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ABSTRACT 
 

 

THE EFFECTS OF DIET AND CHRONIC EXERCISE ON SKELETAL MUSCLE GHRELIN 

RESPONSE 

 

Andrew John Lovell 

University of Guelph, 2021

 

Advisor(s): 

Dr. David J. Dyck 

 

Ghrelin is an orexigenic hormone that was initially believed to only play a role in appetite 

regulation. Recently ghrelin has been shown to stimulate fatty acid oxidation and preserve 

insulin response in muscle in conditions of elevated fatty acid availability. These effects are lost 

following chronic high-fat feeding in skeletal muscle. Whether ghrelin’s peripheral effects are 

altered with exercise has not been examined. We found that ghrelin response was present in 

skeletal muscle following 5 days of high, or low-fat feeding, but lost following 6 weeks of a 

high-fat diet. Exercise was able recover ghrelin mediated increases in fatty acid oxidation and the 

preservation of insulin stimulated glucose uptake. The preservation of ghrelin response was 

accompanied by increases in CRF-2R content, the purported receptor for UnAG in skeletal 

muscle. These findings suggest that exercise is able to prevent the development of skeletal 

muscle ghrelin resistance in high-fat fed rats. 
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Chapter 1: Literature Review 

 

1.0 Introduction 

 

1.0.1 Background 

 

 

 Ghrelin is the only known orexigenic, endocrine hormone and was first isolated from the 

stomach of rats in 1999 (89). The name ghrelin is derived from Proto-Indo-European languages 

with “Ghre” meaning grow and “relin” referring to release (89). Initially, ghrelin was identified 

as an endogenous ligand for growth hormone (GH) secretagogue receptor (GHS-R) before its 

orexigenic and metabolic effects were documented (89). Ghrelin exists in two forms, unacylated 

(UnAG) and acylated (AG). Initial studies on ghrelin refer to AG as the “activated” form of 

ghrelin and UnAG as the “inactive form” implying that UnAG has minimal metabolic effects. A 

significant body of research (14, 22, 33, 34, 56, 92) has since emerged suggesting that UnAG is 

able to exert metabolic effects in peripheral tissues such as increased fatty acid oxidation in 

muscle and the protection of insulin stimulated glucose uptake in muscle during conditions of 

high saturated fatty acid availability. 

 

1.0.2 Ghrelin Production and Post-Translational Modification 

  

Ghrelin production primarily occurs in oxyntic glands in the stomach from endocrine 

P/D1 cells in humans (41) and A-like cells (often referred to as X/A-like cells) in rats (47). 
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Ghrelin released from these cells directly enters systemic circulation supplying the GI tract (41). 

Ghrelin can be post-translationally modified by acylation at Ser3 by an n-octanoyl group to 

produce the acylated form (90). This post-translation modification is catalyzed by the enzyme 

ghrelin-O-Acyl-transferase (GOAT) primarily in the endoplasmic reticulum through the 

provision of octanoyl-CoA from caprylic acid (89, 148, 177), although some research suggests 

GOAT is highly expressed in other peripheral tissues such as the liver and skeletal muscle (97). 

Interestingly, despite equal amounts of AG and UnAG being secreted, circulating levels of 

UnAG are significantly higher than AG in both rats and humans, (106, 152) suggesting 

deacetylation of ghrelin may occur in the plasma, or peripheral tissues (152). 

 

1.0.3 Ghrelin Kinetics 

 

Ghrelin levels typically experience a large pre-prandial rise (typically a two-fold increase 

immediately before a meal in humans) (39) with a very rapid (60-120 minutes) postprandial 

return to baseline (156). This may be influenced by a number of factors including vagal activity, 

gastric emptying rate, intestinal osmolarity and the macronutrient composition of a meal (8, 17). 

Carbohydrate rich meals have been shown to elicit a greater postprandial drop in ghrelin levels 

when compared to protein or fat (107, 123).  Ghrelin levels are decreased in conditions of energy 

surplus (i.e. obesity) and increased in energy deficit (i.e. anorexia) supporting ghrelin’s role in 

maintaining energy homeostasis. (119, 122, 157) 
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2.0 Central Effects of Ghrelin 

  

2.0.1 Appetite Regulation 

 

Ghrelin is typically defined by its well documented central orexigenic effects. Studies in 

both rodents and humans suggest that ghrelin is able to influence both acute feeding as well as 

long term maintenance of body weight. Since ghrelin is produced primarily in the stomach (89), 

an organ which is sensitive to short term nutrient flux, it is logical that ghrelin may be a key 

factor for meal initiation. Temporally, ghrelin’s orexigenic effects are supported as circulating 

levels of ghrelin are increased in rodents under fasted conditions and rapidly decrease following 

refeeding (39, 113), a finding which has been recapitulated in non-obese human subjects (6, 39, 

40, 156). Ghrelin’s role as a meal initiator is further supported by intracerebroventricular and 

intraperitoneal ghrelin administration resulting in a rapid increase in food intake in the early light 

phase of rodents (175), and following 4 hours of physiological ghrelin infusion in humans (174). 

Finally,  ghrelin administration has been shown to have a stimulatory effect on gastric emptying 

in both humans and rodents (95).  

 

2.0.2 Hypothalamic Effects of Ghrelin and Leptin  

 

Ghrelin acts through receptors (GSH-R1a) which are abundantly expressed in the 

hypothalamus to exert its orexigenic effects.  Primarily, ghrelin has been shown to signal through 

neuropeptide Y/agouti-related peptide (NPY/AgRP) neurons, supported by a significant 
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reduction in ghrelin-induced feeding in mice treated with NPY/AgRP antagonists (9, 114), and 

partial recovery of ghrelin’s effects in GSH-R1 null mice with the selective recovery of ghrelin 

receptor activity in NPY/AgRP neurons (165). Importantly, ghrelin also supresses anorexigenic 

pro-opiomelanocortin (POMC) neurons evidenced by a significant reduction in the firing activity 

of tagged POMC neurons treated with ghrelin, an effect lost in mice lacking hypothalamic 

GHSR activity (35). Importantly, ghrelin appears to directly counteract the effects of leptin, an 

adipocyte-derived hormone which also signals through the hypothalamus to inhibit food intake 

and increase energy expenditure. Leptin’s effects directly oppose that of ghrelin’s evidenced by 

an increase in POMC activation and decrease in NPY/AgRP activity following acute leptin 

administration in mice (38, 171) Importantly, ghrelin and leptin are intricately balanced and 

dysregulation in the circulating levels of these hormones is associated with obesity and T2D 

(88). 

 

 

2.0.3 GHS-R1 and CRF-2  

 

Two types of ghrelin receptors (GHS-R1a, and GHS-R1b) have been shown to exist; 

however only GHS-R1a is considered to be functionally active (1). Recent research implicates 

GHS-R1b in the regulation of GHS-R1a trafficking and signalling (104, 117). Classically, 

ghrelin’s effects are attributed to its interaction with the GSH-R1a receptor. Interestingly, only 

AG shows affinity for GSH-R1a. GHS-R1a is most abundantly expressed in the pituitary gland 

and the hypothalamus, but GHS-R1a mRNA has also been detected in several peripheral tissues 

such as the heart, adipose, liver, and skeletal muscle (158). The growing body of evidence 
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suggesting that UnAG is able to exert distinct metabolic effects on peripheral substrate 

metabolism has led to studies aiming at delineating potential receptors which UnAG may serve 

as a ligand for. Of interest, is the Corticotropin Releasing Factor family (CRF), more specifically 

the CRF type 2 receptor (CRF 2R) which has been shown to mediate UnAG induced increases in 

glucose uptake in C2C12 myoblasts (56).  

 

3.0 Peripheral Substrate Metabolism 

 

A growing body of literature has implicated ghrelin as a potential regulator of both lipid 

and carbohydrate metabolism in peripheral tissues. However there remains methodological and 

biological variables that make elucidating the direct metabolic effects of ghrelin difficult.  

 

3.0.1 Glucose Metabolism  

 

Glucose is the primary form of energy for a majority of cells in the human body. The 

maintenance of blood glucose homeostasis is prioritized to ensure delivery of glucose to glucose-

requiring tissues, particularly the brain (105, 108, 167). The pancreatic hormones glucagon and 

insulin exerting opposing effects on lipolysis (adipose tissue) and glucose production (liver),  

helping to maintain blood glucose levels within a narrow homeostatic range (7). Alterations in 

the signalling and action of these hormones (particularly insulin) are generally responsible for 

the hallmark symptoms of metabolic diseases such as diabetes and obesity (83). Insulin is 

secreted by pancreatic -cells when blood glucose is increased (e.g. after a meal) while glucagon 
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is secreted from pancreatic -cells and both result in alterations of hepatic glucose production 

(7). Glucagon serves to increase blood glucose through breakdown of glycogen in the liver in a 

process known as glycogenolysis (128) and also has a  role in lipid mobilization, supplying 

gluconeogenic precursors (e.g. glycerol) to the liver in times of low glucose availability (66). 

However, the contribution of glucagon in the regulation of lipolysis is relatively small in 

comparison to catecholamines (epinephrine and norepinephrine) which stimulate adrenergic 

receptors to increase lipolysis through the phosphorylation of hormone sensitive lipase (HSL) 

(72). Insulin has a contrasting role and serves to limit postprandial increases in glucose favouring 

deposition in peripheral tissues through increased glucose uptake and stimulation of glycogen 

synthase and reductions in lipid mobilization (45, 96). Importantly, insulin and glucagon exist in 

a finely tuned feedback loop ensuring proper maintenance of glucose homeostasis and as such, 

increases in insulin production results in lower pancreatic glucagon secretion (10). An important 

function of insulin is regulating glucose uptake in peripheral tissues such as skeletal muscle and 

adipose tissue.  

 

3.0.2 Confounding Effects of Growth Hormone 

 

A potential limiting factor in elucidating the direct metabolic effects of both AG and 

UNAG in vivo is a secondary rise in GH. AG is well known to stimulate GH release in both 

rodents (89, 175) and humans (149) and thus, it is often difficult to discern the direct metabolic 

effects of ghrelin independent of changes in secondary hormones. For instance,  GH typically 

leads to increases in lipolysis (65) which may subsequently influence glucose transport and 
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insulin signalling due to an increase in circulating fatty acids (FA) (121). In efforts to control for 

the potentially confounding effects of GH, some studies have used somatostatin infusion or GH-

deficient participants (55, 163); however this is often met with further limitations as GH 

deficient individuals typically exhibit impaired insulin sensitivity (69) and somatostatin fails to 

fully blunt increases in serum GH (163). In order to fully control for the potential confounding 

effects of GH, many studies examining the direct metabolic effects of AG and UnAG on 

peripheral substrate metabolism are conducted using in vitro models. 

 

 

 

3.0.3 Ghrelin, Insulin Secretion and Incretin Response  

 

Ghrelin production has been discovered in human pancreatic  and -cells within the 

islets of Langerhans (170) implicating ghrelin as a potential regulator of insulin secretion. 

However, the literature supporting how ghrelin’s influences insulin secretion is controversial. In 

both normal and diabetic rats, AG has been shown to increase insulin secretion (2, 68).  In 

rodents AG increases cytosolic Ca2+ release and stimulates insulin secretion from isolated 

pancreatic islets at ~8mM glucose (2, 42). However, in perfused rat pancreas ghrelin attenuated 

insulin secretion at higher glucose concentrations (48). Additionally, specific antagonism of 

GHS-R1a enhances insulin release under glucose stimulated conditions in isolated rat islets (46) 

further complicating ghrelin’s role in insulin secretion. In humans, intravenous AG injections 

decrease plasma insulin (3, 21) while others have failed to show this effect (99).  Teleologically, 

a stimulatory role for ghrelin on insulin secretion may not be desirable i.e. in the case of a missed 

meal. It is likely that ghrelin plays a role in a complex network of factors influencing insulin 
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secretion and more research is warranted to further elucidate ghrelin’s direct effects on insulin 

release. 

Incretin hormones are intestinally-derived hormones that regulate glucose homeostasis by 

altering muscle glucose handling, or potentiating insulin secretion (116). Ghrelin has been linked 

to glucagon-like peptide-1 (GLP-1) as AG administration in mice has been shown to enhance 

glucose stimulated GLP-1 and insulin release during an oral glucose tolerance test (OGTT)(53). 

This observation is lost following antagonism of GHS-R1a receptor or genetic deletion of GLP-1 

in rodents (53). In humans, ghrelin’s association with GLP-1 has been examined by assessing 

glucose clearance following a meal. Consistent with previous findings, AG infusion was shown 

to worsen glucose tolerance; however, antagonism of the GLP-1 receptor exacerbated these 

effects (124).  This finding suggests that GLP-1 may mitigate some of AG’s effects on glucose 

tolerance. Ghrelin’s direct role in the regulation of GLP-1 secretion has been challenged as 

supraphysiological AG levels did not increase GLP-1 in hypopituitary patients (82), a finding 

suggesting that ghrelin’s interaction with GLP-1 may be a function of a secondary rise in GH 

following AG administration. 

 

 

4.0 Regulation of Skeletal Muscle Glucose and Fatty Acid Metabolism by Ghrelin 

 

4.0.1 Insulin Signalling and Glucose Uptake 

 

Insulin signalling involves a complex cascade of receptor ligand interactions and 

downstream signalling proteins  resulting in the translocation of glucose transport protein 4 
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(GLUT 4) to the cell membrane in insulin sensitive peripheral tissues(73). Insulin first binds to 

the -subunit of the insulin receptor (IR) on the surface of the cell (43). This results in 

transphosphorylation of the  subunit which subsequently results in the recruitment and 

phosphorylation of insulin receptor substrate (IRS) through the activation of the IR tyrosine 

kinase activity (138).  Following IRS phosphorylation, phosphatidylinositol-3-kinase (PI3K) is 

recruited. PI3K catalyzes the formation of phosphatidylinositol (3,4,5)-trisphosphate  (PIP3) 

which acts as a docking site for phosphoinositide-dependent kinase-1 (PDK1) and protein kinase 

B (Akt) (67) which is ultimately activated via phosphorylation resulting in downstream 

signalling events (103).  Akt’s activity can be increased through phosphorylation at both serine 

(ser473) and threonine residues (Thr308) (137). Akt plays a pivotal role in mediating insulin’s 

effects on metabolism and thus, is most often studied for examining insulin action. Ultimately, 

AS160/TBC1D1 (Akt substrate of 160 kDa), which is downstream of Akt,  is phosphorylated 

resulting in GLUT 4 trafficking to the plasma membrane(133). 

 

Insulin stimulated glucose uptake is regulated through the translocation of GLUT 4 to the 

plasma membrane (adipocytes) and sarcolemma (muscle). Importantly the aforementioned 

insulin signalling cascade results in the translocation of GLUT 4 which exist in distinct vesicle 

pools, evidenced by insulin stimulation in conjunction with contraction eliciting the largest 

translocation of GLUT 4 in skeletal muscle (54).  Both insulin stimulation and contraction are 

able to rapidly increase glucose transport across the plasma membrane/sarcolemma through the 

activation of Akt and AS160 ensuring proper substrate delivery to peripheral tissues 

postprandially and during times of increased demand i.e. exercise (29). Finally, insulin is also 



 

  

 

 

 

 

10 

able to activate pyruvate dehydrogenase (PDH) by favouring the active non-phosphorylated form 

through increases in PDH phosphatase (PDP)(51). The PDH complex is responsible for 

converting pyruvate to acetyl-CoA  to supply the tricarboxylic acid cycle (TCA)(180) allowing 

for increased glucose disposal and oxidation under insulin stimulated conditions.  

 

 

4.0.2 Regulation of Insulin Action and Signalling by Ghrelin 

 

The effects of ghrelin on insulin signalling and action are relatively unclear. This is 

primarily due to the fact that studies examining insulin signalling often i) examine ghrelin’s 

chronic (but not acute) effects, ii) examine ghrelin’s effects on insulin signalling in the absence 

of insulin stimulated conditions, or iii) fail to control for the confounding effects of GH 

following ghrelin administration. 4 days of subcutaneous AG administration in rodents resulted 

in an increase in Akt phosphorylation in soleus (13), while an identical injection protocol with 

UnAG resulted in increased activation of IRS-1 and Akt in mixed gastrocnemius muscle (28). 

However, findings from our own lab in isolated rat skeletal muscle have shown no direct acute 

effect of ghrelin on Akt phosphorylation in either soleus or gastrocnemius muscle (32). Findings 

in healthy humans undergoing a euglycemic hyperinsulinemic clamp with simultaneous AG 

administration displayed findings similar to our work in rodents, with no changes in Akt or 

AS160 phosphorylation being observed in muscle biopsies (162, 164).  
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4.0.3 Regulation of Skeletal Muscle Glucose Uptake by Ghrelin 

 

Data from our lab suggests that ghrelin does not influence either basal or insulin-

stimulated glucose uptake in isolated rat EDL and soleus muscle (32). However, AG and UnAG 

have been shown to stimulate glucose uptake (56) in C2C12 myocytes. These results should be 

interpreted cautiously as myocytes do not always act metabolically the way mature skeletal 

muscle does, and in this study, myocytes were continuously exposed to ghrelin for up to 24hrs. 

Other studies have shown that chronic AG exposure may increase GLUT 4 mRNA (13, 56). 

Perhaps the most intriguing role for ghrelin as a regulator of glucose handling involves 

conditions of elevated FA availability. Findings in isolated rat myoblasts exposed to AG for 

12hrs support a role for AG in preventing palmitic acid induced impairments to insulin-

stimulated glucose uptake (62). Research from our own lab extends this finding to isolated rat 

soleus muscle showing that under conditions of high palmitate exposure, both ghrelin isoforms 

(particularly UnAG) are able to preserve insulin stimulated glucose uptake (33). Physiologically, 

this suggests that ghrelin isoforms may play an important role in preserving glucose 

homoeostasis following an acute increase in circulating FA (e.g. following a high-fat meal). This 

is likely due to UnAG’s ability to acutely stimulate FA oxidation in muscle (see 4.1.2). Clinical 

trials in healthy humans are relatively sparse and suggest a worsening of glucose tolerance by 

intravenous AG infusion  (154, 163).  A few studies suggest that UnAG may exert positive 

effects on insulin action when co-administered with AG (22, 55). However, UnAG administered 

alone did not alter insulin action (153). Finally, results from a study in which 552 young men 

underwent a 6-month exercise program, demonstrated a positive correlation between increases in 
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UnAG levels and insulin sensitivity independent of weight loss (30). Overall, more work is 

required to elucidate ghrelin’s role on muscle insulin action and glucose uptake in humans.  

 

 

4.1 FA Metabolism, Transporters and Oxidation 

  

 The entry of  FA’s into skeletal muscle involves protein mediated transport across the 

sarcolemma although this process was once argued to occur solely via passive diffusion (61). 

Several different FA transport proteins have been discovered including the fatty acid transport 

protein (FATP) 1-6 family, fatty acid binding protein (FABPpm) and the most abundant of the FA 

transporters, fatty acid translocase/cluster of differentiation 36 (FAT/CD36). FAT/CD36 and 

FABPpm expression are strongly correlated with the oxidative capacity of rodent muscle (120). 

FAT/CD36 has become the most intensively researched FA transporter. Its translocation to the 

sarcolemma is responsive to both insulin and contraction (80), similar to GLUT4. FAT/CD36 

translocation in response to insulin stimulation is PI3K and Akt dependent (80, 100, 160) and 

Akt activation is also required for contraction mediated CD36 translocation(81). Studies 

supporting a critical role for CD36 in FA transport and oxidation have utilized knockout (71) and 

overexpression (76) approaches which result in attenuated and enhanced FA transport and 

oxidation rates, respectively. Once across the sarcolemma, FA’s must be transported from the 

cytosol to the mitochondria where they are committed to oxidation. First, FA’s are converted to 

fatty acyl-CoA by acyl-CoA synthetase (ACS). They are then converted to fatty-acyl carnitine 

through the action of carnitine palmitoyltransferase-1 (CPT-1) which is widely considered as the 

rate limiting step in skeletal muscle FA oxidation (26). FAT/CD36 has also been identified on 
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the mitochondrial membranes of both rodents, (27) and humans (16) and is purported to play a 

critical role in long chain fatty acid (LCFA) transport at the level of the mitochondria. Following 

treatment of isolated mitochondria with the selective FAT/CD36 inhibitor sulfo-N-succinimidyl 

oleate (SSO) oxidation of palmitate (a LCFA) was reduced 80% (27). Following conversion to 

fatty-acyl carnitine by CPT-1, FA’s enter the mitochondrial matrix through the action of 

carnitine-acylcarnitine translocase (CACT) where carnitine is subsequently liberated by the 

action of CPT-2 allowing FA’s to undergo -oxidation for the generation of ATP. 

 

 4.1.2 Regulation of Skeletal Muscle FA Oxidation by Ghrelin 

 

Early findings implicating ghrelin as a regulator of FA oxidation were conflicting. Initial 

findings suggested that AG decreased fatty acid utilization, evidenced by increases in whole 

body respiratory exchange ratio (RER) in rodents (155). The ability for ghrelin to alter FA 

oxidation has now been documented by our lab in isolated rat skeletal muscle (33, 92) and others 

in cultured rat myoblasts (62). Our lab has shown that the direct exposure of isolated rat soleus 

muscle to both AG and UnAG results in increased exogenous palmitate oxidation (33, 92). Our 

results extend the findings by Barazzoni indicating that 4d of subcutaneous AG injections results 

in decreased TAG content in rat gastrocnemius (12). These initial findings suggested that fatty 

acid oxidation (utilization) may have been increased, but did not directly demonstrate this. 

Considering ghrelin’s sharp pre-prandial rise, it is tempting to speculate that ghrelin may play a 

role in stimulating the oxidation of ingested lipids; however, this requires further research.  
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Recent research, including some from our own lab has focused on the metabolic effects 

of ghrelin in skeletal muscle during periods of elevated FA availability due to the fact that 

ghrelin levels (particularly UnAG) are negatively correlated with insulin resistance in obesity 

and Type 2 Diabetes mellitus (127, 157). Increased lipid content in skeletal muscle is typically 

associated with decrements in insulin action and glucose handling (78, 93). Importantly, initial 

work by Barazzoni demonstrated that 4d of subcutaneous AG injections decreased 

triacylglycerol (TAG) content in rat gastrocnemius (12). AG has also been shown to decrease 

TAG content in myocytes incubated in 1mM palmitate (62).  In this model, glucose uptake was 

preserved relative to control suggesting ghrelin may exert a protective role in conditions of acute 

FA oversupply. Our lab provided further evidence for a protective role of UnAG in conditions of 

acute FA oversupply in isolated rat soleus, as insulin-stimulated glucose uptake and signalling 

were preserved following incubation with 2mM palmitate (33), an effect likely due to UnAG’s 

ability to stimulate FA oxidation (92). Interestingly, this effect was lost in isolated soleus from 

rats fed a high-fat diet (HFD) (33). Work from our lab also shows that neither AG or UnAG alter 

FA deposition into TAG, DAG and phospholipids (92), further supporting that ghrelin’s effects 

on preserving insulin action are a result of increased FA oxidation.  

 

 

 

4.1.3 Ghrelin Signalling, AMPK 

  

While ghrelin’s definitive cellular signalling pathways remain elusive, a growing body of 

evidence suggests that UnAG may act through 5’ adenosine monophosphate-activated protein 

kinase (AMPK) activation (91, 92). AMPK is a multi-complex heterotrimeric enzyme 
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responsible for energy-sensing and is primarily activated in response to increases in the ratio of 

AMP:ATP (87). Activation of AMPK is primarily achieved by phosphorylation of its -subunit 

at Thr172(172). This may explain ghrelin’s ability to stimulate FA oxidation as AMPK activation 

has been shown to reduce malonyl-CoA content (an endogenous inhibitor of CPT-1) by 

phosphorylating acetyl-CoA carboxylase (ACC) resulting in increased CPT-1 activity and FA 

oxidation. Importantly, work from our lab shows that ghrelin’s ability to stimulate FA oxidation 

in skeletal muscle is attenuated by etomoxir, a CPT-1 antagonist (33). However, other studies 

show no effect of ghrelin on AMPK (163). Ultimately, studies using AMPK knockout models 

may be required to solidify a direct role for ghrelin signalling through the AMPK/ACC axis.  

  

4.2 Regulation of Skeletal Muscle Lipolysis by Ghrelin 

 

While the evidence that ghrelin can inhibit isoproterenol-stimulated lipolysis in adipose 

tissue is well established (see 5.1.2)(34, 110), research examining the regulation of lipolysis in 

skeletal muscle is relatively sparse. Initial findings suggested that chronic ghrelin treatment may 

stimulate lipolysis as indicated by reductions in TAG content in gastrocnemius (following 4 days 

of in vivo AG injections) and cultured myoblasts (after 12 hr AG exposure) (12, 62). Findings 

from our lab support an acute, direct anti-lipolytic role for ghrelin evidenced by reductions in 

epinephrine-induced lipolysis in isolated soleus muscle, together with decreased phosphorylation 

of stimulatory HSL sites Ser660 and Ser563 (92). Taken together, these findings suggest that 

ghrelin may decrease skeletal muscle lipolysis, yet simultaneously promote the oxidation of 

exogenous FAs, resulting in an overall shift towards fat utilization in muscle which in turn may 
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spare glucose. However, this is contradicted by in vivo findings that peripheral administration of 

AG causes an increase in RER, indicative of greater carbohydrate utilization at the whole body 

level (155). 

  

5.0 Adipose Tissue Metabolism 

 

5.1 Lipolysis and Re-esterification 

  

Initially believed to be an inert storage depot for TAG, white adipose tissue (WAT) is 

recognized as a dynamic organ playing a key role in whole body metabolism through the release 

of adipokines allowing for communication with other tissues (36). The release of FA from WAT 

is primarily governed by TAG/FA cycling which involves the release of FA and glycerol, and the 

synthesis of TAG, through the processes of lipolysis and re-esterification respectively (84). 

Metabolic perturbations (e.g. fasting/exercise) result in increases in lipolysis. Lipolysis occurs 

through the sequential hydrolysis of TAG by lipase enzymes adipose triglyceride lipase (ATGL), 

HSL,  and monoglyceride lipase (MGL) (36). Of these, ATGL and HSL have been shown to 

account for 90% of TAG hydrolysis (136). The actions of these lipases result in FAs and glycerol 

being released into the blood to meet the metabolic demands for other peripheral tissues (e.g. 

liver and skeletal muscle).  FA re-esterification is the process which opposes lipolysis. In the fed 

state approximately 50% of FAs are released, while the other half are re-esterified (166). FA re-

esterification is achieved primarily through glyceroneogenesis whereby pyruvate is converted to 

glycerol-3-phosphate (G3P) by phosphoenolpyruvate carboxykinase (PEPCK) (52). G3P serves 
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as the backbone for TAG synthesis which occurs through the action of two enzyme, 

diacylglycerol acyltransferase (DGAT) and glycerol-3-phosphate acyltransferase (GPAT) (178). 

Additionally, pyruvate dehydrogenase kinase 4 (PDK4) aids in the provision of pyruvate for the 

synthesis of G3P via inhibition of the pyruvate dehydrogenase complex (PDH) which is 

responsible for the conversion of pyruvate into acetyl-CoA for oxidation (180). 

 

 5.1.2 Regulation of Lipolysis and Re-esterification by Ghrelin 

  

In adipose tissue, ghrelin appears to have an anti-lipolytic role, supported by AG blunting 

of adrenergically stimulated glycerol release (110). Our lab also supports an anti-lipolytic role 

for both AG and UnAG, as administration in adipose tissue organ culture (ATOC) results in an 

attenuation of 3-stimulated lipolysis by CL 316,243, a potent stimulator of lipolysis, in both 

visceral and subcutaneous adipose tissue (34). However, this is contradicted by in vivo findings 

indicating that AG infusion increases rates of abdominal and subcutaneous glycerol release under 

hyperinsulinemic and basal conditions i.e. conditions in which lipolysis is normally suppressed 

(163). However, ghrelin’s direct effects on lipolysis in vivo may be confounded by secondary 

increases in circulating GH which has been shown to be pro-lipolytic (134). To date, our lab is 

the first to suggest an inhibitory role for ghrelin on re-esterification as FA concentrations are 

maintained following adrenergic stimulation in the presence of AG and UnAG, which 

simultaneously blunt lipolysis (34). Thus, it is likely that re-esterification was inhibited by 

ghrelin, as a decrease in FA concentrations in the media would otherwise be expected following 

a reduction in lipolysis. 
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5.2 Regulation of WAT Signalling by Ghrelin 

 

Ghrelin appears to exert its anti-lipolytic effects in WAT through alterations in HSL 

phosphorylation. Work from our lab demonstrates reductions in CL-stimulated phosphorylation 

of HSL at stimulatory Ser563/660 residues (34). Ghrelin’s anti-lipolytic effects have also been 

demonstrated upstream of HSL at phosphodiesterase (PDE), by AG and UnAG treatment of 

primary rat adipocytes reducing cyclic adenosine monophosphate (cAMP) accumulation (11). 

Finally, administration of AG with CL increased extracellular signal-related kinase (ERK) 

activation in ATOC; however this finding  did not translate to increases in lipolysis following in 

vivo AG administration (34). ERK has been shown to phosphorylate HSL at Ser600 resulting in an 

increase in lipolytic activity (58); furthermore ERK activation can also be stimulated by GH 

suggesting that increases in ERK activation in WAT may not be directly due to ghrelin per se 

(15).  

 

6.0 Potential Modulation of Ghrelin Response in Muscle by Lifestyle Factors 

  

6.0.1 Insulin Action, Diet, and Exercise 

 

Many metabolic diseases stem from a surplus in energy balance. The etiology of diseases 

like obesity and type 2 diabetes (T2D) are direct manifestations of either a sedentary lifestyle or 

poor habitual dietary choices (94). Importantly, extensive research supports that changes in both 

diet and exercise patterns are amongst the most effective way for combating the development of 
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metabolic syndrome (169). Diet-induced weight loss (37), and acute and chronic exercise (132) 

both reverse decrements in insulin action thereby improving glycemic control (173). Exercise 

has also been shown to be effective in improving the response of both leptin and adiponectin in 

muscle  (109, 125) supporting a potential role for exercise in modulating ghrelin response in this 

tissue. Skeletal muscle insulin resistance is generally accepted to be an initial metabolic defect in 

the pathogenesis of obesity and T2D (45). Importantly, increases in reactive intramyocellular 

lipid content in skeletal muscle i.e. diacylglycerol, long-chain fatty acyl CoAs, ceramides, are 

typically observed in obese and diabetic individuals and have been shown to result in 

phosphorylation of IRS-1 at inhibitory Ser307(179) and impaired phosphorylation of Akt at Ser473  

(135) resulting in impaired insulin signalling and decreased GLUT 4 trafficking. Importantly, 

GLUT 4 translocation is responsive to contraction (primarily through AMPK activation) 

allowing for an alternative pathway to rectify impairments in glucose tolerance in insulin 

resistant states (57, 75, 139). Skeletal muscle FA oxidation has been shown to be influenced by 

exercise through changes in mitochondrial content and mitochondrial oxidative enzymes (60, 

70). This is primarily achieved through increases in the activation of peroxisome proliferator-

activated receptor (PPAR) coactivator 1-alpha (PGC-1), a key regulator of mitochondrial 

biogenesis, which is activated by numerous kinases following exercise including calmodulin-

dependent kinase 2 (CAMKII), p38 mitogen-activated protein kinase (p38 MAPK) and AMPK 

(4, 79, 176).  
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6.1 Ghrelin Resistance 

 

The concept of ghrelin resistance is relatively new, although as previously mentioned a 

hallmark of metabolic syndrome is hormone resistance in peripheral tissues. For instance, in 

obese/diabetic individuals peripheral tissues become resistant to a multitude of hormones (e.g. 

leptin, adiponectin, insulin). The response of muscle to leptin and adiponectin (stimulation of FA 

oxidation) are also attenuated following high-fat feeding (112, 142).  Ghrelin resistance has been 

shown to manifest centrally, as acute (12 hr) and chronic (12 wk) high-fat feeding leads to an 

attenuation of ghrelin’s orexigenic effects (118, 126). Furthermore, others have shown that 

following a high-fat diet, both GHSR expression and NPY/AgRP neuron expression are reduced 

in mice, potentially explaining central ghrelin resistance (20). Work examining the potential for 

ghrelin resistance to manifest in peripheral tissues is relatively sparse and can potentially be 

explained by alterations in a corticotropin releasing factor 2 receptor (CRF-2), a receptor which 

UnAG may exert some of its metabolic effects through (56). Recent findings from our lab show 

that CRF-2 content is reduced in rat skeletal muscle following HF feeding, a finding which 

coincides with a loss of UnAG’s ability to stimulate FA oxidation in these rats (33). The CRF-2 

receptor is purported to be a potential receptor for UnAG as evidenced by an attenuation of 

UnAG’s effects on glucose uptake following CRF-2 antagonism (49). More research is 

warranted in confirming UnAG’s ability to exert its metabolic effects through the CRF-2 

receptor; however, it is an intriguing possibility which may provide insight into the development 

of ghrelin resistance. 
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 In adipose tissue, HFD induced ghrelin resistance has been shown to manifest in as little 

as 5d, evidenced by a loss of either ghrelin isoforms ability to blunt CL stimulated lipolysis 

compared to 5d LF-fed controls. Interestingly, following 6 weeks of either HF, LF, or HF-

exercise interventions, ghrelin’s ability to blunt CL stimulated lipolysis was lost, suggesting that 

ghrelin resistance in adipose tissue may be a consequence of time rather than diet, however, the 

reason as to why ghrelin resistance may manifest in LF animals is currently unknown.  

 

6.2 Effects of Exercise on Ghrelin  

 

Studies examining the effects of exercise on ghrelin are mostly limited to its circulating 

concentrations and central effects. Generally, acute exercise in humans appears to modulate AG 

in an intensity dependent manner, with AG levels negatively correlating with increasing exercise 

intensity (23–25, 86).  However, these findings are challenged by a recent study in mice 

demonstrating increases in acylated ghrelin levels immediately following acute treadmill 

exercise (102). Regardless, studies reporting reductions in AG following exercise also report 

reductions in appetite during and immediately after exercise, although transiently (161). 

Importantly, AG suppression is not observed at lower exercise intensities (159). Conversely, 

UnAG levels are unresponsive to acute exercise (151). This lends itself to the possibility that 

exercise may further increase the UnAG:AG ratio allowing for the beneficial effects of UnAG on 

peripheral substrate metabolism to be amplified. Chronically, long term exercise (e.g. 6 months) 

results in increases in UnAG levels and improvements in insulin sensitivity and lipid profile 
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independent of changes in body weight (30, 31). These effects have also been shown following 

12 weeks of mixed aerobic and resistance exercise in overweight children (85).   

  

6.3 Effects of Diet Induced Weight Loss on Ghrelin 

 

As previously mentioned (see 1.0.3), circulating ghrelin levels are decreased in obesity 

and increased in anorexia. Ghrelin levels increasing following weight loss suggesting a pro 

obesogenic role for ghrelin necessitating the need for carefully planned dietary interventions (64, 

146). Research involving macronutrient content has been conducted to elucidate effective long-

term weight loss strategies. Interestingly, one study examining the effects of a reduction in 

dietary fat intake in the absence of energy restriction, suggests that weight loss can still occur 

without alterations in plasma ghrelin levels (168). Overall, more studies elucidating effective 

strategies to counteract increased ghrelin levels following weight loss are necessary. 

 

 

 

6.4 Alterations in Ghrelin Signalling with Aging and Exercise 

 

Research examining alterations in ghrelin signalling with aging are conflicting in nature. 

Some research suggests that GHS-R1a receptor content in adipose may be modulated by age in 

rodents (98).  However this has been challenged by studies demonstrating no change in GHS-

R1a mRNA, although this was not assessed at the protein level (147). It is also possible that less 

efficient signal transduction or simply lower circulating levels of ghrelin contribute to age related 

alterations in ghrelin action in humans (115, 129). However, other research suggests that in 
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humans, circulating ghrelin levels are unchanged with age (145). Examining alterations to 

ghrelin’s intracellular signalling events following aging/exercise remains to be studied.  

 

7.0 Summary 

 

In summary, despite the focus of a majority of the literature surrounding ghrelin being 

related to AG’s central effects, a role for UnAG and AG in the regulation of peripheral substrate 

metabolism is becoming increasingly clear. Despite this, more mechanistic research examining 

how ghrelin is able to exert its effects in peripheral tissues like skeletal muscle and adipose tissue 

is warranted. Additionally, whether ghrelin’s peripheral effects are altered in conditions of 

metabolic dysfunction (e.g. obesity, T2D), or are modulated with exercise/dietary interventions 

represents an important avenue for future research aimed at delineating ghrelin's potential 

relevance as a therapeutic intervention.  

 

Chapter 2: Thesis objectives 

 

The characterization of ghrelin’s peripheral effects has become increasingly studied. In 

particular, UnAG’s ability to stimulate fatty acid oxidation and subsequently preserve insulin 

stimulated glucose uptake in skeletal muscle exposed to high saturated fatty acids such as 

palmitate has been a finding documented by our lab (33).  Recently, we have also reported the 

phenomenon of peripheral tissues, such as skeletal muscle and adipose, developing a resistance 
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to ghrelin’s effects (33, 74). Previous research has shown a rapid development of peripheral 

resistance in skeletal muscle following high-fat feeding to other hormones such as leptin, 

adiponectin and insulin, that can be recovered following exercise training (59, 111, 130).  One 

study from our laboratory, examined the effect of exercise training on the response of adipose 

tissue to ghrelin while feeding a high-fat diet, and found no protective effect (74)  However, no 

studies to date have investigated exercise training as a potential intervention to protect ghrelin 

response in skeletal muscle.   

Previous work from our laboratory has shown that 6-weeks of high-fat feeding results in 

a complete loss both ghrelin isoforms’ ability to stimulate fatty acid oxidation and subsequently 

preserve insulin stimulated glucose uptake (33). Therefore, the primary objective of this thesis 

was to investigate if exercise training could preserve ghrelin response in skeletal muscle isolated 

from rats simultaneously fed a high-fat diet. Additionally, given that the response of muscle to 

other hormones such as leptin and adiponectin is rapidly impaired following acute high-fat 

feeding (<1wk) (111), we aimed to assess if high-fat feeding results in a similar rapid impairment 

in ghrelin response. We hypothesized that training would protect ghrelin response in chronically 

high-fat fed rats, and would be accompanied by increased mitochondrial content/markers, as well 

increases in CRF-2R content, the purported receptor for UnAG in skeletal muscle (56). We also 

hypothesized that ghrelin’s ability to stimulate fatty acid oxidation would be significantly 

diminished following 5 days of high-fat feeding i.e. rapid development of ghrelin resistance. 
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Chapter 3 : Introduction 

 

Ghrelin, an orexigenic hormone once believed to only play a role in appetite regulation, 

can also regulate peripheral tissue fat, and carbohydrate metabolism (12, 33, 34, 92). Ghrelin 

exists in two isoforms, n-octanoyl-modified, commonly referred to as acylated ghrelin (AG), and 

unacylated ghrelin (UnAG). Both isoforms exhibit a rapid pre-prandial rise and post-prandial 

decline in the plasma (39). Ghrelin’s orexigenic effects are well documented and largely 

attributed to the central effects of AG binding to growth hormone secretagogue receptors (GHS-

R1a) in the hypothalamus (165). The results from studies examining ghrelin’s peripheral effects 

in vivo may be confounded by secondary increases in growth hormone (GH) which has been 

shown to impair insulin sensitivity (121). This has necessitated studies using isolated tissues in 

order to directly examine the effects of both ghrelin isoforms on peripheral substrate metabolism.  

 

Skeletal muscle represents a significant depot for the clearance of post-prandial substrates 

such as glucose and fatty acids (44, 76) and is as an important tissue in the etiology of metabolic 

diseases like obesity and type 2 diabetes. A growing body of work from our lab and others 

supports a role for ghrelin in stimulating fatty acid oxidation in cultured myocytes and isolated 

skeletal muscle particularly in situations of increased saturated fatty acid availability (33, 62, 92).  

Furthermore, recent work from our lab suggests that ghrelin, particularly UnAG, is able to 

largely prevent impairment of insulin stimulated glucose uptake in conditions of increased 

saturated fatty acid exposure, evidenced by a preservation of AKT and AS160 phosphorylation 

as well as insulin stimulated glucose uptake in isolated rat soleus (33).  This suggests a possible 
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role for ghrelin in mediating post-prandial substrate metabolism in situations of elevated fatty 

acid availability such as following a meal. 

 

Obesity is often a result of poor habitual dietary choices and a sedentary lifestyle (94), 

ultimately resulting in impaired insulin action, as well as resistance to other hormones that 

regulate muscle substrate utilization. Previous work from our lab has shown that following 6-

weeks of high-fat feeding in rats, isolated skeletal muscle is resistant to both of ghrelin isoforms 

ability to stimulate fatty acid oxidation and preserve insulin stimulated glucose uptake (33), 

confirming the development of ghrelin resistance. Initial work in cultured myoblasts supports a 

role for corticotropin releasing factor receptor 2 (CRF-2R), as evidenced by reductions in UnAG-

induced stimulation of glucose uptake following treatment with anti-suavagine-30, a selective 

CRF-2R antagonist (56). In agreement with these findings, skeletal muscle from 6-week high-fat 

fed rats show significant reductions in CRF-2R content (33). 

 

In many cases, evidence of metabolism dysregulation in muscle can be detected after 

relatively brief periods of time. For instance, following acute (< 5d) high-fat feeding, rat skeletal 

muscle becomes resistant to the stimulatory effects of both leptin and adiponectin on fatty acid 

oxidation (111) Importantly, the action of these hormones in muscle are impaired prior to the 

development of insulin resistance, strongly implying that hormonal resistance may play an 

important role in the initial development of metabolic disease (111, 130). Similar findings have 

been shown with regards to ghrelin’s central effects, as both very acute (12 hr) and chronic 

(12wk) high-fat feeding leads to an attenuation of ghrelin’s orexigenic effects (118, 126), 
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accompanied by a decreased expression of both hypothalamic GHSR, the central receptor for AG 

(20). Finally, exercise training for 2 to 4 weeks has proven effective in restoring the response of 

skeletal muscle to the hormones such as leptin and insulin while simultaneously feeding a high-

fat diet (59, 130). No studies have examined the impact of exercise training on muscle ghrelin 

response. 

 

Given previous findings demonstrating the rapid loss of response to other hormones such 

as leptin and adiponectin by high-fat diet, it is reasonable to speculate that ghrelin’s effects on 

peripheral substrate metabolism in skeletal muscle may also be attenuated significantly earlier 

than 6-weeks. Furthermore, we hypothesize that exercise training may prevent the diet-induced 

development of ghrelin resistance in muscle.  Thus, the objectives of this study were to 

determine i) if skeletal muscle ghrelin resistance manifests following short term high-fat feeding 

(5d) and ii) whether 4-weeks of endurance training concurrent with high-fat feeding can prevent 

the development of skeletal muscle ghrelin resistance. We hypothesize that exercise training will 

prevent the development of ghrelin resistance in skeletal muscle which will subsequently 

preserve ghrelin’s stimulatory effects on fatty acid oxidation and preservation of insulin 

stimulated glucose uptake during acute high palmitate exposure. Additionally, we hypothesized 

that exercise training may prevent significant reductions in CRF-2R content. 
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Chapter 4: Methods 
 

Materials and Reagents 

Reagents, molecular weight markers, and nitrocellulose membranes for all western 

blotting were purchase from BioRad (Mississauga, ON Canada). Synthetic acylated (Cat. No- H-

4862) and unacylated (Cat. No. H-6264) rat ghrelin was purchased from Bachem (Torrence, Ca, 

USA) The Glucose Transporter 4 (GLUT4; Cat. No. 2213S) antibody was purchase from cell 

signalling. Antibodies for citrate synthase (CS; Cat No. ab129095) cytochrome c oxidase (COX 

IV; Cat. No ab16056) and corticotropin releasing factor-2 receptor (CRF-2R; Cat. No ab104368) 

were purchased from Abcam (Cambridge MA). The antibody for growth hormone secretagogue 

receptor 1-alpha (GHS-R1; Cat. No sc-374515) was purchased from Santa Cruz Biotechnology 

(Dallas, TX). The antibody for peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC-1; Cat. No. AB3242) was purchased from Millipore (Billerica, MA, USA). The 

FAT/CD36 (M025) antibody was kindly provided by Dr. Graham Holloway’s lab (University of 

Guelph, ON Canada). Western lighting plus enhanced chemiluminescence (ECL) was purchased 

from Perkin Elmer (NEL105001EA). NP40 cell lysis buffer (Cat. No. FNN0021) was obtained 

from Life Technologies. Phenylmethylsulfonyl fluoride (PMSF) (cat. No78830), protease 

inhibitor (Cat. No 9599) palmitic acid (Cat. No. P0500), D-glucose (Cat. No. G-8270), 

Dulbecco’s modified eagle’s media (DMEM; Cat. No. D5030), D-mannitol (Cat. No. M  9546), 

2-deoxyglucose (Cat. No. D8375) and sodium pyruvate (Cat. No. P8574) were all obtained from 

Millipore Sigma. Bovine Serum Albumin (BSA; Cat. No A7030) was purchased from Sigma 

Aldrich. Radiolabeled palmitic acid (Cat. No. 0172A), D-mannitol (Cat. No. 0127) and deoxy-D-
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glucose (Cat. No. 0103) were all purchased from American Radiolabeled Chemicals Inc. (St. 

Louis, MO, USA). Insulin (Humulin rDNA origin) was purchased from Shoppers Drug Mart 

(Guelph, ON Canada) 

Animals 

 

For 5 day feeding experiments, male Sprague-Dawley rats were ordered from Charles 

River Laboratories at approximately 6wks of age (175-200g). Rats were given access to a 

standard chow diet for 4 days (Teklad 2018 laboratory rodent diet, Envigo) and water ad libitum, 

prior to beginning 5 days of either high-fat (60% kcals fat, D12492, Research Diets) or sucrose 

matched low-fat (10% kcals from fat, D12450J, Research Diets). For 6wk dietary intervention 

and exercise-training experiments, rats were ordered at approximately 4wks of age (75-100g), 

given a similar 4-day acclimation period on standard chow diet, and subsequently provided with 

ad libitum access to 10% or 60% kcal fat diets for 6wks. For all experiments, rats were housed in 

groups of 3-4 at 22-24C with a 12hr reverse light:dark cycle. Prior to all surgical procedures, 

rats were fasted overnight with a brief reintroduction of food (30-45 min) at the beginning of 

their 12 hr dark cycle and approximately 2-3 hrs prior to surgical interventions. This method has 

been confirmed previously by our lab to prevent high levels of endogenous circulating ghrelin 

that would typically occur after a fast (33, 34, 92). Baseline body weights were determined the 

first Monday that diet was introduced, and weekly body weights and food intake were 

subsequently recoded every Monday after and tracked over the course of the 6wk dietary 

intervention.  

Rodents were anesthetized via intraperitoneal injection of sodium pentobarbital 
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(6mg/100g body weight) prior to all surgical procedures and were euthanized by intracardiac 

injection of anesthetic after all tissues were removed. For all surgeries involving exercise-trained 

animals, a 48hr period without training was employed to prevent acute effects from the final bout 

of exercise. All procedures were approved by the Animal Care Committee at the University of 

Guelph and followed the Canadian Council of Animal Care Guidelines. 

 

Exercise Training 

 

For 6wk high-fat fed (60% kcal) rats, a subset of animals began a 4wk treadmill training 

protocol (Exer 3/6 Treadmill Serial No. 130254; Columbus Instruments OH) after the initial 

2wks of high-fat feeding. Rats were given three, brief 5, 10, and 15 minute acclimation periods 

on the treadmill during the second week of high-fat feeding and began training the following 

(3rd) week. All animals within each round of experiments were trained at the same time each day 

during their dark (active) cycle. The training protocol intensity increased in a stepwise manner 

beginning at 10m/min and 0% incline for one hour during the first week. In week two, animals 

trained at 15m/min at 5% incline for one hour; in the third week, speed remained constant at 

15m/min and incline was increased to 10% for one hour. Finally, during the final week speed 

was increased to 20m/min while the incline remained constant at 10% for one hour. In the final 

two weeks of training (weeks 3 and 4), animals were subjected to 6 intermittent sprints lasting 1 

minute at ~30-40m/min . This protocol is similar to previous training protocols utilized by our 

laboratory (101, 131). 
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Glucose Tolerance Tests 

 

After 5wks of either high-fat or low-fat feeding, rats were subjected to an intraperitoneal 

glucose tolerance test (IPGTT) following an overnight fast. A small incision was made, and 

fasting blood glucose (t=0) was measured via the tail vein using a FreeStyle Lite glucometer, 

followed by a 2.0g/kg body weight injection of glucose solution. Subsequent measurements of 

blood glucose were made at t=15, 30, 45, 60, 90, and 120 minutes post injection and were used 

to calculate area under the curve (AUC) for the assessment of glucose tolerance in low-fat, high-

fat, and high-fat exercise trained animals. 

 

Determination of Ghrelin Response by Assessment of Fatty Acid Oxidation 

 

Experimental design for the assessment of fatty acid oxidation in both low and high-fat 

fed animals was identical and all incubations were carried out in an identical fashion as 

previously described (33). Briefly, soleus muscle strips were excised tendon to tendon and 

placed in sealed vials to equilibrate for 30 minutes in a 30C shaking water bath in a pre-gassed 

(95% O2, 5% CO2)  incubation media of DMEM supplemented with 8mM glucose and 4% BSA. 

Remaining soleus muscle from each animal was frozen at -80C to assess static protein markers 

(transporters, oxidative markers, ghrelin receptors, etc.).  In experiments examining the effect of 

6wks of diet and training, muscles were transferred into a buffer containing either low (0.2mM, 

baseline) or high (2mM, for the acute induction of impaired insulin action) palmitate with or 

without 150ng/mL AG or UnAG. This was done for the purpose of assessing the ability of 
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ghrelin to stimulate fatty acid oxidation, as well as to protect muscle from becoming less 

responsive to insulin during exposure to 2mM palmitate (see section below for determination of 

glucose uptake). For 5-day diet experiments these concentrations were adjusted to 1.0mM and 

2.0mM palmitate respectively, as we were only interested in the assessment of FA oxidation as a 

marker of ghrelin response, and not whether ghrelin was able to preserve insulin action in the 

presence of high circulating palmitate. After two hours of palmitate exposure, muscles were 

transferred to vials sealed with rubber stoppers for an additional two hours containing the 

identical palmitate and ghrelin concentrations with the addition of 0.5mCi/mL 14C-palmitic acid 

for the assessment of palmitate oxidation, along with a 500uL Eppendorf tube. Following 

radiolabeled palmitate exposure 250uL of benzethonium hydroxide and 1 mL of sulfuric acid 

were injected through the rubber stopper into to the Eppendorf tube and incubation media 

respectively, in order to liberate 14CO2 gas from the muscle. The acidified flask was left for two 

hours at room temperature to allow the radiolabeled 14CO2 gas to be trapped by the 

benezethonium hydroxide solution. Following this, muscles were removed from the flask, 

trimmed of any visible tendons, weighed and the Eppendorf containing the trapped gas was 

placed into a 5mL liquid scintillation vial containing scintillation cocktail (CytoScint-ES), 

quenched overnight in complete darkness, and counted the following day for 5 mins per sample 

using a PerkinElmer Tri-Carb LSC 4910 TR liquid scintillation counter. 
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Determination of Insulin Action by Assessment of Glucose Uptake 

 

Glucose uptake was assessed as previously described (32, 33, 150). For technical reasons, 

glucose uptake, as well as insulin signalling (see below), was determined in separate set of 

animals (LF, HF, HF trained for 6 wks). Briefly, soleus muscle strips from one leg were excised 

tendon to tendon and placed in sealed vials containing pre-gassed (95% O2, 5% CO2)  incubation 

media in a 30C shaking water bath for the duration of the experiment. Muscles were 

equilibrated in DMEM supplemented with 8mM D-glucose and 4 % BSA before being 

transferred to a medium containing either low palmitate (0.2 mM), or high palmitate (2.0mM) for 

4 hours with or without the addition of AG or UnAG. This was essentially the same as the 

incubations for the determination of fatty acid oxidation. Vials were re-gassed with 95% O2, 5% 

CO2 gas halfway through the incubation (at 2hrs) to ensure viability of the muscle strips. 

Following 4 hr of palmitate exposure, muscles were briefly washed for 30 minutes in incubation 

media containing 36mM D-mannitol and 4mM sodium pyruvate before being transferred to the 

final experimental buffer containing 28mM D-mannitol, 8mM 2-deoxyglucose, 4mM sodium 

pyruvate, radiolabeled 14C-mannitol and 3H-2-deoxy-D-glucose for 30 minutes. Insulin was 

added to both the 30 minute wash and uptake buffers. Following this, muscles were quickly 

blotted and trimmed of all visible tendon before being boiled and digested at 95C in 1.0M 

NaOH for 10 minutes. 200ul of muscle homogenate was then sampled in duplicate and added to 

scintillation vials with 5mL of CytoScint-ES scintillation cocktail (MP Biomedicals, 

Burlington, ON, Canada). Samples were then vigorously shaken and allowed to quench in 

complete darkness overnight before being counted for 5 minutes using a PerkinElmer Tri-Carb 
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LSC 4910 TR liquid scintillation counter for 5 minutes the following day.  

 

Western Blotting 

 

Incubations to assess insulin signalling (at Akt Thr308 and Akt Ser473) were identical to the 

incubations used to assess glucose uptake with the exception of insulin being excluded from the 

30 minute wash  following 4hr palmitate exposure. Muscle strips were taken from the other leg 

(not used for glucose uptake). Following the 30 minute wash, muscles were treated with insulin 

(with or without ghrelin) for 20 minutes and then immediately frozen in liquid N2. Markers for 

insulin signalling were not quantified in time for the completion of this thesis, but will be 

included in the final published manuscript. For the assessment of training markers (COX IV, CS, 

PGC 1) receptor content (CRF-2R, GHS-R1), and transporters (FAT/CD36, GLUT4) a piece 

of soleus was excised during palmitate oxidation experiments before being flash frozen in liquid 

N2 and stored at -80C until further analyses. Soleus pieces were chipped under liquid N2 into 

20-30mg samples and homogenized (using Qiagen TissueLyser LT)  in 500uL of ice-cold cell 

lysis buffer supplemented with phenylmethylsulfonyl fluoride (PMSF)  and protease inhibitor. 

Samples were then homogenized for 8 minutes (4 sets of 2 minute intervals) and centrifuged at 

1500g for 15 minutes at 4C. Protein concentrations were then assessed using the bicinchoninic 

acid (BCA)  assay (140) to allow for equal protein concentrations. Proteins were then separated 

by molecular weight using electrophoresis on 10% acrylamide gels (15% for COX IV) and wet 

transferred onto nitrocellulose membranes for 1h at 100V and 4C. Membranes were then 

blocked in 5% BSA or 5% skim milk powder plus TBST for 1h at room temperature before a 15 
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minute wash with TBST. Primary antibody diluted at  1:1000 was subsequently added to the 

membrane and left shaking overnight at 4C. The following day, membranes were washed for 30 

minutes (2 x 15) before being incubated with secondary antibody diluted at 1:2000 for one hour 

at room temperature.  Following this, membranes were again washed for 30 minutes with TBST 

followed by a 10 minute wash in TBS. Bands were visualized and quantified using ECL and 

Alpha Innotech Software respectively. Alpha-tubulin was used as a loading control 

 

Statistics 

 

All data are expressed as mean  standard deviation and statistical significance was set at p 

<0.05. To analyze body weight, caloric intake, food intake, and fasting blood glucose tolerance 

test data in 6wk HF-fed, LF-fed, and HF exercise animals, and 5d HF/LF body weights, a 

repeated measures two-way ANOVA test was used. In these figures, asterisks were used to 

denote significant differences between treatment groups. In 5d HF/LF animals total food and 

caloric intake was analyzed using an unpaired t-test. IPGTT AUC was quantified by calculating 

peak area above baseline blood glucose concentration (mmol/L) at t=0 mins for each animal. 

Western blots in 6wk HF-fed, LF-fed, and HF Ex were analyzed using an ordinary one-way 

ANOVA. Glucose uptake and palmitate oxidation in 6wk HF-fed, LF-fed, and HF Exercise 

animals as well as palmitate oxidation in 5D LF vs 5D HF animals was analyzed using a 

repeated measures two-way ANOVA.  In these figures, letters denote statistical significance such 

that groups sharing a common letter are not statistically different from each other. In all instances 

of statistical significance, Tukey's multiple comparisons post hoc testing was used. 
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Chapter 5: Results 
 

 

Body weight and caloric intake following 5d HF/LF-fed animals  

 

Despite 5d HF-fed animals having significantly increased caloric intake (p<0.0001; Table 1), 

body weight did not significantly differ between 5d HF or LF-fed animals at either time point 

(p>0.05; Table 1).  

 

 LFD HFD p-value 

Initial body weight (g) 154.0±2.8 152.8±1.9 p=0.9999 

Final body weight (g) 229.3±3.2 238.1±4.0 p=0.0985 

 Body weight (g) 75.3±8.0 85.4±14.9 p=0.1126 

Total caloric intake (kcal) 326.8±4.5 457.3±40.9 p<0.0001 

Table 1: 5d HF/LF diet and body composition 

 

Initial, final, and  body weight, and total caloric intake in 5d LF/HF-fed animals. Body weights 

were analyzed using a repeated measures 2-way ANOVA. Caloric intake and  body weight 

were analyzed using an unpaired t-test. Data is expressed as the mean  standard deviation. p < 

0.05 was considered statistically significant. 

Skeletal muscle from 5d low or high-fat fed rats remains responsive to UnAG’s ability to 

stimulate fatty acid oxidation 

 

Given previous studies from our lab in leptin and adiponectin, we sought to determine if 
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ghrelin response was altered in 5d LF and HF-fed animals. Previous work from our lab using 

younger animals (e.g. ~ 3 months old, 200-250 g), briefly fed a standard chow diet (~5 d) has 

demonstrated a responsiveness to both ghrelin isoforms, and particularly UnAG’s ability to 

stimulate fatty acid oxidation (33).  In isolated soleus from both 5d low-fat and high-fat fed 

animals (~230-250g), rates of palmitate oxidation were significantly increased in high (2.0mM) 

palmitate concentrations relative to medium (1.0mM) palmitate, in the absence of ghrelin 

(p<0.05; Figure 1). UnAG was able to significantly stimulate fatty acid oxidation at both 

medium (p=0.0678 LF-fed, p<0.05 HF-fed) and high palmitate concentrations (p<0.05 for both 

LF and HF-fed), indicating that UnAG’s stimulatory effects are still present following 5d of 

high-fat (and low-fat) feeding.  
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Figure 1. Palmitate oxidation following 5d diet 

 

Rates of palmitate oxidation in isolated soleus muscle from 5d LF and HF-fed animals following 

medium palmitate (MP; 1.0 mM) or high palmitate (HP; 2.0mM) exposure +/- AG/UnAG 

(150ng/ml) ghrelin treatment. Data were analyzed using a repeated measures two-way ANOVA 

(n=8 for each) and expressed as individual data points and the mean  standard deviation.   

p < 0.05 was considered statistically significant. Data sharing a letter are not statistically 
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significant from each other within each diet condition. 

 

Effects of 6wk HF feeding and exercise training on body weight, caloric intake and whole 

body glucose tolerance 

 

6wk HF-fed rats had significantly increased body weights compared to LF-fed animals 

beginning after one week of diet (p<0.005; Figure 2C). 6wk HF-fed rats had significantly 

increased body weight compared to HF exercise-trained animals for the duration of the 4wk 

exercise period (p<0.05; Figure 2C). Body weights were not significantly different between 6wk 

LF-fed animals and HF exercise-trained animals following training (p<0.05; Figure 2C).  LF-fed 

animals consumed significantly more food for the duration of the study (p<0.005; Figure 2A), 

but energy intake was significantly greater in the 6wk HF-fed group relative to LF-fed animals 

for the duration of the study (p<0.0001; Figure 2B), and HF exercise-trained animals for the first 

three weeks of training (p<0.05; Figure 2B) 

6wk HF-fed rats had significantly higher blood glucose levels compared to 6wk LF-fed 

rats at 30 (p=0.0034), 45 (p=0.0014), 60 (p=0.0105), 90 (p=0.0102), and 120 (p=0.0082) minutes 

indicated by asterisks (*) (Figure 2D). 6wk HF-fed rats had significantly higher blood glucose 

AUC than both LF-fed and HF exercise-trained (p=0.0020; p=0.0357 respectively; Figure 2E),  

demonstrating an improvement in glucose tolerance with training. 
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Figure 2. Body weight, caloric intake, and blood glucose measurements following 6wk 

diet/training. 

   

Food intake (Figure 2A), caloric intake (Figure 2B), body weights (Figure 2C), blood 

glucose concentrations (Figure 2D), and glucose AUC (Figure 2E) following 6wk low-fat, high-

fat, or high-fat exercise-training interventions. Body weight, food intake, caloric intake (n=17-

19/group), and blood glucose tolerance data (n=9-11/group) were analyzed using a two-way 

ANOVA, and are expressed as mean  standard deviation.  The AUC was analyzed using a one-
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way ANOVA. p<0.05 was considered statistically significant. Asterisks (*) denote significant 

differences between groups, such that one asterisk indicates a difference between HF and LF 

sedentary animals (Figure 2D), two asterisks indicate differences between HF-fed in comparison 

to HF-exercise trained rats and LF fed animals (Figure 2B; Figure 2C) and three asterisks 

indicate significant differences between all intervention groups.  For AUC, data not sharing a 

letter are statistically significant from each other. 

 

 

 

Exercise prevents the loss of UnAG’s ability to stimulate palmitate oxidation in the presence of 

high palmitate in HF-fed rodents 

 

Rates of fatty acid oxidation were significantly increased in the presence of high 

palmitate (2.0 mM vs 0.2 mM) in all experimental groups (p<0.05; Figure 3). Addition of either 

ghrelin isoform to the incubation media failed to stimulate fatty acid oxidation in either low or 

high palmitate incubation conditions in muscle from HF-fed or LF-fed sedentary rats (p>0.05; 

Figure 3). Previous work from our laboratory has shown a similar result in HF-fed sedentary 

animals (33). However, in HF exercise-trained animals, UnAG significantly increased rates of 

palmitate oxidation relative to high palmitate alone (p<0.05; Figure 3).  AG was unable to 

further stimulate fatty acid oxidation in the presence of 2.0mM palmitate (p>0.05).  
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Figure 3. Palmitate oxidation following 6wk diet/training  

 

Rates of palmitate oxidation in isolated soleus muscle from 6wk LF and HF-fed sedentary 

animals, and HF exercise-trained animals following low-palmitate (LP; 0.2mM) or high-

palmitate (HP; 2.0mM) exposure +/- AG/UnAG (150ng/ml) ghrelin treatment. Data were 

analyzed using a repeated measures two-way ANOVA (n=9 for each group) and expressed as 

individual data points and the mean  standard deviation. p < 0.05 was considered statistically 

significant. Data sharing a letter are not statistically significant from each other within each diet 

condition. 
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Exercise prevents the loss of UnAG’s ability to preserve insulin-stimulated glucose uptake in 

HF-fed rodents during palmitate exposure 

 

Previous work from our laboratory has shown that 4 hours of palmitate exposure at 2mM 

is sufficient to induce acute impairment in insulin stimulated glucose uptake (33). In agreement 

with this, rates of insulin stimulated glucose uptake were significantly lowered following 4 hour 

exposure to high palmitate (2.0mM) in all experimental groups relative to low palmitate 

(0.2mM) control (p<0.05). In soleus from both HF and LF-fed sedentary animals, neither ghrelin 

isoform was able to improve insulin-stimulated glucose uptake in the presence of 2.0 mM 

palmitate. (p>0.05; Figure 4). In HF exercise-trained rats, a protective effect of UnAG (p<0.05; 

Figure 4), but not AG (p>0.05; Figure 4) was observed on insulin stimulated glucose uptake 

following treatment relative to HP alone. In other words, exercise prevented a loss of ghrelin 

response in HF-fed animals, specifically, UnAG’s ability to protect insulin-stimulated glucose 

uptake in the presence of high palmitate. 
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Figure 4. Glucose uptake following 6wk diet/training 

Rates of insulin (INS; 10mU/ml) stimulated glucose uptake in isolated soleus muscle from 6wk 

LF and HF-fed animals, and HF-exercise trained animals following low palmitate (LP; 0.2mM) 

or high palmitate (HP; 2.0mM) exposure +/- AG/UnAG (150ng/ml) ghrelin treatment. Data were 
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analyzed using a repeated measures two-way ANOVA (n=8 for LF-fed and HF EX; n=13 for 

HF-fed) and expressed as individual data points and the mean  standard deviation. p < 0.05 was 

considered statistically significant. Data sharing a letter are not statistically significant from each 

other within each diet condition. 

 

 

 

Results of exercise training concurrent with HF feeding on markers of mitochondrial 

biogenesis and bioenergetics 

 

In 6wk HF exercise-trained animals, COX IV (Figure 5A), and CS (Figure 5B) protein 

content was significantly increased relative to HF-fed and LF-fed controls (COX IV EX vs. HF, 

p=0.0001; EX vs. LF, p=0.0037; CS EX vs. HF, p=0.0132; EX vs. LF, p=0.0395). HF exercise-

trained animals tended to have significantly increased PGC-1 expression (Figure 5C) relative 

to LF-fed controls (p=0.0640), however there were no significant differences between HF-fed 

and HF exercise-trained animals. This could be explained by HF feeding induced increases in 

PGC-1 expression, which has been documented following 4wk HF feeding in rodents (63). 
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Figure 5. Training adaptations following 6wk dietary and exercise interventions 

 

Cytochrome c oxidase subunit 4 (COX IV), Citrate synthase (CS), and peroxisome proliferator-

activated receptor coactivator 1-alpha (PGC-1) protein expression in isolated soleus of 6wk LF-

fed, HF-fed, and HF exercise-trained animals. Data were analyzed using an ordinary one-way 

ANOVA (n=8/16 for each) and expressed as individual data points and the mean  standard 

deviation. p < 0.05 was considered statistically significant. Data sharing a letter are not 

statistically significant from each other.  

 

GLUT 4 and FAT/CD36 transporter expression in 6wk HF-fed, LF-fed and HF exercise 

animals. 

 

There were no significant differences in GLUT 4, (Figure 6A) or FAT/CD36 (Figure 

6B) transporter expression in skeletal muscle from LF-fed, HF-fed, or HF exercise-trained 

groups (p> 0.05). Both 6wk HF-fed and HF exercise-trained animals tended to have slightly 

higher expression of FAT/CD36 and lower expression of GLUT 4 relative to 6wk LF-fed 

controls, however these differences did not reach significance (p>0.05). 
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Figure 6. Effects of diet and exercise on substrate transporters 

 

GLUT 4 and FAT/CD36 protein expression in isolated soleus of 6wk LF-fed, HF-fed, and HF 

exercise-trained animals. Data were analyzed using an ordinary one-way ANOVA (n=8/group) 

and expressed as individual data points and the mean  standard deviation. p < 0.05 was 

considered statistically significant. Data sharing a letter are not statistically significant from each 

other 

 

Ghrelin receptor expression in skeletal muscle following in 6wk HF-fed, LF-fed, and HF 

exercise animals 

 

There were no significant differences observed in GHS-R1a expression in 6wk LF-fed, 

HF-fed, or HF-exercise animals (p>0.05; Figure 7A) This is consistent with previous findings in 

our lab that showed no changes in GHS-R1a expression following 6wk HF feeding (33). 

 In 6wk HF-fed animals, CRF-2R content was significantly reduced relative to 6wk LF-

fed controls (p<0.05). In 6wk HF-exercise animals CRF-2R content was not reduced relative to 

LF controls. Exercise tended to increase CRF-2R content relative to HF-fed animals (p=0.0944) 

however this did not reach statistical significance. 
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Figure 7. Effect on ghrelin receptors following 6wk diet/exercise 

Growth hormone secretagogue receptor type 1 (GHS-R1) and Corticotropin releasing factor 

receptor 2 (CRF-2R) protein expression in isolated soleus of 6wk LF-fed, HF-fed, and HF 

exercise-trained animals. Data were analyzed using an ordinary one-way ANOVA (n=8-14 per 

group) and expressed as individual data points and the mean  standard deviation. p < 0.05 was 

considered statistically significant. Data sharing a letter are not statistically significant from each 

other 

 

 

Chapter 6: Discussion 

 
 
Overall findings 

 

 

A growing body of evidence from our lab and others supports a role for ghrelin as a 

regulator of glucose and fatty acid metabolism in peripheral tissues such as skeletal muscle and 

adipose tissue (13, 33, 34, 56, 74).  While both isoforms have been shown to exert metabolic 

effects, UnAG appears to play the greater role in peripheral tissues (33). Consistent with this, 

UnAG has been shown to be significantly higher in the circulation in both human and animal 

models (106, 152). Primarily, work in peripheral tissues has focused on examining ghrelin’s 

capability to modulate glucose and fatty acid metabolism. Initial work from our lab, as well as 

others, supports a direct role for both ghrelin isoforms, and particularly UnAG, in stimulating 

fatty acid oxidation through activation of the AMPK/ACC signalling axis (33, 62, 92). However, 

recent findings from our lab do not support a direct role for either ghrelin isoform in regulating 

basal or insulin stimulated glucose uptake in the absence of fatty acids (32). Given ghrelin’s 
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pronounced rise and fall around anticipated mealtimes, our lab has also examined ghrelin in the 

context of increased fatty acid availability e.g. after a high-fat meal. Initial work in isolated rat 

myoblasts exposed to AG for 12hrs supported a role for AG in preventing palmitic acid induced 

decrements in insulin stimulated glucose uptake (62). Our lab confirmed this finding using 

isolated rat soleus, as acute high palmitate induced impairments in insulin stimulated glucose 

uptake were generally prevented by treatment with either ghrelin isoform through preserved 

activation of Akt at Ser473 and Thr308 (33). Thus, it is likely that ghrelin acts to preserve insulin 

stimulated glucose uptake during conditions of high saturated fatty acid availability by 

stimulating fatty acid oxidation, rather than directly influencing glucose uptake per se.  

 The most recent findings from our lab demonstrate that after 6 weeks of high-fat feeding, 

ghrelin is no longer able to stimulate fatty acid oxidation or protect muscle from fatty acid 

induced impairment in insulin signalling and glucose uptake (33). However, that study i) only 

looked at the impact of prolonged high-fat feeding, and ii) did not include a low-fat control 

group as a point of reference. We have previously shown that skeletal muscle can become 

resistant to other hormones, such as leptin and adiponectin, in as little as 1wk of HF feeding 

(111). Therefore, in the present study, we sought to determine i) if ghrelin’s effects on muscle 

FA oxidation were lost or impaired following brief (5d) HF feeding, and ii) if the development of 

skeletal muscle ghrelin resistance induced by prolonged (6 wks) HF feeding could be prevented 

with concurrent exercise training.  

In the current study, the ability of ghrelin to stimulate fatty acid oxidation and 

subsequently preserve insulin stimulated glucose uptake remained intact following 5d HF 

feeding, indicating an absence of ghrelin resistance. However, following 6wk of HF feeding, 
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ghrelin response was lost in skeletal muscle with regards to both fatty-acid oxidation and 

preservation of insulin stimulated glucose uptake. Importantly, the exercise protocol in this study 

resulted in a robust increase in markers of mitochondrial biogenesis and bioenergetics, along 

with improvements in glucose AUC confirming the efficacy of the training protocol. In 

agreement with our hypothesis, exercise training was able to prevent HF diet induced decrements 

in ghrelin response, as ghrelin’s ability to stimulate fatty acid oxidation and preserve insulin 

stimulated glucose uptake persisted in trained animals. Due to time constraints, we were unable 

to assess insulin signalling in the current study for the completion of this thesis; however we 

anticipate that our findings would mirror that observed in previous studies from our lab (33), and 

reflect the changes observed in our functional outcome, glucose uptake. Our findings indicate 

that despite the loss of ghrelin's effects on muscle fatty acid metabolism following 6 weeks of 

HF feeding, ghrelin resistance does not occur as rapidly as other hormones (leptin, adiponectin) 

in skeletal muscle (<1wk). Our findings also demonstrate that exercise training prevents the 

development of ghrelin resistance otherwise present with HF feeding. To our knowledge this was 

the first study to investigate exercise as a potential intervention to modulate ghrelin 

responsiveness in skeletal muscle. Future studies should confirm that exercise training prevents 

the loss of ghrelin function with chronic LF feeding. 

 

Ghrelin resistance in skeletal muscle 

 

High-fat feeding, particularly saturated fat diets, rapidly induces resistance to a number of 

hormones including leptin, adiponectin and insulin, in skeletal muscle (93, 111, 112, 130). 
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Previous work from our lab has shown that following high-fat feeding to rats, there is a 

manifestation of ghrelin resistance in skeletal muscle after 6 wks (33), and in WAT after as little 

as 5d (74), as evidenced by reductions in ghrelin stimulated fatty acid oxidation and preservation 

of insulin stimulated glucose uptake in muscle, and an inability for ghrelin to blunt beta-

stimulated lipolysis in WAT (33, 74), respectively. Given these findings in skeletal muscle with 

regards to leptin/adiponectin, and our most recent findings in WAT, we were surprised to find 

that ghrelin response in skeletal muscle remained intact following 5d of high-fat feeding. This 

suggests that the initial etiology of resistance to these hormones is distinctly different.  Insulin 

resistance is frequently attributed to the accumulation of the development of  LCFA-CoA 

intermediates, diacylglycerol and ceramides (50, 144).  The underlying causes of leptin 

resistance are poorly understood but likely involve, at least in part, negative feedback by 

suppressor of cytokine signalling (SOCS)-3 (141, 143). However, the mechanisms underlying 

ghrelin resistance in peripheral tissues are completely unexamined, as this is a newly discovered 

phenomenon. Clearly, this is one of the next significant steps in this area of research. 

Another unexpected finding from the current study was the absence of ghrelin response 

in muscle from 6wk low-fat fed animals. While a loss of ghrelin response following prolonged 

HF feeding was expected and is consistent with previous findings from our lab (33), we do not 

know why 6wk LF-fed control animals are also unresponsive to ghrelin’s effects. Given that 

ghrelin responsiveness is present following 5d of HF or LF feeding, it is plausible that ghrelin 

resistance is a consequence of increasing age/body weight rather than diet per se. However, 

given our recent finding in WAT supporting a role for diet-induced ghrelin resistance following 

5d of a HF feeding, it is reasonable to speculate that ghrelin resistance may manifest as a result 
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of either HF feeding, or extreme sedentary behavior independently of each other. Studies 

confirming this, as well as examining the effects of training on skeletal muscle ghrelin response 

in LF animals are needed to test this hypothesis. Additionally, studies aimed at investigating if 

ghrelin resistance in HF-fed conditions manifest independently of changes in body weight should 

be conducted. Insulin resistance, for example, has been shown to manifest in models of wheel 

lock in as little as 10 days independent of alterations in body weight (5). It is also possible that 

ghrelin resistance develops in conditions of extreme sedentary behaviour/inactivity, and that the 

introduction of even small amounts of physical activity are sufficient to prevent its development. 

This also requires further study.  

Chronically, it is difficult to understand how peripheral ghrelin resistance serves a 

beneficial purpose. Following prolonged HF feeding, ghrelin’s central orexigenic effects and 

peripheral effects both are lost. However, given that central ghrelin resistance can manifest in as 

little as 12 hours of HF feeding (126), it is likely that ghrelin’s peripheral effects on AT and 

muscle serve as a protective mechanism to continue to protect against the accumulation of 

detrimental FA metabolites, while simultaneously reducing food intake. Thus, the ultimate loss 

of ghrelin’s effects in AT and muscle would seemingly contribute to the development of insulin 

resistance. 

 Given that peripheral ghrelin resistance appears to first manifest in WAT through a loss 

of ghrelin’s ability to inhibit adrenoreceptor-stimulated lipolysis after 5d of HF feeding (74), we 

speculate that UnAG continues to promote a shift in fuel utilization towards FA at the level of 

skeletal muscle in an attempt to preserve insulin response. However, in conditions of chronic HF 

feeding, it is likely that ghrelin is unable to overcome further increases in detrimental FA 



 

  

 

 

 

 

58 

metabolites, leading to insulin resistance. Given the results in 6wk LF animals, it is logical to 

speculate that ghrelin resistance precedes the development of insulin resistance, as these animals 

displayed normal glucose tolerance during the IPGTT. Whether ghrelin resistance manifests 

before or after the development of skeletal muscle insulin resistance in HF conditions is not yet 

known. It is plausible that peripheral ghrelin resistance is capable of manifesting through either 

HF feeding, or a sedentary lifestyle independently of each other.   

 

 Ghrelin signalling in skeletal muscle 

  

Ghrelin’s orexigenic effects are attributed to AG signalling through GHS-R1a in the 

hypothalamus and anterior pituitary gland (9, 89, 114). However, GHS-R1a mRNA has been 

detected in many other tissues (158) and our lab has measured changes in GHS-R1a protein 

content in WAT following HF feeding and exercise (74). The current study demonstrated no 

changes in GHS-R1a protein content in skeletal muscle from 6wk HF-fed rats, consistent with 

previous findings from our lab (33). To date, there is no definitive signalling pathway identified 

for UnAG.  However, a growing body of evidence has implicated the corticotropin releasing 

factor family with UnAG’s effects in skeletal muscle. Specifically, initial work by Gershon et al 

(56) supported a role for UnAG induced increased in glucose uptake in isolated C2C12 

myoblasts following treatment with a selective CRF-2R antagonist (56). Most recently, another 

study using C2C12 myocytes further supports the role of the CRF-2 receptor in mediating the 

UnAG induced shift towards fat utilization during prolonged UnAG exposure through increased 

ACC deactivation and increased uncoupling protein 3 (UCP 3) expression (49). Finally, work in 
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L6 myoblasts supports a role for CRF-2 receptor-mediated increases in GLUT 4 translocation 

and insulin response following treatment with urocortin 2 (UCN2), a ligand for CRF-2 receptor 

(18).  Previous work in our lab as well as the findings from the current study indirectly support a 

role for CRF-2 as 6wk HF-fed rats showed a significant reduction in CRF-2R content along with 

a loss of ghrelin response in skeletal muscle (33). Importantly, the results of the current study 

further support a role for UnAG signalling through CRF-2R given that HF-exercise animals in 

the current study did not show significant reductions in CRF-2R content relative to LF-fed 

animals and displayed an intact ghrelin response evidenced through UnAG stimulating fatty acid 

oxidation and preserving insulin stimulated glucose uptake. Taken together, these findings 

support a potential role for CRF-2 receptor mediated regulation of substrate metabolism in 

skeletal muscle by ghrelin, although there is some controversy regarding its role in glucose 

uptake.  

 

4-weeks of exercise training protects UnAG’s effects in HF animals 

 

A large body of literature supports a role for exercise in the alteration of circulating 

hormonal levels (109, 125). In particular, exercise has proven to be a potent intervention for the 

restoration of peripheral hormone response (59, 77, 130) and overall whole body insulin 

response (30, 31) and glucose tolerance (19, 75). To our knowledge, we are the first to examine 

if ghrelin response in skeletal muscle can be altered by chronic exercise training. Research 

examining ghrelin in the context of exercise has focused on ghrelin’s orexigenic effects. In 

humans, acute exercise modulates AG in an intensity dependent manner, with AG levels 
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negatively correlating with increased exercise intensity (23–25, 86). Interestingly, some research 

suggests that UnAG blood concentrations may be unresponsive to acute exercise (151), while 

chronic exercise appears to increase UnAG concentrations independent of alterations in body 

weight (30, 31). Thus, it is reasonable to speculate that exercise may alter the circulating 

UnAG:AG ratio. Mechanistically, the results from the current study showing a protection against 

reductions in CRF-2R content in HF-exercise trained animals with no change in GHS-R1a 

content may explain why exercise was only able to preserve the effects of the unacylated form of 

ghrelin in skeletal muscle from HF-fed rats. However, this is contrasted by HF-exercise trained 

animals still having slightly lower CRF-2R content relative to 6wk LF-fed control animals. 

Exercise has been shown to mediate signalling events independent of changes in protein content 

(e.g. phosphorylation, acetylation). Thus, the effects of exercise are likely twofold; i) exercise 

partially prevents HF feeding induced decreases in CRF-2R protein content, and ii) exercise may 

somehow potentiate UnAG signalling through CRF-2R receptor. For example, it is possible that 

exercise induced post-translational modification and/or altering the affinity of the CRF-2R 

receptor to UnAG altered UnAG’s effects in HF-exercise trained conditions. However, assessing 

alterations in CRF-2R receptor signalling was beyond the scope of this study and is an important 

avenue for future research. 

 

 

 

 

 

 

 



 

  

 

 

 

 

61 

Chapter 7: Limitations and Conclusions  
 

 

There are a few limitations within the model of the current study. First, despite our best 

efforts to control for endogenous levels of circulating ghrelin with re-feeding it is plausible that 

discrepancies exist between animal food consumption following the re-introduction of food in 

the morning which could alter ghrelin response in skeletal muscle. Given the nature of our 

incubations and limitations with tissue availability we were unable to include a condition 

including both AG and UnAG isoforms simultaneously as would typically be observed in vivo. 

Next, due to timing limitations for the completion of this thesis, we were unable to assess insulin 

signalling, however we anticipate results would be similar to previous findings from our lab (33). 

Finally, despite the results of the study supporting a role for reduced CRF-2R content as a 

potential mechanism for ghrelin resistance, assessing alterations in CRF-2R function was beyond 

the scope of this study. Thus, the actual mechanisms behind ghrelin resistance remain unknown. 

Studies examining the use of CRF-2R antagonists in trained LF, and HF animals would further 

solidify a role for CRF-2R as the primary mechanistic pathway for UnAG signalling in skeletal 

muscle 

Overall, our findings support our hypothesis that in conditions of high fatty acid 

availability, UnAG stimulated fatty acid oxidation acts as a protective mechanism in the muscle 

to promote the use of exogenous fatty acids, which subsequently protects against acute 

decrements in insulin stimulated glucose uptake. Although the mechanisms underlying the 

development of ghrelin resistance, as well as its physiological significance, remain unclear, 

exercise training is able to prevent the development of this resistance, at least over a 6 wk period. 
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