraction, and increases hepatic glycogen synthesis 218. Likewise, 

in obese models, 2 hours of swim exercise recovers AKT phosphorylation in the liver of 

8 week HFD fed and ob/ob mice 219. As others have shown this occurs in parallel with 

an increase in IL-6 in circulation up to approximately 80 pg/ml, at least when measured 

30 minutes after treadmill exercise (60-70% VO2 max) 220, it is possible that IL-6 may 

mediate these effects, which may be partly regulated by glucagon and epinephrine.   

In an experiment not included in the studies of this thesis, but from tissue of prior 

studies 221, liver phosphorylation of STAT3 was assessed after a single bout of treadmill 

exercise in LFD and HFD fed mice (Figure 6-2). After 2 hours of treadmill exercise at 15 

m/min (5% incline), mice fed a HFD for 7 weeks displayed an increase in STAT3 

phosphorylation but this did not occur in LFD fed mice. In building on prior work, this 

would indicate that exercise increases circulating IL-6 in HFD fed mice 220, and leads to 

activation of STAT3. In addition, Kurauti and colleagues used an IL-6 receptor inhibitor, 

tocilizumab, prior to exercise and found that it improved insulin tolerance and attenuated 

insulin clearance 220. To continue these investigations it would be of value to block the 

effects of IL-6 using tocilizumab or an IL-6 receptor-neutralizing antibody, or liver 

specific STAT3 knockout mice, and evaluate the effect on insulin action via 

measurement of phosphorylation of AKT and either hyperinsulinemic-euglycemic clamp 

or pancreatic clamp. Moreover, assessment of glucagon and epinephrine levels in 

response to exercise with these prior treatments would indicate the role that these 

hormones have on IL-6, and IL-6 dependent regulation of glucose homeostasis.   
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Figure 6-2. Liver STAT3 phosphorylation after acute exercise. Mice were fed a low 
fat diet (LFD) or high fat diet (HFD) for 7 weeks, and were then subjected to remain 
sedentary or one acute bout of treadmill exercise (1x, 15 m/min, 5% grade, 2 hours) and 
allowed to recover for 2 hours prior to tissue collection. Tissues were collected under 
insulin-stimulated conditions using contralateral i.p. injection (1 U/kg), or not. Quantified 
western blots for pSTAT3 normalized to STAT3 (different gels), and representative blots 
are below. Data is displayed as mean±SEM, and was analyzed using a two-way 
ANOVA after log10 transformation. Significance is shown between indicated groups 
after a diet*group interaction as ***p<0.001 using a LSD post-hoc analysis. 
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Study III of this thesis was designed with the purpose to examine the effect of IL-

6 on indices of hepatic glucose metabolism in lean and obese mice, as well as primary 

hepatocytes modeling a lean and obese environment. In these experiments, it was 

observed that IL-6 led to improvement of indices of glucose homeostasis in vivo but did 

not do so in vitro. In attempting to explain the discrepancy between in vivo and in vitro 

experiments, the most logical explanation is that contributions of other organs and 

tissues are involved in vivo, which are effectively removed in the hepatocyte 

preparation. Alternatively, it is also possible that the dose of IL-6 used between the in 

vivo and in vitro experiments may influence the outcome, and by conducting a dose-

response study this may yield additional insight. To the first point, however, IL-6 is 

known to increase glucose stimulated insulin secretion 102, thus it is possible that insulin 

levels are elevated after IL-6 injection that then act to reduce gluconeogenesis and 

phosphorylate AKT in the liver. To evaluate this, a next step could be to limit 

endogenous insulin secretion using infusion of somatostatin, which would allow for an 

evaluation of the effect of IL-6 independent of insulin secretion, and assessments could 

be made for the same indices completed in study III, or by others 102. Moreover, as IL-6 

has been shown to have no effect 222-224, a beneficial effect 225, or a detrimental effect 

103 on hepatic glucose homeostasis during a hyperinsulinemic-euglycemic clamp, a 

pancreatic clamp could be complete to determine the effect of IL-6 during basal, and 

controlled, insulin levels. Additionally, these investigations seem to be limited to a 

setting of either lean or obese, thus directly comparing mice fed multiple diets within the 

same study may be of importance.   
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6.2. MODELING PHYSICAL ACTIVITY AND EXERCISE IN RODENTS 

 A central aspect of this thesis is the use of different mouse models, in 

particular that of voluntary wheel running and treadmill running, which could be 

considered physical activity and exercise respectively. The use of different models may 

not be initially clear, but each was specifically chosen for the research question. In study 

1, VWR was used, as we believe it is a model of habitual physical activity. Our 

experiment was designed to try to model a person who engages in regular physical 

activity, such as a recreationally active individual, thus hopefully adding a translational 

aspect to the design. While only 10 weeks in duration in contrast to lifelong, which has 

been shown to improve survival but not maximal lifespan 226, this design is a more 

manageable way to assess the impact of habitual physical activity. In study 2, however, 

we used exercise via treadmill running. The main rationale for this was to allow for a 

consistent exercise perturbation between individual mice, and to focus on the metabolic 

response to a single bout of exercise, as opposed to that which accumulates over time 

during chronic studies. A similar model to acute treadmill running is swim exercise, 

which is often used in the literature. While swim exercise would also have been an 

option for study 2, our facility is equipped with multiple rodent treadmills and no 

appropriate heat controlled chamber for swim exercise.  

 It is important to note that swim exercise differs from treadmill exercise. For 

example, a previous study subjected male Wistar rats to treadmill training (3x/week, 

32.4 m/min, 15% grade, 1 hr), swim training (3x/week, 1 hr, ~35°C), or sedentary 
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control for 12 weeks, and collected tissue 48 hours after the last training session 227. 

They showed that there was no change in body mass after either mode of exercise 

training and that swim training led to a greater increase in plasma norepinephrine and 

epinephrine than treadmill training, among other findings 227. Aside from this published 

work, is that treadmill running and swimming each have pros and cons. For example, 

during swimming mice may be doing a natural activity, however as there is no ability to 

escape or rest, they are potentially in a survival situation. In contrast, during treadmill 

training mice are doing an activity not directly related to that observed in the wild, 

although they do run freely, but are not in a survival situation. Thus, there are many 

factors necessary when considering the mode of physical activity and exercise to use.  

Notwithstanding these ideas, it is important to acknowledge that VWR and 

exercise training via either treadmill running is substantially different. VWR is of volition, 

thus mice chose when they are active and when they are not. In studies documenting 

the wheel-running activity, mice are active in wheels during the dark period 228. We have 

found that individual mice can run upwards of 10 km a day, and do so at a pace 

approximately 1 km/h. In contrast, exercise training via treadmill running is forced, and 

for a set distance. For example, a standard protocol in our lab has been 4 weeks, with a 

graded intensity working up to 25 m/min (1.5 km/hr) for 60 minutes, 5 days a week. At 

most, this is 1500 m/day (1.5 km/day), which is much lower than many mice run during 

free access to VWR. Additionally, protocols for mouse treadmill running are often 

performed during the light phase, or the inactive phase of a mouse, which is opposite to 
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that done during VWR 228. In addition to these specific comparisons between VWR and 

treadmill training, they also influence metabolic outcomes. For example, rats with 

access to VWR had improved survival over 23 months when compared to sedentary 

and pair fed rats, yet in stark contrast treadmill training mice had the lowest survival 229. 

In addition to this study, and not related to lifespan, VWR and treadmill training 

differentially impact indices of hepatic mitochondrial biogenesis 68. As well, others have 

shown that VWR and treadmill training have differential effects on the gut microbiome in 

mice 230. Thus, a direct investigation of the different metabolic responses to long-term 

VWR, treadmill training, and swim training is needed.   

6.3. SUMMARY AND CONCLUSION 

Overall, this thesis has demonstrated that physical activity and exercise influence 

the acute response to diverse metabolic stimuli in the liver.  This thesis showed that 

VWR protects against LPS induced inflammation, exercise-induced increases in hepatic 

FST expression are mediated by glucagon, and IL-6 has acute beneficial effects on 

glucose homeostasis in LFD and HFD fed mice through a mechanism not directly 

involving the hepatocyte. Ultimately, this work highlights avenues in which the liver may 

be involved in the beneficial effects of physical activity and exercise, and in particular, 

how they influence the response to acute metabolic perturbations.  
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