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ABSTRACT          
 
  
 
 THE EFFECT OF GHRELIN ISOFORMS ON SKELETAL MUSCLE  
 
  
 
Emily Nicole Kraft       Advisor: 
University of Guelph, 2018      Professor David Dyck 
 
  
      
Ghrelin is classically known as a central appetite-stimulating hormone, but has recently been 

recognized to have a significant role in peripheral tissue energy metabolism. Skeletal muscle is a 

major site for glucose and lipid disposal. However, the direct effects of ghrelin on this tissue 

remain understudied. We found that the two major ghrelin isoforms, acylated and unacylated 

ghrelin, were able to significantly increase skeletal muscle fatty acid oxidation while 

incorporation of fatty acids into major lipid pools remained unchanged. The increase in fatty acid 

oxidation was not accompanied by increases in AMP-activated protein kinase or acetyl-CoA 

carboxylase phosphorylation. Ghrelin isoforms significantly blunted epinephrine-stimulated 

lipolysis, but had no effect on lipolysis alone. This blunting effect did not appear to be due to 

decreased HSL phosphorylation. Taken together, these findings suggest that ghrelin isoforms 

have a direct, acute effect on fatty acid oxidation and lipolysis. 
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Chapter 1: Literature Review  

Ghrelin effects on substrate regulation; focus on peripheral metabolism 

1.0 Fuel homeostasis  

Evolutionarily, starvation has been a critical threat to many species. In humans, there are 

various systems in place that regulate caloric supply in times of energy demand. In recent years, 

there has been an increase in nutrient availability and decrease in routine physical activity. The 

increase in caloric intake and decrease in energy expenditure has created an energy imbalance, 

lending towards the development of obesity. This has caused many researchers to shift their 

focus towards factors that may influence energy intake and substrate utilization.  

Ghrelin is a peptide hormone commonly recognized for its orexigenic effects[1] and 

ability to stimulate growth hormone (GH) release[2]. It has also been suggested to play a role in 

the regulation of substrate (fat, carbohydrate) utilization[3]. Circulating ghrelin levels have been 

shown to increase in individuals with Prader-Willi syndrome[4] and anorexia nervosa[5], and 

decrease with obesity[6], suggesting a potential role for ghrelin in various nutritional states. 

Ghrelin has been shown to alter peripheral glucose and fatty acid (FA) metabolism[7], though 

the precise mechanism through which these alterations occur remains undefined.  

2.0 Ghrelin background  

2.1 Ghrelin discovery 

Ghrelin is a 28-amino acid peptide hormone, differing in only 2 amino acids from 

humans to rodents[8]. Ghrelin was originally discovered around 1980 when Bowers, Momany, 

and colleagues generated a group of synthetic opioid peptide derivatives which they found could 

promote the release of growth hormone (GH) from the anterior pituitary[9]. Growth hormone, 
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also known as somatotropin, is a hormone responsible for many functions, including but not 

limited to, the stimulation of growth[10] in many tissues of the body. The molecules that 

stimulated the release of GH were later termed growth hormone releasing peptides (GHRPs). 

These GHRPs acted independently of growth hormone receptor hormone (GHRH), a class G 

protein coupled receptor found predominantly on pituitary somatotrophs[11], and somatostatin, a 

classical endocrine hormone[12]. In the following years, the growth hormone secretagogue 

receptor (GHSR-1) gene was identified in humans, and soon after came the discovery of the 

endogenous ligand agonist, ghrelin (“ghre” from the Proto-Indo-European root word meaning to 

grow)[13].  

Ghrelin producing cells are distinct endocrine cell types found in the submucosal layer of 

the stomach, known as X/A like cells[14]. These X/A like cells contain round compact electron 

dense granules filled with ghrelin[15]. Ghrelin immunoreactive cells are also found in the small 

and large intestines, and in a limited amount in the region of hypothalamic arcuate 

nucleus[15][16]. The gastric X/A like cells are the major source of circulating ghrelin, both 

acylated ghrelin (AG) and unacylated ghrelin (UnAG) isoforms[17].  

2.2 Ghrelin isoforms 

Ghrelin is unique as it is the only known peptide that contains an eight-carbon FA 

(octanoate) modification. This modification allows it to form into an acyl ester[13]. The addition 

of the FA side chain, commonly at C8 or C10, allows the activation of ghrelin’s central receptor, 

GHSR-1a[14]. The production of AG is facilitated by the ghrelin-O-acyl transferase (GOAT) 

enzyme[18]. Although it remains to be fully established, it is likely that acylated ghrelin becomes 

unacylated enzymatically[19]. Acylated ghrelin has long been considered as the more bioactive 
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of the two isoforms; however, recent studies suggest an important role for UnAG in energy 

metabolism[20].  

The ratio of UnAG to AG has also received considerable attention for having biologically 

relevant implications. Most researchers agree that the average ratio of UnAG:AG is 

approximately 2 to 2.5:1[21]. UnAG is more abundant in the stomach[21][16] and in 

circulation[16]. Normal circulating levels of ghrelin in humans are 10-20 fmol/ml for AG, and 

150-180 fmol/ml for total ghrelin[22]. Unlike digestive enzymes that are secreted into the 

gastrointestinal tract, ghrelin is secreted into blood vessels, which allows it to circulate 

throughout the entire body[23]. This fact alone suggests that ghrelin may play an important role 

in peripheral metabolism.  

UnAG is cleared much slower from the circulation than its acylated counterpart[19]. This 

corresponds to the longer half-life of UnAG and its higher circulating concentrations[19]. The 

shorter half-life of the acylated form can be attributed to its conversion to the unacylated form 

and/or its binding to the GHSR-1a. Acylated ghrelin becomes unacylated in the circulation[19], 

likely enzymatically. Although various enzymes have been proposed, acyl protein thioesterase 1 

(APT1) has received considerable attention for its potential role in unacylating the AG 

isoform[24].  Researchers have suggested that because APT1 lacks a secretion signal, it is likely 

that in vivo cells that express APT1 (liver cells, circulating platelets) secrete it into 

circulation[24]. Furthermore, it is probable that serum activity of APT1 may play an important 

role in regulating UnAG concentrations. 
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Acylated ghrelin is the only isoform that can bind to the ghrelin receptor (GHSR-1a), and 

has been suggested to be responsible for ghrelin’s orexigenic and GH releasing effects[25]. In 

the initial stages of ghrelin’s discovery, UnAG was considered to be either a pre-form of acyl 

modified ghrelin or the product of its deacylation[22].  However, more recent studies have 

shown that UnAG does have biological activities[20]. Unacylated ghrelin may modulate food 

intake[26] and various cellular responses including proliferation[27], and inflammation[28]. In 

obese mice[29] and humans[30], UnAG concentrations are often lower than in normal weight 

subjects, although AG concentrations are similar. Unacylated ghrelin has also been suggested to 

act as an antagonist to its acylated counterpart[31]. One study examined the difference between 

AG and UnAG by intravenously administering these isoforms either independently or combined 

[32]. When UnAG was administered alone it did not induce any changes in insulin or glucose 

levels; however, AG significantly decreased insulin and increased plasma glucose[32]. When co-

administered, these effects were no longer present[32], suggesting that UnAG may oppose the 

metabolic effects of AG. In humans, UnAG co-administered with AG results in a ~60% 

suppression of food intake compared to the AG group alone, with no suppression of food intake 

by UnAG alone[33].  

2.3 Ghrelin kinetics 

Numerous studies have demonstrated that AG levels rise prior to entrained meal times 

and decrease almost immediately, within 30 to 60 min, after the ingestion of food[34][35]. The 

magnitude of postprandial drop in ghrelin is dependent on the macronutrient composition of the 

meal. Meals rich in carbohydrates have a greater suppression on circulating ghrelin than do high 
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fat meals[36]. High carbohydrate drinks decrease ghrelin to the greatest extent initially, but are 

followed by a subsequent rebound above pre-prandial levels[37].  

During periods of fasting, alterations in the diurnal ghrelin patterns occur. Although some 

studies suggest that both AG and UnAG are elevated with fasting[18], most studies fail to 

consider both isoforms. Factors related to timing of the study (acute vs. chronic) as well as 

methodology (i.e. caloric restriction; the reduction of total calories, versus fasting; zero calories 

for a set period of time) influence the observed changes in ghrelin kinetics. Although not all are 

in agreement, studies that have examined both isoforms generally report that UnAG increases 

with fasting while AG decreases[35]. In the initial stages of fasting, total ghrelin levels 

increase[34], but over time total ghrelin levels normalize as the increase in UnAG is matched by 

the decrease in AG. In a study of eight male participants, following a 61.5hr fast, plasma AG 

decreased while UnAG remained near peak levels during the fed state[35]. Taken together, total 

levels of ghrelin were similar to those seen in the fed admission[35], meaning no significant 

differences in total ghrelin levels were found between fed and fasted states. This is consistent 

with other studies that have found no significant increases in total ghrelin levels during 

prolonged fasting (72hr)[38].  

2.4 Ghrelin, insulin and leptin 

Plasma ghrelin has a reciprocal relationship with insulin in vivo[34], as denoted by 

opposing changes in ghrelin and insulin concentrations following a 24hr time course with 

scheduled meals[34]. This is further supported by studies using insulin injections, which 

decrease circulating ghrelin in vivo[39]. In rat primary culture stomach cells, ghrelin secreting 

cells have been shown to express the α and β insulin receptor subunits, suggesting that ghrelin 
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and insulin may interact directly[40]. When insulin was added to these cell cultures, ghrelin 

secretion was decreased. When cells were placed in an environment with high insulin, however, 

ghrelin secretion was no longer suppressed, and after 24hr the insulin receptor expression had 

decreased[40]. Interestingly, individuals with type 2 diabetes (T2D) have impaired responses to 

insulin stimulated decreases in plasma ghrelin[41].  In healthy subjects, plasma ghrelin decreased 

during the administration of hyperinsulinemic clamps but in T2D, ghrelin decreased only when 

supraphysiological levels of insulin were administered[41]. The impairment in insulin-stimulated 

suppression of ghrelin release is likely due to a lower expression of insulin receptors in the 

ghrelin producing cells, and/or higher baseline insulin values in T2D, which requires more 

insulin to elicit a change.   

Leptin is a satiation hormone secreted by adipose tissue, which opposes the appetite-

stimulating effects of ghrelin[42]. Leptin levels do not change acutely prior to meals but have a 

diurnal variation, increasing throughout the day with slight drops within 1hr post meal[34]. In 

obesity, high circulating leptin levels and low circulating ghrelin levels have been reported[6]. 

Although ghrelin and leptin have opposing regulatory actions on appetite, it does not appear that 

leptin directly regulates ghrelin production or release. When leptin is administered to human 

participants, there is no change in ghrelin concentrations[38]. Further studies are required to 

clarify if there is a direct leptin-ghrelin interaction. 

2.5 Central effects: signalling, orexigenic effects and vagal input 

Two well-established central roles of ghrelin include its orexigenic effects[43] and its 

ability to stimulate growth hormone (GH) release[2].  The information involved in feeding 

behaviors are transmitted to the nucleus tractus solitarius (NTS), where it can be further 
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converted to a signal indicating fullness in the hypothalamus[44]. The orexigenic effects of 

ghrelin are exerted through the GHSR-1a, which is highly expressed in agouti-related 

peptide/neuropeptide Y (AgRP/NPY) neurons in the arcuate nucleus of the hypothalamus 

(ARC)[45].  AgRP/NPY neurons are depolarized and activated by ghrelin[46]. Orexin is an 

orexigenic hypothalamic neuropeptide involved in the regulation of food intake and arousal[47]. 

Ghrelin acts to stimulate isolated orexin neurons while glucose and leptin inhibit them[48].  

Ghrelin is primarily produced in the stomach and it is likely that the vagal system 

contributes to relaying information to the central nervous system. Ghrelin induced food intake 

was blunted when rats underwent subdiaphragmatic or gastric branch vagotomy procedures[49], 

suggesting an important role of the vagal system in mediating ghrelin’s orexigenic effects. In 

humans with complete truncal vagotomy, orexigenic effects were blunted following AG 

infusion[50]. It has also been suggested that ghrelin and GH interact via communication of the 

vagal system, suggesting an important role for gastric vagal afferents in ghrelin induced GH 

secretion.  

2.6 Ghrelin and growth hormone 

Growth hormone is produced and secreted from the somatotrophs in the anterior 

pituitary[51]. Growth hormone is involved in many regulatory processes involved in the 

regulation of growth, macronutrient metabolism and water-electrolyte homeostasis[52][53].  In 

normal healthy individuals, GH secretion is tightly regulated. However, in diseased states GH 

may be in excess or limited. When GH is in excess it commonly results in acromegaly or 

gigantism, while GH deficiency can cause impaired growth and short stature[54]. GH release is 

regulated through hypothalamic factors; it is stimulated by GHRH and inhibited by 
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somatostatin[55].  Growth hormone secretagogue (GHSs) are synthetic compounds (peptidyl and 

nonpeptidyl) that possess potent GH releasing activity[23]. The activity of GHS is regulated by 

specific receptor subtypes (GHS-R), expressed primarily in the pituitary and hypothalamus[56], 

but also in other central and peripheral tissues[57]. GHS work by binding to the GHS-R, a G 

protein coupled receptor highly expressed in the hypothalamus and pituitary[58].  

In pituitary cells, ghrelin stimulates GH release in a dose dependent manner in 

rodents[13] and humans[2]. Ghrelin acts to induce GH release both directly, acting at the level of 

the anterior pituitary gland, and by enhancing GHRH release[55]. Ghrelin is a natural 

endogenous ligand for the GHS-R and stimulates the release of GH by increasing GHRH and 

decreasing somatostatin activity in the hypothalamus[59]. A study performed in a group of 

patients with lesions in the hypothalamic region showed impaired ability of ghrelin stimulated 

GH release[60].  

It is well established that AG stimulates GH release and GH exerts its own effects on 

lipid metabolism in different tissues. In skeletal muscle, GH has been shown to stimulate FA 

uptake, primarily by increasing lipoprotein lipase (LPL), promoting lipid utilization[61][62]. 

Once taken up in skeletal muscle, FAs can be stored as triglycerides (IMTGs) or oxidized for 

energy[63][64]. The strong lipolytic effects of GH including altering IMTG storage[65] and 

lipolysis, have been established in adipose and skeletal muscle[66]. In skeletal muscle, GH 

studies have shown either no effect or a suppressive effect on HSL expression[67]. Taken 

together, GH plays an important role in peripheral lipid metabolism. Because AG can bind to the 

GHSR-1a, studies that use whole body ghrelin injections may fail to distinguish between effects 

of GH and ghrelin.  
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2.7 Peripheral signalling and ghrelin receptor expression in skeletal muscle 

Ghrelin, once produced in the stomach, is released into blood vessels and circulates 

throughout the body. GHSRs are present in peripheral tissues such as the myocardium, lungs, 

liver, skeletal muscle etc.[57] , suggesting an important role with regards to communication 

between central and peripheral tissues. 

Ghrelin secretion in humans is stimulated by cholinergic nerves, mainly via a muscarinic 

mechanism[68]. In rats, stomach ghrelin secretion is mediated by both cholinergic and 

adrenergic branches of the autonomic nervous system in a nutrient-dependent way[69]. Ghrelin 

secretion in rats is stimulated by muscarinic agonists, α -and β –adrenergic antagonists, and 

inhibited by muscarinic antagonists and α -adrenergic agonists. The gastrointestinal tract and 

pancreatic islets are highly innervated with autonomic fibers, which influence the regulation of 

gastropancreatic hormone secretion[70]. Following vagotomy, the immediate inhibition of 

stomach ghrelin secretion was observed, which supports the muscarinic effects observed in the 

pharmacological studies[69].  

Growth hormone secretagogue receptor mRNA is present in various tissues including the 

brain, ventricles, lungs, pancreas, small and large intestines, and is most abundant in the 

stomach[15]. When ghrelin gene and protein expression were compared in various tissues, 

unsurprisingly, the stomach had the greatest ghrelin gene expression followed by the intestines, 

adrenal gland and pancreas[71]. Ghrelin protein concentration was highest in the lungs, followed 

by the brain, pituitary, skeletal muscle, stomach, intestines, salivary glands and others[71]. In 

skeletal muscle, binding sites for GHS have been established using competitive binding of 

radioligands[57]. Another study examined the distribution of GHSR-1a, GHSR-1b and ghrelin 
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mRNA expression in skeletal muscle and found that GHSR-1a was not detectable but the 

truncated GHSR-1b was[72]. C2C12 skeletal muscle cells also do not express GHSR-1a, but do 

contain high affinity binding sites that are recognized by both AG and UnAG[73]. Together, 

results from such studies suggest the presence of an unknown binding site/receptor through 

which ghrelin isoforms work in skeletal muscle.  

3.0 Ghrelin’s role as an energy sensor and regulator of substrate utilization 

3.1 Ghrelin and energetic homeostasis 

Ghrelin has been shown to regulate food intake centrally[74], and in turn adiposity, as 

well as other factors involved in substrate utilization and energy balance. This is supported by 

studies using central administration methods to examine the effects of ghrelin on appetite and 

adiposity. Intracerebroventricular (ICV) injections of AG strongly stimulated feeding in rats and 

induced subsequent weight gain[43]. Chronic ICV infusion (via minipump) of AG during a 12 

day period also increased food intake and body weight in rats[43]. In GH deficient rats, AG 

injections still stimulated food intake, suggesting that ghrelin mediated feeding is not dependent 

on GH[43]. These effects are thought to be regulated by NPY and AgRP because when these 

peptides are inhibited, ghrelin induced feeding is suppressed[43].  

The effects of UnAG ghrelin on appetite and adiposity remain unclear. One study found 

that UnAG administration did not increase food intake and decreased feeding behavior in food 

deprived mice[26]. In a separate study, UnAG administration significantly increased food intake 

in male Wistar rats, although not as profoundly as AG[75].   
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In humans, AG levels have been shown to rise nearly two-fold prior to entrained meal 

times[34]. These studies suggest that ghrelin may be an important player in regulation of feeding 

and body weight. Researchers have also investigated the levels of circulating ghrelin in various 

human phenotypes in order to gain a better understanding of this hormones role in energy 

homeostasis. It was found that obese individuals have lower circulating ghrelin levels compared 

to lean subjects[6]. In a study examining different ethnic groups, lean Caucasians had the highest 

circulating ghrelin levels (155 + 25 fmol/ml), followed by obese Caucasians (106 + 23 fmol/ml), 

lean Pima Indians (95 + 13 fmol/ml) and obese Pima Indians (80+-36 fmol/ml)[6]. In a separate 

study in a Caucasian population, following the ingestion of a meal, circulating AG levels fell 

significantly (~40%) in the lean group, while in the obese group there was little to no decrease in 

AG levels[76]. These findings suggest that in human obesity, there is an impaired ability to 

decrease circulating ghrelin levels following food consumption, potentially contributing to an 

increase in energy intake.  

Ghrelin levels have also been shown to fluctuate in response to macronutrient 

composition of a meal. Rats fed a high fat diet (48% calories from fat, 16% protein, 34% 

carbohydrate) had lower plasma AG levels compared to those fed a normal diet[77]. When rats 

were fed a low protein (5%) high carbohydrate (83%) diet, AG levels increased[77]. In healthy 

females who consumed either a high-carbohydrate meal (13% calories from fat, 10% protein, 

77% carbohydrates) or an isocaloric high-fat meal (75% calories from fat, 10% protein, 15% 

carbohydrates), circulating ghrelin fell abruptly after both meals[36]. Following the high 

carbohydrate meal, the maximum percent decrease was significantly greater than the high fat 

meal[36]. In a separate study, in which male and female subjects consumed one of three 
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isocaloric drinks (80% carbohydrate, 80% protein or 80% fat)[37], total ghrelin and AG were 

suppressed most consistently with the high protein drink[37], while the high fat drink was the 

least effective at suppressing both AG and total ghrelin[37]. The high carbohydrate drink 

suppressed AG and total ghrelin the most robustly, but this was accompanied by a subsequent 

increase in circulating levels much greater than those observed with the other two drinks[37]. 

From these studies, it is possible to conclude that protein and carbohydrates are most effective at 

suppressing post meal ghrelin levels compared to fat. Protein consumption elicits an effective 

suppression with little to no rebound effect in circulating ghrelin compared to that observed with 

carbohydrates.  

Ghrelin has also been suggested to be an important regulator of energy homeostasis 

during periods of fasting and caloric restriction. Ghrelin-O-acyltransferase (GOAT), the enzyme 

responsible for synthesis of AG, has been shown to play a critical role in starvation. Although 

GOAT-/- mice grow and maintain body weight similar to their wild-type (WT) counterparts on 

normal or high fat diets (HFD), when calorie restricted (to 60% kcal), GOAT-/- mice are unable 

to maintain their blood glucose[18]. The impairment in blood glucose regulation is so profound 

that approximately 7 days of caloric restriction in GOAT-/- mice will lead to death[18]. This 

highlights ghrelin’s critical role in substrate utilization as denoted by its ability to spare glucose 

in times of metabolic demand. It also represents an important switch point between carbohydrate 

and fat metabolism, which appears to be essential for survival.  

3.2 Peripheral glucose metabolism 

Skeletal muscle accounts for approximately 80% of glucose uptake in humans[78]. The 

glucose transport proteins GLUT1 and GLUT4 facilitate glucose transport across membranes of 
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insulin-sensitive cells such as skeletal muscle[79]. Glucose uptake in peripheral tissues is 

stimulated by insulin[80][81]. Impairments in insulin-mediated glucose uptake in the liver, 

adipose tissue and skeletal muscle have been observed with metabolic disorders including 

obesity and type 2 diabetes[82]. Many studies have focused on the insulin-signalling cascade, 

defined briefly as the activation of the insulin receptor tyrosine kinase by insulin, which 

phosphorylates and recruits different substrate adaptors[83]. There are many elements thought to 

play a role in the insulin-signalling cascade. Kinases can be insulin dependent, like protein 

kinase b (PKB or Akt)[84] , or insulin independent, such as AMP-activated protein kinase 

(AMPK)[85]. Both are positive regulators of insulin action[85]. The activation of Akt and 

AMPK is thought to lead to an inhibition of AS160, a downstream effector that normally 

prevents GLUT4 translocation to the outer membrane[86]. Impairments in this signalling 

pathway have been observed when individuals consume a high fat diet, as well as in obesity[87].  

3.3 Ghrelin and glucose metabolism 

Ghrelin and its receptors are widely expressed throughout the body, and ghrelin levels 

increase prior to entrained meal times. Therefore, it seems likely that ghrelin may play a role in 

the regulation of macronutrient metabolism, such as glucose and FAs. Recently ghrelin has been 

suggested to regulate central and peripheral glucose metabolism[88].  

Various models and techniques have been used in order to elucidate ghrelin’s role on 

glucose metabolism. Results from such studies have been inconclusive; with some finding that 

one isoform preferentially improves glucose tolerance over the other, and others showing no 

change or impairment in glucose metabolism with ghrelin. 
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Some studies demonstrate a stimulatory effect of AG on muscle glucose uptake. Using 

C2C12 muscle cells, 24hr incubation with AG led to an increase in GLUT4 translocation to the 

cell surface and glucose uptake[89]. In another study using rat myoblasts, AG incubation 

prevented palmitic acid induced decreases in glucose uptake[90]. In rats, following 4 days of 

subcutaneous injections of AG, an increase in phosphorylation of Akt and GLUT-4 transcript 

levels in the soleus muscle were observed[91], suggesting, although not proving, improved 

glucose uptake and utilization. Other studies have suggested an inhibitory effect of AG on 

glucose metabolism. Rats injected with UnAG for 4 days had increased phosphorylation of Akt 

and increased insulin stimulated glucose uptake[92]. The improvements in insulin signalling 

markers were also observed in vitro, when C2C12 cells were incubated with UnAG for 48hr but 

these effects were no longer present with AG[92].  

Researchers have also examined whether UnAG has any effect on glucose metabolism, 

with more consistent outcomes. One study performed using a leptin receptor deficient mouse 

model (db/db; type 2 diabetic phenotype), examined the effects of 10 days of UnAG injections 

on glucose metabolism[93]. With UnAG treatment, Akt phosphorylation and GLUT-4 membrane 

fraction protein content were increased in diabetic gastrocnemius muscle compared to the saline 

group[93]. Fasting blood glucose was lowered by 28% in db/db+ UnAG mice compared to 

db/db+saline[93]. In a separate study, when rats were placed on a HFD (60% calories from fat), 

UnAG injections improved both insulin stimulated glucose uptake and Akt phosphorylation in 

the gastrocnemius[92]. Together, these studies suggest that UnAG may improve insulin signaling 

and mitigate the effects of a HFD in skeletal muscle.  
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In humans, the acute administration of AG appears to generally have a negative effect on 

insulin-stimulated glucose uptake. In healthy males, AG infusion decreased both basal and 

insulin-stimulated whole-body glucose clearance, while endogenous glucose production 

remained unaffected[94]. Impairments in insulin sensitivity were found to be independent of GH 

release when the same researchers examined otherwise healthy men who had underwent pituitary 

surgery with GH deficiency[3]. Following a 5hr infusion of AG, plasma glucose levels were 

elevated compared to control, and glucose clearance was decreased during a hyperinsulinemic 

euglycemic clamp [3]. There were no changes in skeletal muscle AMPK or AKT 

phosphorylation[3]. The same group later used a microdialysis technique to assess tissue specific 

responses to AG infusion. In contrast to their previous studies, when excluding systemic effects, 

they found a decrease in interstitial glucose content in skeletal muscle during hyperinsulinemia 

in response to AG administration, suggesting improvements in glucose uptake[95]. Taken 

together, it is difficult to deduce from these studies ghrelin’s direct effect on glucose uptake at 

the level of the muscle. However, a recent study from our own laboratory, examining the direct 

effects of ghrelin isoforms on isolated rat skeletal muscle, found no changes in insulin and non-

insulin stimulated glucose[96].  

3.4 Regulation of fatty acid metabolism 

Long chain fatty acids (LCFA) are important components of cellular membranes, and are 

a main source of energy for the human body[97].  In skeletal muscle, lipids can be stored as 

intramyocellular or extramyocellular triglycerides (IMTGs, EMTGs), or broken down via 

lipolysis to use as energy through FA oxidation[63][64]. 
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Fatty acid uptake in skeletal muscle is facilitated by the FAT/CD36 transporter, a FA 

binding protein which can translocate to the sarcolemma in the presence of insulin or at the onset 

of muscle contractions[98]. Once in the cytosol, the FA is converted to fatty acyl CoA via the 

ligase enzyme acetyl-CoA synthetase (ACS). In order to enter the mitochondria to undergo beta-

oxidation, fatty acyl CoAs are converted to fatty acyl carnitine derivatives, via carnitine 

acetyltransferase (CAT)) and carnitine palmitoyltransferase 1 (CPT1) enzymes. Once through 

the outer membrane, the carnitized fatty acyl can be transported across the inner mitochondrial 

membrane by the carnitine shuttle system via carnitine–acyl carnitine translocase (CACT). In the 

mitochondrial matrix, carnitine palmitoyltransferase 2 (CPT2) converts fatty acyl carnitine back 

to fatty acyl-CoA, which enters beta-oxidation, and to free carnitine, which returns to the inner 

mitochondrial space or cytosol. Acetyl-CoA generated from beta-oxidation is able to enter the 

citric acid cycle and generate adenosine triphosphate (ATP).  

Fatty acid oxidation can be regulated by hormones (e.g. leptin, which stimulates 

oxidation of FAs[99]), nutritional status (increases with increased FA availability, decreases with 

increased glucose availability), activity level, and training status. Certain kinases have also been 

shown to alter FA oxidation, such as AMPK. Studies have shown that AMPK is able to potently 

stimulate FA oxidation by inhibiting acetyl-coA carboxylase (ACC)[100], which catalyzes the 

carboxylation of acetyl-CoA to malonyl-CoA. Malonyl-CoA inhibits CPT1 and prevents FA-

carnitine entry into the mitochondria. Once ACC is phosphorylated/deactivated, the production 

of malonyl-CoA decreases, leading to less inhibition on CPT1. This allows for CPT1 to increase 

transport of FAs to the mitochondrial matrix, and in turn increase beta-oxidation.  
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Fatty acids are stored as triacylglycerol (TAG) in lipid droplets within skeletal muscle 

called intramyocellular triacylglycerol (IMTG)[101]. During moderate exercise, IMTGs can 

provide up to 25% of total energy[102]. Furthermore, IMTG pools can be adaptively increased in 

type 1 oxidative fibers with training[103] or in individuals with type 2 diabetes/obesity[104]. 

Triacylglycerol breakdown is mediated by various lipases, including adipose triglyceride lipase 

(ATGL), hormone sensitive lipase (HSL), and monoacylglycerol lipase (MGL)[105][106]. In 

skeletal muscle, HSL and MGL are highly expressed, while HSL is expressed predominantly in 

type 1 oxidative fiber[107]. Once hydrolyzed, TAGs can be converted to diacylglycerols 

(DAGs), and further to monoacylglycerol (MAG), FAs, and glycerol[108][109]. In genetic 

ATGL null mice, an accumulation of TAG is observed[110], suggesting that ATGL is necessary 

for the conversion of TAG to DAG. In HSL null mice, TAG levels are normal but DAG content 

is elevated [111], denoting a role for HSL in the conversion of DAG to MAG. Together, these 

findings suggest that different lipases regulate the conversion of specific glyceride forms.  

Lipolysis is a highly regulated catabolic process, responsible for the release of TAGs 

from cellular lipid droplets stores[112]. Lipases facilitate the hydrolysis of TAG until glycerol 

and FAs are released[106].  Some of the FAs released during lipolysis can be re-esterified into 

TAGs, while glycerol can be used as a gluconeogenic substrate[113]. In humans, all three beta-

adrenoceptors are functional in adipose tissue, B1 and B2 being the most active, while in rodents, 

B3 is the most abundant beta-adrenoceptor in adipose tissue[114]. In skeletal muscle, only the B2 

subtype is of importance in the regulation of catecholamine induced lipolysis and is highly 

expressed in both rodents and humans[115]. The effect of catecholamine’s on HSL in both 

adipose tissue and skeletal muscle is regulated by beta-adrenoceptors and protein kinase A 
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(PKA)[107]. Hormone sensitive lipase is regulated by reversible phosphorylation of various 

serine sites, including five serine residues in rats in vitro (563, 565, 600, 659, 660)[116].  Studies 

examining rat HSL have shown that AMPK can phosphorylate the inhibitory serine site 565, 

while PKA has been suggested to phosphorylate the stimulatory serine residues 660 and 

563[116]. Skeletal muscle HSL activity is intensity dependent and can be increased with 

contraction and exercise by 50-100%[117]. Epinephrine, a hormone produced by the adrenal 

glands, has also been shown to regulate skeletal muscle HSL activation in resting and contracting 

muscle[107]. Through beta-adrenergic receptor stimulation and PKA activation[118], 

epinephrine increases HSL phosphorylation and in turn FA and glycerol release. Previous studies 

have shown that epinephrine is able to directly stimulate skeletal muscle lipolysis in oxidative 

muscle[119].  

Adipose triglyceride lipase (ATGL) may also play an important in skeletal muscle 

lipolysis. In the absence of HSL activity, studies have shown that the breakdown of IMTG 

continues to occur in contracting rat and mouse skeletal muscle[120]. Studies with ATGL 

deficient mice found an accumulation of TAG in skeletal muscle[121], which suggests a 

reduction in TAG hydrolysis.  

3.5 Ghrelin and peripheral fatty acid metabolism 

It has been proposed that ghrelin can influence FA metabolism in peripheral tissues. 

Alterations in substrate partitioning, for example impairments in FA oxidation/utilization, may 

influence the development of obesity[122]. Although the majority of the literature indicates that 

ghrelin injections in rodents lead to adiposity[123] , the precise mechanism through which this 

occurs remains up for debate. It is possible that weight gain associated with ghrelin may be due 
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to its central orexigenic effects, its ability to stimulate GH release, or modifications in substrate 

utilization. One study showed that daily peripheral AG injections in rats led to weight gain by 

reducing fat utilization, as evidenced by increases in respiratory quotient[123], while another 

study showed that 4 days of subcutaneous AG injections in rats led to reduced TAG content in 

mixed gastrocnemius muscle and unchanged in oxidative (soleus)[124]. The change observed in 

mixed muscle is further supported by a study in rat myoblasts treated with AG, which, also 

reduced TAG accumulation[90]. In rat hepatocytes, both AG and UnAG increased AMPK and 

ACC phosphorylation, and AG (added at physiological concentrations) increased CPT1 

mRNA[125], suggesting that ghrelin increases FA oxidation, although this was not directly 

assessed. Overall, ghrelin appears to alter peripheral FA metabolism. It may be tissue specific 

and the precise mechanism through which it works is unknown.  

The effects of ghrelin on lipolysis are controversial. Some studies have shown that both 

ghrelin isoforms inhibit isoproterenol-induced lipolysis in rat adipocytes[126][127]. Conversely, 

in vivo, acute peripheral AG infusion for 4hr in healthy human males increased circulating FA by 

80%, suggesting increased lipolysis[3]. These effects have been replicated in hypopituitary 

patients, suggesting that the increase in FA works through a mechanism independent of GH[3]. 

In a recent study examining the effects of AG, UnAG and AG+UnAG (~3.5hr infusion) on 

serum FA in humans, both AG and AG+UnAG increased FA concentration while saline and 

UnAG did not[128]. Although many studies have examined the effects of ghrelin on whole body 

and adipose tissue lipolysis, studies in skeletal muscle are limited. One of the few studies that did 

examined this tissue measured interstitial concentrations of glycerol and found that lipolysis was 
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not changed in skeletal muscle with ghrelin treatment[95]. Collectively, research suggests that 

ghrelin isoforms may alter lipolysis independent of GH.  

3.6 Conclusion 

In summary, the regulation and maintenance of whole-body glucose and FA homeostasis 

is critical. Alterations in glucose and FA metabolism contribute to metabolic disorders including 

obesity and T2D. Ghrelin is recognized for its central orexigenic effects, which may contribute to 

the development of adiposity, but has also been suggested to alter peripheral tissue metabolism. 

Although many studies have attempted to determine the precise role of ghrelin in peripheral 

tissues, the results remain inconclusive. Furthermore, research on the direct effects of ghrelin on 

FA metabolism in adipose tissue and skeletal muscle remain scarce. In order to understand this 

hormone’s function in peripheral tissue energy metabolism, further research is warranted. Once 

ghrelin’s role on substrate utilization has been established, it may be possible to identify the 

underlying mechanisms behind such changes.  
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Chapter 2: Thesis Objectives  

Although the actions of ghrelin on skeletal muscle glucose uptake are rather well defined, 

the direct effects of ghrelin isoforms on skeletal muscle FA metabolism remain unknown. Given 

that ghrelin levels rise prior to entrained mealtimes and decrease shortly after it is likely that it 

may act as a preparatory signal, priming tissues to facilitate uptake and metabolism of substrates 

such as FA. Studies have shown that peripheral AG injections lead to reductions in IMTG 

content in mixed gastrocnemius muscle; however, this was not observed in oxidative soleus 

muscle[124]. In healthy humans, acute peripheral AG injections have increased circulating FAs 

by 80%, suggesting that ghrelin may work to increase lipolysis[3]. Taken together, it appears that 

ghrelin can alter FA metabolism. However, methodological limitations associated with ghrelin 

injections make it difficult to identify the independent effects of ghrelin. Therefore, the objective 

of this thesis was to identify the direct effects of ghrelin isoforms on skeletal muscle FA 

metabolism. Furthermore, we sought to gain insight as to whether these effects were dependent 

on pre (5 mM) or post (10 mM) prandial glucose levels. The rise of circulating ghrelin levels pre-

meal[35] has lead us to speculate that ghrelin may act in a protective manner, promoting the 

oxidation and lipolysis of FAs, while reducing esterification of triglycerides to maintain blood 

glucose levels. Therefore, we hypothesized that ghrelin isoforms would increase FA oxidation 

and lipolysis while down-regulating FA incorporation into lipid pools in oxidative and glycolytic 

muscles at pre-prandial glucose levels.   
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Chapter 3: Ghrelin Increases Fatty Acid Oxidation and Blunts Epinephrine 
Stimulated Lipolysis in Skeletal Muscle 

Introduction. 

Ghrelin is classically known as a central appetite-stimulating hormone, but has recently 

been recognized to have a significant role in peripheral tissue energy metabolism. There are two 

main ghrelin isoforms that exist; unacylated ghrelin (UnAG) and acylated ghrelin (AG). 

Acylated ghrelin has long been considered as the more bioactive of the two isoforms. However, 

recent studies suggest an important of UnAG in energy metabolism[20]. 

Given that ghrelin rapidly increases prior to entrained mealtimes[35], it is possible that 

ghrelin may act as part of a preparatory response to facilitate the metabolism of ingested glucose 

and lipids. Skeletal muscle is a major site for glucose and lipid disposal; however, the direct 

effects of ghrelin on this tissue remain understudied. Furthermore, studies examining the 

metabolic effects of in vivo ghrelin injections fail to distinguish independent effects of ghrelin 

from secondary effects such as increases in growth hormone. 

The rise of circulating ghrelin levels pre-meal has lead us to speculate that ghrelin may 

act in a protective manner, promoting the oxidation and lipolysis of FAs, while reducing 

esterification of triglycerides to maintain blood glucose levels. This is further supported by 

studies which have shown that mice lacking the ghrelin-O-acyltransferase (GOAT), the enzyme 

responsible for the synthesis of AG, are unable to maintain blood glucose while calorie 

restricted[18]. This impairment in blood glucose regulation is severe enough that it leads to 

subsequent death[18]. In humans, ghrelin levels are elevated in individuals with anorexia 
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nervosa[5], suggesting that in states of low nutrient availability ghrelin may influence substrate 

metabolism to promote survival. 

By examining the effects of ghrelin isoforms on FA metabolism in skeletal muscle, we 

may better understand its role in energy maintenance and potentially obesity. Therefore, the 

objective of this study was to determine the direct effects of ghrelin on FA metabolism 

(incorporation into lipids, oxidation and lipolysis) in isolated, mature rodent skeletal muscle. 

Since ghrelin rapidly changes surrounding mealtime, we examined the impact of ghrelin on 

muscle FA metabolism at normal (premeal, 5mM) and elevated (postmeal, 10mM) glucose 

concentrations.  Finally, we examined the potential effect of ghrelin on FA metabolism in 

muscles of different oxidative potential (soleus, slow oxidative; extensor digitorum longus, fast 

glycolytic).  We have previously used these muscles, which are suitable for incubation[63]. 

Labelled [14C] palmitate was used to assess oxidation and incorporation into endogenous pools 

(triacylglycerol (TAG), diacylglycerol (DAG), phospholipids (PHOS)). Lipolysis was assessed 

by glycerol release into the surrounding medium. Finally, we assessed the phosphorylation of 

enzymes recognized for their role in muscle FA metabolism, including AMP-kinase (AMPK), 

acetyl-CoA carboxylase (ACC), and hormone sensitive lipase (HSL).  

We hypothesized that in pre-meal conditions (glucose, 5 mM) AG and UnAG would 1) 

increase FA oxidation and IMTG lipolysis; 2) decrease the rate of FA esterification into TAGs; 

and 3) that these effects would no longer be present in the post-meal condition (glucose, 10 mM). 

Furthermore, we hypothesized that ghrelin would alter FA metabolism through 4) up-regulation 

of phosphorylation of AMPK/ACC and HSL.  
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Methods.  

Materials and reagents.  

Reagents, molecular weight markers, and nitrocellulose membranes for SDS-PAGE were 

purchased from Bio-Rad (Mississauga, ON, Canada). Western Lightning Plus enhanced 

chemiluminescence (ECL) was purchased from Perkin Elmer (NEL105001EA). The following 

primary antibodies were purchased from Cell Signaling Technology: phospho-HSL 

(Ser563 catalog no. 4139, Ser660 catalog no. 4126, Ser565 catalog no. 4137), total HSL (catalog no. 

4107), AMPK-α (catalog no. 2532), p-AMPK Thr172 (catalog no. 2531), phospho-ACC (Ser79 

catalog no. 3661) and total ACC (catalog no. 3662). Horseradish peroxidase-conjugated donkey 

anti-rabbit antibody was obtained from Jackson ImmunoResearch Laboratories (West Grove, 

PA) (711-035-152). Free glycerol was measured using a commercially available fluorometric kit 

from BioVision (catalog no. K630–100). Medium 199 (product no. M3769), benzethonium 

hydroxide solution (product no. B2156), epinephrine hydrochloride (product no. E4642), 

glycerol standard (product no. G7793), and free glycerol reagents (product no. F6428) were 

purchased from Sigma-Aldrich Canada Co. AICAR was purchased from Cayman Chemical Co. 

(10010241-100). Palmitic acid [1-14C] was purchased from American Radiolabeled Chemicals 

(product no. 0172A). Acylated (Cat. #H-4862) and unacylated (Cat. #H-6264) rat ghrelin were 

sourced from Bachem (Torrance, CA).  

Animals.  

All procedures were carried out in accordance with the recommendations of the Canadian 

Council of Animal Care, and were approved by the Animal Care Committee at the University of 
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Guelph (AUP 3270). All surgeries were performed under sodium pentobarbital anesthesia 

(6mg/100g body wt). and all efforts made to prevent discomfort and suffering. Male Sprague-

Dawley rats approximately 7 weeks in age (200-250g) were purchased from Charles River 

Laboratories. All animals were group housed (2- 4 per cage) and kept in a 22-24°C environment. 

Animals were on a 12:12-h reverse light-dark cycle and fed standard rodent chow (16% protein 

Teklad laboratory diet, Envigo) ad libitum. Animals were given a minimum of 1 week to 

acclimate to their environment before all procedures.  

In vitro experiments.  

Lights went off at 6:00 am to signal the beginning of the active phase for the animals and 

they were given time to feed. 2 hours prior to anaesthetization food was taken away. 

Experimental procedures began between 8:30-10:30 am. All animals were anaesthetized with an 

intraperitoneal injection of sodium pentobarbital (6mg/100g body wt). Soleus (oxidative) and 

extensor digitorum longus (EDL; glycolytic) muscles from hind limbs were stripped 

longitudinally and excised, and weighed. Muscles were then preincubated for 30 min at 30°C in 

oxygenated (95% O2-5% CO2) medium 199 modified with 1 mM palmitate and 4% bovine 

serum albumin FA free in all experiments except Western blotting. 1% bovine serum albumin 

FA free was used in order to prevent the development of a gross non-specific band around 50-60 

kDa.   

For determination of FA oxidation and incorporation into lipid pools, muscles were 

incubated with 1mM palmitate, 0.5 uCi/mL palmitic acid [1-14C], and either 5 mM or 10 mM d-

deoxy-glucose. Muscle strips from each animal were randomly assigned to either the control 
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group with no additional treatment, AICAR (2mM), AG (150ng/ml) or UnAG (150ng/ml) for a 

one-hour incubation. Previous work from our laboratory has validated the stability of both AG 

and UnAG in incubation media, and found that they remain stable for 2 hrs[96]. The 

concentration of ghrelin chosen has been shown previously to elicit significant metabolic effects; 

this concentration of ghrelin has been shown to significantly stimulate GH release in vivo and in 

vitro[13]. 

Fatty Acid Oxidation.  

Muscles strips were incubated in the water bath with a sealed rubber stopper containing 

an Eppendorf tube. Following the 1 hour incubation, 230µl of benzethonium hydroxide was 

added to the Eppendorf tube inside the flasks and 2ml of sulfuric acid (1M) was added directly to 

the medium and muscle via syringe. The puncture holes on the top of the rubber stopper from the 

syringes were sealed using Dow Corning vacuum grease.  The mixture sat at room temperature 

for 2 hours to allow for 14CO2 gas to be released and trapped in the benzethonium hydroxide. 

Following the 2 hour period, the Eppendorf tube containing the benzethonium hydroxide was 

placed into a scintillation vial for quantification. Tendons were then cut and their weight was 

recorded and subtracted from the initial muscle weight obtained prior to incubations.  

Fatty Acid Incorporation into Lipid Pools.  

Following incubations, muscles were placed in 2:1 Chloroform:Methanol solution and 

homogenized with a polytron. They were then centrifuged for 10 minutes at 4°C at 4000 rpm. 

The supernatant was removed, 2ml of ddH2O was added, shaken gently for 10 minutes and 

centrifuged once again. The underlying layer of chloroform was removed, and 1ml of 100% 
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chloroform was added to the centrifuge tube to dissolve any remaining lipids. Samples were 

placed in a water bath warmed at 30°C and under a stream of nitrogen gas to facilitate 

evaporation of remaining liquid. Once samples were blown down, 100µl of 2:1 

chloroform:methanol solution with tripalmitin and dipalmitin standards were added to the 

samples. 50uL of dissolved lipids spotted on a designated lane on a thin layer chromatography 

(TLC) plate. The TLC plate was placed in a developing tank with enough 

heptane:isopropylether:acetic acid  (60:40:3) to reach approximately 1cm on the plate. Following 

45 minutes in the tank, the resolved plates were dried horizontally in room air for ~2-3 minutes, 

and lightly sprayed with chlorofluorescein dye (0.02% w/v in ethanol). Lipid pools, including 

TAGs DAGs, and PHOS, were visualized under long-wave UV light, the individual bands were 

scraped off onto weigh paper, and placed into a scintillation vial with 5ml of scintillation cocktail 

for quantification. 

Lipolyis and glycerol determination.  

Only soleus muscle was used for the assessment of lipolysis as previous work in our 

laboratory has shown that EDL does not respond significantly to epinephrine (positive control 

for lipolysis)[119]. All incubation mediums contained medium 199, 4%BSA, 1 mM palmitate, 

and either 5 mM or 10 mM D-glucose. Muscle strips were pre-incubated for 30 minutes and 

incubated for 1 hour at 30°C in oxygenated (95% O2-5% CO2) in medium 199. 1 mM of 

palmitate and either 5 mM or 10 mM of D-glucose were also added to the incubation buffer, in 

order to replicate the conditions used in the oxidation experiments. Incubation conditions 
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included control, epinephrine (epi) (1 uM) , epi+AG (1 uM, 150 ng/ml), and epi + UnAG (1 uM, 

150 ng/ml).  

Glycerol concentration in the incubation media was measured using a fluorometric assay 

on a black 96-well plate. Briefly, a glycerol standard curve was prepared by diluting a 1 mM kit 

standard to a range of 0.1–1.2 nmol/well. All standards and samples were loaded in triplicate and 

wells were adjusted to 50 µl total volume with assay buffer; 50 µl enzyme reaction mix (46 µl 

assay buffer, 2 µl glycerol probe, 2 µl glycerol enzyme mix) were added to samples and 

standards. Reactions were incubated at room temperature for 30 minutes and were protected 

from light. Concentrations were determined fluorometrically at excitation/emission wavelengths 

of 535/590 nm. Glycerol concentration was normalized to tissue weight (nmol/g wet weight). 

Signalling Experiments and Western Blotting. 

 Pre-incubations were 30 min for all signalling experiments; incubations for AMPK and 

ACC were 30 min while incubations for HSL were 1 hr in length. All samples were incubated at 

30°C in oxygenated (95% O2-5% CO2) medium 199. Incubation medium contained medium 199, 

5 mM of D-glucose, and 1% FA free bovine serum albumin. All muscles were blotted, frozen in 

liquid nitrogen, and stored at −80°C until analyses were performed. Soleus and EDL muscles 

were homogenized in a 25:1 volume-to-weight ratios of ice-cold cell lysis buffer supplemented 

with PMSF and protease inhibitor cocktail (Sigma catalog nos. 78830 and 9599). Samples were 

homogenized in a Qiagen TissueLyser LT (cat. No 85600) for three, 3 minute intervals and then 

centrifuged at 1,500 g for 15 min. Protein concentration of the supernatant was determined using 

the bicinchoninic acid method[129] and equal amounts of protein were separated on 10% gels to 
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assess the protein content of p-HSL Ser660, p-HSL Ser563, p-HSL Ser565,  HSL, p-AMPK Thr172, 

total AMPK, and 5% gels for p-ACC Ser79, total ACC. Proteins were transferred to nitrocellulose 

membranes at a constant 200 mA per tank and subsequently blocked in Tris-buffered saline-

0.01% Tween (TBST) supplemented with 5% nonfat dry milk for 1 hour at room temperature 

with gentle shaking. Membranes were incubated at 4°C overnight in primary antibodies diluted 

1:1,000 in TBST with 5% BSA. The following day blots were washed with TBST and then 

incubated in TBST-1% nonfat dry milk supplemented with 1:2,000 horseradish peroxidase 

conjugated donkey ant-rabbit secondary antibody for 1 h at room temperature. Bands were 

visualized using ECL and quantified using Alpha Innotech software. 

Following visualization, membranes were placed in a ponceau staining solution in order 

to locate protein bands. Protein bands were imaged and quantified using Alpha Innotech 

software. Western blots were normalized against ponceau stained membranes to account for 

differences in protein loading concentrations. Once both phosphorylated proteins and total 

proteins were normalized to their respective ponceau stain, phosphorylated proteins were 

normalized to total protein content.  

Statistical Analysis.  

  A repeated measure one-way ANOVA and Fisher’s LSD was used for analysis of FA 

oxidation and FA deposition. A two-way repeated measure ANOVA and Fisher’s LSD was used 

to analyze the free glycerol assay in order to examine the interaction of ghrelin and epinephrine 

independently and in combination. A one-way repeated measure ANOVA and Fisher’s LSD was 

used for analysis of Western blotting. Statistical analysis was accepted at p<0.05.    
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Results. 

Ghrelin directly stimulates fatty acid oxidation in glycolytic and oxidative muscle.  

AICAR, which served as a positive control for the assessment of FA oxidation[130], 

stimulated palmitate oxidation in both soleus and EDL regardless of the glucose concentration 

(p<0.01). At 5 mM glucose, UnAG stimulated oxidation in both soleus (p<0.01) and EDL 

(p<0.03). AG also tended to stimulate palmitate oxidation in EDL (p=0.07). Contrary to our 

hypothesis, at 10 mM glucose, both ghrelin isoforms significantly stimulated palmitate oxidation 

in EDL (p<0.05) and soleus (p<0.01) (Figure 1).  
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Unacylated ghrelin (UnAG) stimulates fatty acid oxidation at 5 mM glucose in soleus (A) and 

EDL (B). Both acylated (AG) and unacylated (UnAG) stimulate fatty acid oxidation in soleus 

(C) and EDL (D) at high glucose (10 mM) concentrations. Data is expressed as the mean ± SE. 

Figure 1: Ghrelin stimulates fatty acid oxidation. 
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n=10 for each group. Data was considered significant at p < 0.05. Groups not sharing a letter are 

statistically different from each other. 

 

Ghrelin does not alter fatty acid incorporation into triacylglycerol, diacylglycerol or 

phospholipids.  

No significant differences in the incorporation of labelled palmitate into triacylglycerol 

(TAG), diacylglycerol (DAG) or phospholipids (PHOS) were observed with any treatment in 

either the 5 or 10 mM glucose environments in soleus or EDL (Figure 2). Similarly, 

esterification of TAGs, DAGs and PHOS remained unaltered at high glucose concentrations 

(refer to appendix I). As expected, overall esterification of respective lipid pools was greatest in 

the oxidative muscle type (soleus).  
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Ghrelin does not alter fatty acid incorporation into triacylglycerol (TAG), diacylglycerol (DAG) 

or phospholipids (PHOS). Shown above (Figure 2) are the esterification rates of TAG, DAG and 

Figure 2:  Ghrelin and palmitate incorporation into TAG, DAG, and phospholipids. 
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PHOS (nmol/g/hr) in soleus (A) and EDL (B) with 5 mM glucose. Similar results were observed 

at high glucose concentration (10 mM) (results not shown). Data is expressed as the mean ± SE, 

soleus n=7 for each group, EDL n=8 (TAG), n=6 (DAG, PHOS). Data was considered 

significant at p < 0.05.  

 

Ghrelin blunts epinephrine-induced lipolysis in soleus muscle.  

Previous work from our laboratory has demonstrated that epinephrine is able to 

significantly stimulate lipolysis in the soleus but not the EDL muscle[119].  Therefore, we 

examined only the soleus muscle to determine the role of ghrelin as a regulator of lipolysis. 

Epinephrine significantly stimulated free glycerol release, an indicator of lipolysis, at normal 

(p=0.0002) and high (p=0.0016) glucose concentration compared to control. Neither ghrelin 

isoform (AG, UnAG) was able to independently alter glycerol release compared to control. 

However, when ghrelin isoforms were combined with epinephrine, a significant blunting of 

epinephrine’s stimulatory effect on glycerol release was observed (Figure 3).   
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Figure 3: Ghrelin and skeletal muscle lipolysis. 

Ghrelin does not stimulate glycerol release (index of lipolysis) alone and blunts epinephrine 

(EPI) stimulated lipolysis at normal (A) and high (B) glucose concentrations. Data is expressed 
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as the mean ± SE. n=8 (A) and n=7 (B). Data was considered significant at p < 0.05. Groups not 

sharing a letter are statistically different from each other. 

 

AMPK and ACC are increased in EDL but not soleus with ghrelin treatment.  

We hypothesized that the increase in FA oxidation observed with ghrelin may be due to 

the activation/phosphorylation of AMP-activated protein kinase (AMPK) which, in turn, 

phosphorylates/deactivates acetyl CoA carboxylase (ACC).  A trend towards increases in AMPK 

and ACC phosphorylation were observed in the EDL muscle (4b, 4d). No significant changes in 

AMPK and ACC phosphorylation were observed in the soleus muscle (Figure 4a, 4c).  
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Figure 4: Ghrelin and phosphorylation of AMPK/ACC. 

Phosphorylation of AMPK and ACC normalized to ponceau and total AMPK, ACC content. A 

trend towards an increase in phosphorylated AMPK in EDL muscle was observed. Data is 
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expressed as the mean ±SE, 4A. n=6, 4B. ACC n=7, 4C. n=7, 4D. n=8. Data was considered 

significant if p < 0.05. Groups not sharing a letter are considered statistically different from each 

other.  

 

The effect of epinephrine and ghrelin isoforms on HSL phosphorylation in skeletal muscle.    

 A trend towards an increase in HSL phosphorylation at the serine 563 (p=0.07) was 

observed with epi treatment alone (Figure 5). When AG was combined with epi (Epi+AG), a 

significant increase in serine 563 phosphorylation was observed. No significant changes in serine 

563 phosphorylation was observed with Epi+UnAG. Epinephrine and AG decreased 

phosphorylation of the inhibitory serine 565 site, while no other significant changes were 

observed with epi or Epi+AG treatments (Figure 5). Taken together, it does not appear that 

ghrelin’s ability to blunt epinephrine stimulated-lipolysis works through reducing the 

phosphorylation of the stimulatory serine 563, nor does it do so by increasing the 

phosphorylation of the inhibitory serine 565 site.    
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Figure 5: The effects of epinephrine and ghrelin on skeletal muscle HSL phosphorylation. 

Ghrelin does not appear to influence the ability of epinephrine to phosphorylate HSL activating 

site 563 (A) and inhibitory site 565 (B), n=6. Data was considered significant if p < 0.05. Groups 

not sharing a letter are considered statistically different from each other. 
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Discussion. 

The purpose of this investigation was to determine ghrelin’s direct effects on FA 

oxidation, incorporation and lipolysis in isolated oxidative (soleus) and glycolytic (EDL) 

muscles. Here we show that both ghrelin isoforms are able to directly stimulate palmitate 

oxidation and inhibit epinephrine-induced lipolysis ex vivo. Although some have proposed that 

ghrelin injections lead to increases in respiratory quotient, indicative of decreased fat utilization, 

the direct effects of ghrelin on FA metabolism in skeletal muscle remain unknown. In this study, 

we utilized an isolated skeletal muscle preparation to assess changes in FA metabolism caused 

directly by acylated (AG) and unacylated (UnAG) ghrelin isoforms. Muscle strips were 

incubated with either normal (5mM) or high glucose (10 mM) concentrations in order to simulate 

and compare pre and postprandial states. This ex vivo preparation allowed us to directly examine 

the effects of ghrelin isoforms without the secondary effects or interaction of other hormones, 

such as GH and insulin, that normally occur in vivo.  

A number of novel observations have been made in the present study: 1) AG and UnAG 

increased palmitate oxidation in oxidative and glycolytic muscles, and this was generally true 

regardless of the glucose concentration used; 2) the increase in palmitate oxidation in both 

muscle types was not associated with increases in AMPK and ACC; 3) neither ghrelin isoform 

had an effect on palmitate incorporation into any of the major lipid pools (TAG, DAG and 

PHOS); 4) both AG and UnAG blunted epinephrine-induced lipolysis in the soleus muscle, but 

did not do so independently; and 5) the blunting of epinephrine stimulated lipolysis by ghrelin 

did not coincide with a decrease in HSL activation at the serine 563 activation site or the serine 

565 inhibitory site. Collectively, this suggests that ghrelin has a direct effect on stimulating 
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palmitate oxidation and reducing lipolytic activation (epinephrine induced) in muscle in the 

absence of any observable effect on lipid incorporation into intramuscular pools. These findings 

suggest that ghrelin may act to facilitate the maintenance of circulating blood glucose by 

promoting FA oxidation.  However, it is unclear why ghrelin would act to blunt lipolysis, as this 

would seem contradictory given the increase in FA oxidation. 

Effect of ghrelin isoforms on fatty acid oxidation  

Previous work from our laboratory has demonstrated that ghrelin isoforms have no effect 

on glucose uptake in skeletal muscle[96], suggesting that ghrelin’s effect is selective to FA 

oxidation. Normal circulating levels of ghrelin in rats are approximately 0.02 ng/ml AG and 

0.120 ng/ml UnAG[125].  However, many studies have used higher concentrations of ghrelin to 

study its effects; common injection protocols include administration of approximately 100 ug 

[93] or 200 ug[131] twice daily, and incubation with 100 nM ghrelin in cell cultures [89][20]. 

We chose to incubate the muscle strips with high AG and UnAG concentrations (150ng/ml) to 

maximize the chance of eliciting a response in the resting muscle. The presence of exogenous FA 

concentrations used (1.0 mM palmitate) has been previously shown to adequately supply the 

muscle with enough substrate to measure FA oxidation and incorporation into lipid pools[63].  

To our knowledge, we are the first to show that ghrelin isoforms directly and 

independently stimulate FA oxidation in skeletal muscle. Ghrelin in its UnAG form increased 

palmitate oxidation by approximately 42% in the EDL when incubated with 10 mM glucose, and 

39% in soleus, regardless of glucose concentration, compared with control muscles. Similarly, 

AG increased oxidation ~38% compared to control when muscles were placed in high glucose 
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media (10 mM). Although it did not reach statistical significance, AG increased palmitate 

oxidation by ~15% in soleus and ~23% in EDL compared to control when incubated with low 

glucose (5 mM). Ghrelin appears to stimulate FA oxidation significantly in conditions of high 

glucose, which suggests that this hormone may affect postprandial lipid metabolism in vivo. 

The mechanism by which acute ghrelin (AG and UnAG) treatment increases FA 

oxidation in skeletal muscle is unknown. We hypothesized that AG and UnAG would stimulate 

FA oxidation in skeletal muscle by upregulating the phosphorylation of AMPK and the 

downstream effector ACC. Once phosphorylated, ACC becomes inactive which in turn decreases 

the production of malonyl-CoA, which normally inhibits carnitine palmitoyl transferase 1 

(CPT1). The relief of inhibition on CPT1, a rate-limiting step in FA oxidation then allows FAs to 

be readily taken up into the mitochondria for oxidation. Previous work in our laboratory has 

shown that AICAR is able to stimulate AMPK-α2 and FA oxidation in resting soleus muscle 

following 60 minutes of treatment [132]. In the current study, AMPK and ACC phosphorylation 

were not significantly increased in either muscle with AG or UnAG when incubated with 5 mM 

or 10 mM of glucose. It is possible that increases in FA oxidation are not due to increased 

activity of these enzymes. Presumably, AMPK becomes activated in response to an increase in 

energy demand, implying that ghrelin did not alter the energy charge of the muscle (AMP, PCr 

levels) and therefore did not stimulate AMPK. Our findings are similar to those seen previously, 

with no changes in AMPK phosphorylation with isolated soleus and EDL muscles and ghrelin 

(AG, UnAG) treatment [96]. This is the first study to demonstrate that acute incubation with 

ghrelin isoforms is able to directly increase FA oxidation in skeletal muscle, although the 

mechanism remains undefined. 
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Effect of ghrelin isoforms on fatty acid incorporation 

Previous studies have demonstrated that chronic AG injections for 4 days can reduce TG 

content in gastrocnemius, but not in the oxidative soleus muscle[124].  In the current study, 

neither ghrelin isoform significantly altered palmitate incorporation into TAG, DAG and P pools 

(see appendix I) regardless of glucose concentration in either soleus or EDL. One limitation of 

this technique is that it only allows us to measure the net accumulation of 14C palmitate within a 

given lipid pool. Without the ability to measure the movement of 14C palmitate between pools we 

do not know whether transfer of 14C palmitate from other lipid pools replaced a small loss of 14C 

palmitate from the TAG pool.  

Effects of ghrelin on skeletal muscle lipolysis 

Contrary to previous studies in humans that suggest an increase in lipolysis with ghrelin 

injection[3], we found no significant changes in glycerol release with ghrelin treatments 

compared to control. Previous work has shown that both AG and UnAG inhibit isoproterenol-

induced lipolysis in isolated rat adipocytes[126], which is similar to what we observed in skeletal 

muscle in this study. Both AG and UnAG blunted epinephrine-induced lipolysis in the soleus 

muscle when incubated with normal and high glucose concentrations. In skeletal muscle, the β2 

adrenoreceptor subtype is critical in the regulation of catecholamine induced lipolysis and is also 

highly expressed in both rodents and humans [115]. The effect of catecholamines on HSL in both 

adipose tissue and skeletal muscle is regulated by beta-adrenoceptors and protein kinase A 

(PKA)[107]. However, the precise site of PKA phosphorylation on HSL in vivo remains 

unclear[116]. HSL is regulated by reversible phosphorylation of various serine sites, including 
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five serine residues in rats in vitro (563, 565, 600, 659, 660) [116].  Studies examining rat HSL 

have shown that AMPK can phosphorylate the inhibitory serine site 565, while PKA 

phosphorylates the stimulatory serine residues, 660 and 563[116]. Skeletal muscle HSL activity 

also increases with contraction/exercise by 50-100%, and is intensity dependent[117]. 

Epinephrine has also been shown to regulate skeletal muscle HSL activation in resting and 

contracting muscle[107]. Through beta-adrenergic receptor stimulation and PKA activation[118], 

epinephrine increases HSL phosphorylation and in turn free FA and glycerol release. Previous 

studies have shown that epinephrine is able to directly stimulate skeletal muscle lipolysis in 

oxidative muscle[119]. In adipose tissue, ghrelin alters lipolysis through modifications in HSL 

activation (Cervone, unpublished data). Therefore, we hypothesized that AG and UnAG would 

induce lipolysis through activation/phosphorylation of a serine site on the HSL residue. Contrary 

to our hypothesis we observed no change in lipolysis with either ghrelin isoform, but blunted 

epinephrine induced lipolysis. Phosphorylated protein content of HSL site 563 increased with 

epinephrine treatment as expected. However, this site does not appear to be responsible for the 

reductions in lipolysis observed with ghrelin treatment. Studies in humans with epinephrine and 

exercise have shown only mild to moderate (28%) activation of HSL[118]. Therefore, it may be 

reasonable to believe that we were unable to detect the slight increase in protein content of the 

phosphorylated serine 563 site. Measurements of alternative HSL phosphorylation sites and 

activity of HSL are warranted. In addition, it may be beneficial to consider the interaction of 

HSL with perilipins and lipid droplets, as these interactions are important in the regulation 

lipolysis[133]. 
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The observed reduction in epinephrine-induced lipolysis with ghrelin treatment is 

intriguing. However, it remains to be determined whether this reduction in intramuscular 

lipolysis would still exist if ghrelin were to be injected in vivo using a whole-body model. Many 

studies have shown that ghrelin’s effect on peripheral metabolism in ex vivo models[127] differ 

from that observed in vivo[134]. In isolated adipose tissue, ghrelin blunts CL-316, 243 induced-

lipolysis, and in vivo that effect is no longer present (Cervone, unpublished data) or even the 

opposite effect (cite some of the other human injection studies here). Regardless, it is important 

to measure ex vivo/in vitro systems to determine whether the apparent effects of ghrelin in vivo 

are secondary to other metabolic regulatory points, or independent.  

Taken together, the findings from this study may suggest that in isolated rat skeletal 

muscle, ghrelin isoforms directly stimulate FA uptake (although this remains to be directly 

assessed), as seen with increases in 14C palmitate oxidation, and no changes in FA incorporation 

into lipids.  Furthermore, ghrelin does not independently alter lipolysis. Some additional sites of 

FA regulation that future studies should look to examine include the FAT/CD36 and CPT1 as 

these transporters facilitate the entry of FAs across the sarcolemma in skeletal muscle[98] and 

catalyze the rate-limiting step of FA oxidation. This allows the transport of FAs into the 

mitochondria for beta-oxidation[135]. Central administration of ghrelin has been shown to alter 

both FATCD/36 and CPT1 expression in the brain as well as in adipose tissue[136][137]. Future 

studies should consider the expression and activity of these transporters when examining 

ghrelin’s effects on skeletal muscle FA metabolism. 
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Ghrelin pre and post prandial fatty acid metabolism 

In this study, we examined the effects of ghrelin on skeletal muscle FA metabolism in 

normal (5 mM) and high (10 mM) glucose environments. This allowed us to determine if 

ghrelin’s effects were specific to pre or post prandial states. This is important as the regulation of 

glucose and FA metabolism are often reciprocal and it is important to study FA metabolism in 

the context of different glucose availabilities.  

Regulation of fatty acid metabolism at mealtime 

It is well established that ghrelin can act as a meal initiation signal, however, other 

hormones such as leptin and insulin also play an important role in regulating muscle FA 

metabolism particularly at mealtime. It is likely that in vivo, ghrelin’s effects are influenced by 

the interaction with these signaling molecules. Plasma ghrelin has a reciprocal relationship with 

insulin in vivo[39] and in cell cultures ghrelin secreting cells have been shown to express the α 

and β insulin receptor subunits, suggesting that ghrelin and insulin may interact directly[40]. 

When cells are incubated with insulin, ghrelin secretion is decreased[40]. However, cells placed 

in an environment with high insulin do not exhibit suppression in ghrelin secretion, and after 24h 

the insulin receptor expression is decreased[40]. Interestingly, individuals with T2D have 

impaired responses to insulin stimulated decreases in plasma ghrelin[41]. Unlike ghrelin, leptin 

levels do not change acutely prior to meals but have a diurnal variation, increasing throughout 

the day with slight drops within 1h post meal[34]. Leptin, has been shown to increase oxidation 

of FAs in lean skeletal muscle[138]. In obese skeletal muscle, the increase in oxidation of FAs 

with leptin is no longer present[138]. Low circulating ghrelin and high circulating leptin have 
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been reported with obesity [6]. The interactions between ghrelin, insulin and leptin in vivo may 

play a key role in the development of metabolic disorders associated with obesity. In order to 

gain a more complete understanding of ghrelin’s effects investigators should consider the effects 

of ghrelin in the presence of insulin and leptin.  

Limitations and Considerations 

Because plasma ghrelin (UnAG) levels increase during fasting and decrease following 

food intake[139], the nutritional state of the animal is an important consideration. Researchers 

should consider light and dark[33] phases as well as control for time of meal ingestion and 

standardize macronutrients as these have also been shown to influence the level of decrease 

and/or subsequent increase in ghrelin[37]. Although we’ve tried to the best of our ability to 

control for these factors is it difficult to assure consistent baseline ghrelin levels in the animals at 

the time of the experimental procedures. Another limitation to this study is our exclusively male 

rodent cohort. Research has shown that mean circulating ghrelin levels differ significantly 

between male and females, in both humans and rodents[38],[140]. Higher mean circulating levels 

in females may alter the effect of ghrelin on fatty acid metabolism in skeletal muscle.  

The rodents in our study were group housed with adequate bedding at a temperature of 25 

degrees Celsius. Future studies should follow a similar practice as housing conditions may play a 

role in ghrelin regulation. Single housing, which is often used to measure food intake and/or 

energy expenditure, has been shown to alter adrenal and gonadal function[141]. Both ghrelin and 

GHSR are expressed in the rat adrenal cortex[142] and changes in adrenal function likely alter 

ghrelin levels and in turn specific endpoints of interest in whole body rodent models. Housing 
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temperature of rodents should also be taken into consideration when examining the effects of 

ghrelin on metabolism. Thermoneutrality can be defined as the range of ambient temperature that 

does not require an animal to combat the cold by 1) raising heat production and/or 2) evaporative 

heat loss, in which 3) normal thermoregulation mechanisms are absent[143]. An inverse effect of 

ambient temperature and food intake were found in animals housed at 30° and 32° C compared 

to those housed at 20°, 22°, 24° and 26° C[144]. Mice housed in the cooler environment 

consumed ~37% more food relative to the group housed in the warmer conditions[144]. This is 

important especially in studies examining the orexigenic effects of ghrelin.  

 

Summary  

From the isolated skeletal muscle preparation used, we were able to examine ghrelin’s 

direct effects on FA metabolism at normal and high glucose concentrations in oxidative and 

glycolytic muscles. We have demonstrated that AG and UnAG increase FA oxidation in soleus 

and EDL muscle, but do not appear to alter incorporation of FAs into lipid pools or lipolysis 

independently. Thus, ghrelin may be an important factor in regulating FA oxidation to provide 

fuel for tissues and possibly entire systems in vivo. We speculate that the decreases in circulating 

ghrelin levels observed with obesity may also contribute to impairments in skeletal muscle 

metabolism. Research examining the effects of ghrelin on skeletal muscle FA metabolism from 

lean and obese animals is warranted. 

  



 

 

49 

 

REFERENCES  

[1] H. Y. Chen, M. E. Trumbauer, A. S. Chen, D. T. Weingarth, J. R. Adams, E. G. Frazier, 
Z. Shen, D. J. Marsh, S. D. Feighner, X. M. Guan, Z. Ye, R. P. Nargund, R. G. Smith, L. 
H. T. Van Der Ploeg, A. D. Howard, D. J. Macneil, and S. Qian, “Orexigenic action of 
peripheral ghrelin is mediated by neuropeptide Y and agouti-related protein,” 
Endocrinology, vol. 145, no. 6, pp. 2607–2612, 2004. 

[2] K. Takaya, K., Ariyasu, H., Kanamoto, N., Iwakura, H., Yoshimoto, A., Harada, M., 
Mori, K., Komatsu, Y., Usui, T., Shimatsu, A., Ogawa, Y., Hosoda, K., Akamizu, T., 
Kojima, M., Kangawa, K., Nakao, “Ghrelin strongly stimulates growth hormone (GH) 
release in humans,” J. Clin. Endocrinol. Metab., vol. 85, no. 12, pp. 4908–4911, 2000. 

[3] E. T. Vestergaard, L. C. Gormsen, N. Jessen, S. Lund, T. K. Hansen, N. Moller, and J. O. 
L. Jorgensen, “Ghrelin infusion in humans induces acute insulin resistance and lipolysis 
independent of growth hormone signaling,” Diabetes, vol. 57, no. 12, pp. 3205–3210, 
2008. 

[4] D. E. Cummings, K. Clement, J. Q. Purnell, C. Vaisse, K. E. Foster, R. S. Frayo, M. W. 
Schwartz, A. Basdevant, and D. S. Weigle, “Elevated plasma ghrelin levels in Prader–
Willi syndrome,” Nat. Med., vol. 8, no. 7, pp. 643–644, 2002. 

[5] L. Soriano-Guillén, V. Barrios, Á. Campos-Barros, and J. Argente, “Ghrelin levels in 
obesity and anorexia nervosa: Effect of weight reduction or recuperation,” J. Pediatr., vol. 
144, no. 1, pp. 36–42, 2004. 

[6] M. L. Tschop, M., Weyer, C., Tataranni, A., Devanarayan, V., Ravussin, R., Heiman, 
“Circulating ghrelin levels are decreased in human obesity,” Diabetes, vol. 50, pp. 707–
709, 2001. 

[7] W. Zhang, B. Chai, J. Y. Li, H. Wang, and M. W. Mulholland, “Effect of des-acyl ghrelin 
on adiposity and glucose metabolism,” Endocrinology, vol. 149, no. 9, pp. 4710–4716, 
2008. 

[8] M. L. Banks, W. A. Tschop, M., Robinson, S., Heiman, “Extent and Direction of Ghrelin 
Transport Across the Blood-Brain Barrier Is Determined by Its Unique Primary 
Structure,” J. Pharmacol. Exp. Ther., vol. 302, no. 2, pp. 822–827, 2002. 

[9] C. Y. Bowers, F. Momany, G. A. Reynolds, D. Chang, A. Hong, and K. Chang, 
“Structure-Activity relationships of a synthetic pentapeptide that specifically releases 
growth hormone in vitro,” Endocrinology, vol. 106, no. 3, pp. 663–667, 1980. 

[10] J. Karlberg, “The infancy-childhood growth spurt.,” Acta Paediatr. Scand. Suppl., vol. 
367, pp. 111–118, 1990. 



 

 

50 

 

[11] B. D. Gaylinn, “Growth Hormone Releasing Hormone Receptor,” no. March, pp. 155–
162, 2002. 

[12] C. Y. Bowers, G. A. Reynolds, D. Durham, C. M. Barrera, S. S. Pezzoli, and M. O. 
Thorner, “Growth hormone (GH)-releasing peptide stimulates gh release in normal men 
and acts synergistically with GH-releasing hormone,” J. Clin. Endocrinol. Metab., vol. 70, 
no. 4, pp. 975–982, 1990. 

[13] M. Kojima, H. Hosoda, Y. Date, M. Nakazato, H. Matsuo, and K. Kangawa, “Ghrelin is a 
growth-hormone-releasing acylated peptide from stomach,” Nature, vol. 402, no. 6762, 
pp. 656–660, 1999. 

[14] Y. Date, M. Kojima, H. Hosoda, A. Sawaguchi, M. S. Mondal, T. Suganuma, S. 
Matsukura, K. Kangawa, and M. Nakazato, “Ghrelin, a novel growth hormone-releasing 
acylated peptide, is synthesized in a distinct endocrine cell type in the gastrointestinal 
tracts of rats and humans,” Endocrinology, vol. 141, no. 11, pp. 4255–4261, 2000. 

[15] M. Kojima, H. Hosoda, and K. Kangawa, “Purification and distribution of ghrelin: the 
natural endogenous ligand for the growth hormone secretagogue receptor.,” Horm. Res., 
vol. 56 Suppl 1, no. 3, pp. 93–97, 2001. 

[16] T. Sato, Y. Fukue, H. Teranishi, Y. Yoshida, and M. Kojima, “Molecular forms of 
hypothalamic ghrelin and its regulation by fasting and 2-deoxy-D-glucose administration,” 
Endocrinology, vol. 146, no. 6, pp. 2510–2516, 2005. 

[17] A. Stengel and Y. Taché, “Ghrelin-a pleiotropic hormone secreted from endocrine X/A-
like cells of the stomach,” Front. Neurosci., vol. 6, no. FEB, pp. 1–16, 2012. 

[18] T.-J. Zhao, G. Liang, R. L. Li, X. Xie, M. W. Sleeman, A. J. Murphy, D. M. Valenzuela, 
G. D. Yancopoulos, J. L. Goldstein, and M. S. Brown, “Ghrelin O-acyltransferase 
(GOAT) is essential for growth hormone-mediated survival of calorie-restricted mice,” 
Proc. Natl. Acad. Sci., vol. 107, no. 16, pp. 7467–7472, 2010. 

[19] P. J. Tong, J., Dave, N., Mugundu, G.M., Davis, H.W., Gaylinn, B.D., Thorner, M.O., 
Tschop, M.H., D’Alessio, D., Desai, “The pharmacokinetics of acyl, desacyl and total 
ghrelin in healthy human subjects,” Eur. J. Endocrinol., vol. 168, no. 6, pp. 821–828, 
2013. 

[20] R. Granata, F. Settanni, M. Julien, R. Nano, G. Togliatto, A. Trombetta, D. Gallo, L. 
Piemonti, M. F. Brizzi, T. Abribat, A. J. Van Der Lely, and E. Ghigo, “Des-acyl ghrelin 
fragments and analogues promote survival of pancreatic beta-cells and human pancreatic 
islets and prevent diabetes in streptozotocin-treated rats,” J. Med. Chem., vol. 55, no. 6, 
pp. 2585–2596, 2012. 

 



 

 

51 

 

[21] H. Hosoda, M. Kojima, H. Matsuo, and K. Kangawa, “Ghrelin and des-acyl ghrelin: Two 
major forms of rat ghrelin peptide in gastrointestinal tissue,” Biochem. Biophys. Res. 
Commun., vol. 279, no. 3, pp. 909–913, 2000. 

[22] H. Hosoda, M. Kojima, and K. Kangawa, “Biological, physiological, and pharmacological 
aspects of ghrelin.,” J. Pharmacol. Sci., vol. 100, no. 5, pp. 398–410, 2006. 

[23] M. Kojima, H. Hosoda, H. Matsuo, and K. Kangawa, “Ghrelin: Discovery of the natural 
endogenous ligand for the growth hormone secretagogue receptor,” Trends Endocrinol. 
Metab., vol. 12, no. 3, pp. 118–122, 2001. 

[24] M. Satou, Y. Nishi, J. Yoh, Y. Hattori, and H. Sugimoto, “Identification and 
characterization of acyl-protein thioesterase 1/lysophospholipase I as a ghrelin 
deacylation/lysophospholipid hydrolyzing enzyme in fetal bovine serum and conditioned 
medium,” Endocrinology, vol. 151, no. 10, pp. 4765–4775, 2010. 

[25] S. R. Neary, N.M., Druce, M.R., Small, C.J., and Bloom, “Acylated ghrelin stimulates 
food intake in the fed and fasted states but desacylated ghrelin has no effect,” Gut, vol. 55, 
no. 1, pp. 134–135, 2006. 

[26] A. Asakawa, A. Inui, M. Fujimiya, R. Sakamaki, N. Shinfuku, Y. Ueta, M. M. Meguid, 
and M. Kasuga, “Stomach regulates energy balance via acylated ghrelin and desacyl 
ghrelin,” Gut, vol. 54, no. 1, pp. 18–24, 2005. 

[27] P. J. D. Delhanty, P. M. van Koetsveld, C. Gauna, B. van de Zande, G. Vitale, L. J. 
Hofland, and A. J. van der Lely, “Ghrelin and its unacylated isoform stimulate the growth 
of adrenocortical tumor cells via an anti-apoptotic pathway,” Am. J. Physiol. Metab., vol. 
293, no. 1, pp. E302–E309, 2007. 

[28] I. Bulgarelli, L. Tamiazzo, E. Bresciani, D. Rapetti, S. Caporali, D. Lattuada, V. Locatelli, 
and A. Torsello, “Desacyl-ghrelin and synthetic GH-secretagogues modulate the 
production of inflammatory cytokines in mouse microglia cells stimulated by beta-
amyloid fibrils,” J. Neurosci. Res., vol. 87, no. 12, pp. 2718–2727, 2009. 

[29] M. François, S. Barde, R. Legrand, N. Lucas, S. Azhar, M. el Dhaybi, C. Guerin, T. 
Hökfelt, P. Déchelotte, M. Coëffier, and S. O. Fetissov, “High-fat diet increases ghrelin-
expressing cells in stomach, contributing to obesity,” Nutrition, vol. 32, no. 6, pp. 709–
715, 2016. 

[30] R. Barazzoni, G. Gortan Cappellari, A. Semolic, M. Ius, L. Mamolo, F. Dore, M. Giacca, 
M. Zanetti, P. Vinci, and G. Guarnieri, “Plasma total and unacylated ghrelin predict 5-year 
changes in insulin resistance,” Clin. Nutr., vol. 35, no. 5, pp. 1168–1173, 2015. 

[31] C. Gauna, P. J. D. Delhanty, L. J. Hofland, J. A. M. J. L. Janssen, F. Broglio, R. J. M. 
Ross, E. Ghigo, and A. J. Van Der Lely, “Ghrelin stimulates, whereas des-octanoyl 
ghrelin inhibits, glucose output by primary hepatocytes,” J. Clin. Endocrinol. Metab., vol. 



 

 

52 

 

90, no. 2, pp. 1055–1060, 2005. 

[32] F. Broglio, A. Benso, C. Gottero, F. Prodam, C. Gauna, L. Filtri, E. Arvat, A. J. Van Der 
Lely, R. Deghengi, and E. Ghigo, “Non-acylated ghrelin does not possess the pituitaric 
and pancreatic endocrine activity of acylated ghrelin in humans,” J. Endocrinol. Invest., 
vol. 26, no. 3, pp. 192–196, 2003. 

[33] P. Inoff, T., Mönnikesd, H., Noetzela, S., Stengelc, A., Goebel, M., Dinhb, Q.T., Riedlb, 
A., Bannerte, N., Wissera, A.S., Wiedenmanna, B., Klappb, B.F., Tachéc, Y., and 
Kobelta, “Desacyl ghrelin inhibits the orexigenic effect of peripherally injected ghrelin in 
rats,” Pept. NIH Public Access PMC, vol. 29, no. 12, pp. 2159–2168, 2009. 

[34] D. E. Cummings, J. Q. Purnell, R. S. Frayo, K. Schmidova, B. E. Wisse, and D. S. Weigle, 
“A preprandial pise in plasma ghrelin levels suggests a role in meal initiation in humans,” 
Diabetes, vol. 50, no. 8, pp. 1714–1719, 2001. 

[35] J. Liu, C. E. Prudom, R. Nass, S. S. Pezzoli, M. C. Oliveri, M. L. Johnson, P. Veldhuis, D. 
A. Gordon, A. D. Howard, D. R. Witcher, H. M. Geysen, B. D. Gaylinn, and M. O. 
Thorner, “Novel ghrelin assays provide evidence for independent regulation of ghrelin 
acylation and secretion in healthy young men,” J. Clin. Endocrinol. Metab., vol. 93, no. 5, 
pp. 1980–1987, 2008. 

[36] P. Monteleone, R. Bencivenga, N. Longobardi, C. Serritella, and M. Maj, “Differential 
Responses of Circulating Ghrelin to High-Fat or High-Carbohydrate Meal in Healthy 
Women,” J. Clin. Endocrinol. Metab., vol. 88, no. 11, pp. 5510–5514, 2003. 

[37] K. E. Foster-Schubert, J. Overduin, C. E. Prudom, J. Liu, H. S. Callahan, B. D. Gaylinn, 
M. O. Thorner, and D. E. Cummings, “Acyl and total ghrelin are suppressed strongly by 
ingested proteins, weakly by lipids, and biphasically by carbohydrates,” J. Clin. 
Endocrinol. Metab., vol. 93, no. 5, pp. 1971–1979, 2008. 

[38] J. L. Chan, J. Bullen, J. H. Lee, N. Yiannakouris, and C. S. Mantzoros, “Ghrelin Levels 
Are Not Regulated by Recombinant Leptin Administration and/or Three Days of Fasting 
in Healthy Subjects,” J. Clin. Endocrinol. Metab., vol. 89, no. 1, pp. 335–343, 2004. 

[39] R. Saad, M.F., Bernaba, B., Hwu, C-H., Jinagouda, S., Fahmi, S., Kogosov, E., Boyadjian, 
“Insulin regulates plasma ghrelin concentration,” J. Clin. Endocrinol. Metab., vol. 87, no. 
8, pp. 3997–4000, 2002. 

[40] J. Gagnon and Y. Anini, “Insulin and norepinephrine regulate ghrelin secretion from a rat 
primary stomach cell culture,” Endocrinology, vol. 153, no. 8, pp. 3646–3656, 2012. 

[41] C. Anderwald, G. Brabant, E. Bernroider, R. Horn, A. Brehm, W. WALDHAUSL, and M. 
Roden, “Insulin-dependent modulation of plasma ghrelin and leptin concentrations is less 
pronounced in type 2 diabetic patients,” Diabetes, vol. 52, no. 0012–1797, pp. 1792–1798, 
2003. 



 

 

53 

 

[42] M. S. Kim, C. Namkoong, H. S. Kim, P. G. Jang, Y. M. K. Pak, H. Katakami, J. Y. Park, 
and K. U. Lee, “Chronic central administration of ghrelin reverses the effects of leptin,” 
Int. J. Obes., vol. 28, no. 10, pp. 1264–1271, 2004. 

[43] S. Nakazato, M., Murakami, N., Date, Y., Kojima, M., Matsuo, H., Kangawa, K., & 
Matsukura, “A role for ghrelin in the central regulation of feeding,” Nature, vol. 409, no. 
0047–1852, pp. 194–198, 2001. 

[44] Y. Date, T. Shimbara, S. Koda, K. Toshinai, T. Ida, N. Murakami, M. Miyazato, K. 
Kokame, Y. Ishizuka, Y. Ishida, H. Kageyama, S. Shioda, K. Kangawa, and M. Nakazato, 
“Peripheral ghrelin transmits orexigenic signals through the noradrenergic pathway from 
the hindbrain to the hypothalamus,” Cell Metab., vol. 4, no. 4, pp. 323–331, 2006. 

[45] J. M. Zigman, J. E. Jones, C. E. Lee, C. B. Saper, and J. K. Elmquist, “Expression of 
ghrelin receptor mRNA in the rat and the mouse brain.,” J. Comp. Neurol., vol. 494, no. 3, 
pp. 528–48, 2006. 

[46] O. Al Massadi, M. López, M. Tschöp, C. Diéguez, and R. Nogueiras, “Current 
Understanding of the Hypothalamic Ghrelin Pathways Inducing Appetite and Adiposity,” 
Trends Neurosci., vol. 40, no. 3, pp. 167–180, 2017. 

[47] T. Sakurai, A. Amemiya, M. Ishii, I. Matsuzaki, R. M. Chemelli, H. Tanaka, S. C. 
Williams, J. A. Richardson, G. P. Kozlowski, S. Wilson, J. R. S. Arch, R. E. Buckingham, 
A. C. Haynes, S. A. Carr, R. S. Annan, D. E. Mcnulty, W.-S. Liu, J. A. Terrett, N. A. 
Elshourbagy, and D. J. Bergsma, “Orexins and Orexin Receptors: A Family of 
Hypothalamic Neuropeptides and G Protein-Coupled Receptors that Regulate Feeding 
Behavior Recent efforts in genomics research have identified a large number of cDNA 
sequences that encode &quot; orphan &quot;,” Cell, vol. 92, pp. 573–585, 1998. 

[48] A. Yamanaka, C. T. Beuckmann, J. T. Willie, J. Hara, N. Tsujino, M. Mieda, M. 
Tominaga, K. I. Yagami, F. Sugiyama, K. Goto, M. Yanagisawa, and T. Sakurai, 
“Hypothalamic orexin neurons regulate arousal according to energy balance in mice,” 
Neuron, vol. 38, no. 5, pp. 701–713, 2003. 

[49] Y. Date, N. Murakami, K. Toshinai, S. Matsukura, A. Niijima, H. Matsuo, K. Kangawa, 
and M. Nakazato, “The role of the gastric afferent vagal nerve in Ghrelin-induced feeding 
and growth hormone secretion in rats,” Gastroenterology, vol. 123, no. 4, pp. 1120–1128, 
2002. 

[50] C. W. Le Roux, N. M. Neary, T. J. Halsey, C. J. Small, A. M. Martinez-Isla, M. A. Ghatei, 
N. A. Theodorou, and S. R. Bloom, “Ghrelin does not stimulate food intake in patients 
with surgical procedures involving vagotomy,” J. Clin. Endocrinol. Metab., vol. 90, no. 8, 
pp. 4521–4524, 2005. 

 



 

 

54 

 

[51] A. Giustina and J. D. Veldhuis, “Pathophysiology of the Neuroregulation of Growth 
Hormone Secretion in Experimental Animals and the Human*,” vol. 19, no. 6, pp. 717–
797, 1998. 

[52] L. Argetsinger and C. Carter-Su, “Mechanism of Signaling by Growth Hormone 
Receptor,” Physiol. Rev., vol. 76, no. 4, pp. 1089–1107, 1996. 

[53] C. Carter-Su, J. Schwartz, and L. S. Argetsinger, “Growth hormone signaling pathways,” 
Growth Horm. IGF Res., vol. 28, pp. 11–15, 2016. 

[54] T. J.M., W. R.H., and H. P.C., “Effect of human growth hormone treatment for 1 to 7 
years on growth of 100 children, with growth hormone deficiency, low birthweight, 
inherited smallness, Turner’s syndrome, and other complaints,” Arch. Dis. Child., vol. 46, 
no. 250, pp. 745–782, 1971. 

[55] L. L. Anderson, S. Jeftinija, and C. G. Scanes, “Growth hormone secretion: molecular and 
cellular mechanisms and in vivo approaches.,” Exp. Biol. Med. (Maywood)., vol. 229, no. 
4, pp. 291–302, 2004. 

[56] E. Ghigo, E. Arvat, R. Giordano, F. Broglio, L. Gianotti, M. Maccario, G. Bisi,  a 
Graziani, M. Papotti, G. Muccioli, R. Deghenghi, and F. Camanni, “Biologic activities of 
growth hormone secretagogues in humans.,” Endocrine, vol. 14, no. 1, pp. 87–93, 2001. 

[57] M. Papotti, C. Ghe, P. Cassoni, F. Catapano, R. Deghenghi, E. Ghigo, and G. Muccioli, 
“Growth hormone secretagogue binding sites in peripheral human tissues,” J Clin 
Endocrinol Metab, vol. 85, no. 10, pp. 3803–3807, 2000. 

[58] A. D. Howard, S. D. Feighner, D. F. Cully, J. P. Arena, P. A. Liberator, C. I. Rosenblum, 
M. Hamelin, D. L. Hreniuk, O. C. Palyha, J. Anderson, P. S. Paress, C. Diaz, M. Chou, K. 
K. Liu, K. K. McKee, S.-S. Pong, L.-Y. Chaung, A. Elbrecht, M. Dashkevicz, R. Heavens, 
M. Rigby, D. J. S. Sirinathsinghji, D. C. Dean, D. G. Melillo, A. A. Patchett, R. Nargund, 
P. R. Griffin, J. A. DeMartino, S. K. Gupta, J. M. Schaeffer, R. G. Smith, and L. H. T. 
Van der Ploeg, “A Receptor in Pituitary and Hypothalamus That Functions in Growth 
Hormone Release,” Science (80-. )., vol. 273, no. 5277, pp. 974–977, 1996. 

[59] K. Kojima, M., Kangawa, “Ghrelin : Structure and Function,” Physiol Rev, vol. 85, pp. 
495–522, 2005. 

[60] V. Popovic, D. Miljic, D. Micic, S. Damjanovic, E. Arvat, E. Ghigo, C. Dieguez, and F. F. 
Casanueva, “Ghrelin main action on the regulation of growth hormone release is exerted 
at hypothalamic level,” J. Clin. Endocrinol. Metab., vol. 88, no. 7, pp. 3450–3453, 2003. 

[61] Y. Khalfallah, G. Sassolas, F. Borson-Chazot, N. Vega, and H. Vidal, “Expression of 
insulin target genes in skeletal muscle and adipose tissue in adult patients with growth 
hormone deficiency: effect of one year recombinant human growth hormone therapy.,” J. 
Endocrinol., vol. 171, no. 2, pp. 285–292, 2001. 



 

 

55 

 

[62] J. Oscarsson, M. Ottosson, K. Vikman-Adolfsson, F. Frick, S. Enerbäck, H. Lithell, and S. 
Edén, “GH but not IGF-I or insulin increases lipoprotein lipase activity in muscle tissues 
of hypophysectomised rats,” J. Endocrinol., vol. 160, no. 2, pp. 247–255, 1999. 

[63] D. J. Dyck, S. J. Peters, J. F. C. Glatz, J. Gorski, H. Keizer, B. Kiens, S. Liu, E. A. 
Richter, L. L. Spriet, G. J. van der Vusse, and A. Bonen, “Functional differences in lipid 
metabolism in resting skeletal muscle of various fiber types,” Am. J. Physiol., vol. 272, no. 
3 Pt 1, pp. E340-51, 1997. 

[64] A. E. Jeukendrup, “Regulation of fat metabolism in skeletal muscle.,” Ann. N. Y. Acad. 
Sci., vol. 967, pp. 217–235, 2002. 

[65] M. B. Krag, L. C. Gormsen, Z. Guo, J. S. Christiansen, M. D. Jensen, S. Nielsen, and J. O. 
L. Jørgensen, “Growth hormone-induced insulin resistance is associated with increased 
intramyocellular triglyceride content but unaltered VLDL-triglyceride kinetics.,” Am. J. 
Physiol. Endocrinol. Metab., vol. 292, no. 3, pp. E920–E927, 2007. 

[66] C. B. Djurhuus, “Additive effects of cortisol and growth hormone on regional and 
systemic lipolysis in humans,” AJP Endocrinol. Metab., vol. 286, no. 3, p. 488E–494, 
2003. 

[67] Z. Wang, M. M. Masternak, K. A. Al-Regaiey, and A. Bartke, “Adipocytokines and the 
regulation of lipid metabolism in growth hormone transgenic and calorie-restricted mice,” 
Endocrinology, vol. 148, no. 6, pp. 2845–2853, 2007. 

[68] F. Broglio, C. Gottero, P. Van Koetsveld, F. Prodam, S. Destefanis, A. Benso, C. Gauna, 
L. Hofland, E. Arvat, A. J. Van Der Lely, and E. Ghigo, “Acetylcholine Regulates Ghrelin 
Secretion in Humans,” J. Clin. Endocrinol. Metab., vol. 89, no. 5, pp. 2429–2433, 2004. 

[69] H. Hosoda and K. Kangawa, “The autonomic nervous system regulates gastric ghrelin 
secretion in rats,” Regul. Pept., vol. 146, no. 1–3, pp. 12–18, 2008. 

[70] E. Ekblad, Q. Mei, and F. Sundler, “Innervation of the gastric mucosa,” Microsc. Res. 
Tech., vol. 48, no. 5, pp. 241–257, 2000. 

[71] S. Ghelardoni, V. Carnicelli, S. Frascarelli, S. Ronca-Testoni, and R. Zucchi, “Ghrelin 
tissue distribution: Comparison between gene and protein expression,” J. Endocrinol. 
Invest., vol. 29, no. 2, pp. 115–121, 2006. 

[72] M. Gnanapavan, S., Kola, B., Bustin, S.A., Morris, D.G., McGee, P., Fairelough, P., 
Bhattacharya, S., Carpenter, R., Grossman, A.B., Korbonits, “The tissue distribution of the 
mRNA of ghrelin and subtypes of its receptor GHS-R, in humans,” Clin. Endocrinol. 
Metab., vol. 87, no. 6, pp. 2988–2991, 2002. 

 



 

 

56 

 

[73] A. Filigheddu, N., Gnocchi, V., Coscia, M., Cappelli, M., Porporato, P.E., Taulli, R., 
Traini, S., Baldanzi, G., Chianale, F., Cutrupi, S., Arnoletti, E., Ghe, C., Fubini, A., 
Surico, N., Sinigaglia, F., Ponzetto, C., Muccioli, G., Crepaldi, T., and Graziani, “Ghrelin 
and Des-acyl ghrelin promote differentiation and fusion of C2C12 skeletal muscle cells,” 
Mol. Biol. tge Cell, vol. 18, pp. 986–994, 2007. 

[74] S. R. Wren, A.M., Small, C.J., Murphy, K.G., Dakin, C.I., Taheri, S., Kennedy, A.R., 
Roberts, G.H., Morgan, D.G., Ghatei, M.A., Bloom, “The novel hypothalamic peptide 
ghrelin stimulates food intake and growth hormone secretion.,” Endocrinology, vol. 141, 
no. 11, pp. 4325–4328, 2000. 

[75] K. Toshinai, H. Yamaguchi, Y. Sun, R. G. Smith, A. Yamanaka, T. Sakurai, Y. Date, M. 
S. Mondal, T. Shimbara, T. Kawagoe, N. Murakami, M. Miyazato, K. Kangawa, and M. 
Nakazato, “Des-acyl ghrelin induces food intake by a mechanism independent of the 
growth hormone secretagogue receptor,” Endocrinology, vol. 147, no. 5, pp. 2306–2314, 
2006. 

[76] J. P. H. English, P.J., Ghatei, M.A., Malik, I.A., Bloom, S.R., Wilding, “Food fails to 
suppress ghrelin levels in obese humans,” J. Clin. Endocrinol. Metab., vol. 87, no. 6, pp. 
2984–2987, 2002. 

[77] H. Lee, G. Wang, E. W. Englander, M. Kojima, and G. H. Greeley, “Ghrelin, a new 
gastrointestinal endocrine peptide that stimulates insulin secretion: Enteric distribution, 
ontogeny, influence of endocrine, and dietary manipulations,” Endocrinology, vol. 143, 
no. 1, pp. 185–190, 2002. 

[78] E. Ferrannini, D. C. Simonson, L. D. Katz, G. Reichard, S. Bevilacqua, E. J. Barrett, M. 
Olsson, and R. A. DeFronzo, “The disposal of an oral glucose load in patients with non-
insulin-dependent diabetes,” Metabolism, vol. 37, no. 1, pp. 79–85, 1988. 

[79] E. P., H. A. Koistinen, and V. A. Koivisto, “Insulin-independent glucose transport 
regulates insulin sensitivity,” FEBS Lett., vol. 436, pp. 301–303, 1998. 

[80] A. Klip, A., Marette, “Acute and Chronic Signals Controlling Glucose-Transport in 
Skeletal-Muscle,” J. Cell. Biochem., vol. 48, no. 1, pp. 51–60, 1992. 

[81] D. E. James,  a B. Jenkins, and E. W. Kraegen, “Heterogeneity of insulin action in 
individual muscles in vivo: euglycemic clamp studies in rats.,” Am. J. Physiol., vol. 248, 
no. 5 Pt 1, pp. E567–E574, 1985. 

[82] A. R. Saltiel and C. R. Kahn, “Insulin signalling and the regulation of glucose and lipid 
metabolism,” Nature, vol. 414, no. 6865, pp. 799–806, 2001. 

[83] S. A. Summers and M. J. Birnbaum, “A role for the serine/threonine kinase, Akt, in 
insulin-stimulated glucose uptake,” Biochem. Soc. Trans., vol. 25, pp. 981–988, 1997. 



 

 

57 

 

[84] R. W. Mackenzie and B. T. Elliott, “Akt/PKB activation and insulin signaling: a novel 
insulin signaling pathway in the treatment of type 2 diabetes.,” Diabetes. Metab. Syndr. 
Obes., vol. 7, pp. 55–64, 2014. 

[85] I. Chopra, H. F. Li, H. Wang, and K. A. Webster, “Phosphorylation of the insulin receptor 
by AMP-activated protein kinase (AMPK) promotes ligand-independent activation of the 
insulin signalling pathway in rodent muscle,” Diabetologia, vol. 55, no. 3, pp. 783–794, 
2012. 

[86] M. N. Lansey, N. N. Walker, S. R. Hargett, J. R. Stevens, and S. R. Keller, “Deletion of 
Rab GAP AS160 modifies glucose uptake and GLUT4 translocation in primary skeletal 
muscles and adipocytes and impairs glucose homeostasis,” AJP Endocrinol. Metab., vol. 
303, no. 10, pp. E1273–E1286, 2012. 

[87] J. R. Zierath, K. L. Houseknecht, L. Gnudi, and B. B. Kahn, “High-fat feeding impairs 
insulin-stimulated GLUT4 recruitment via an early insulin-signaling defect,” Diabetes, 
vol. 46, no. 2, pp. 215–223, 1997. 

[88] R. Stark, A. Reichenbach, S. H. Lockie, C. Pracht, Q. Wu, A. Tups, and Z. B. Andrews, 
“Acyl ghrelin acts in the brain to control liver function and peripheral glucose homeostasis 
in male mice,” Endocrinology, vol. 156, no. 3, pp. 858–868, 2015. 

[89] W. W. Gershon, E. and Vale, “CRF Type 2 receptors mediate the metabolic effects of 
ghrelin in C2C12 cells,” Obes. (Silver Spring), vol. 22, no. 2, pp. 380–389, 2014. 

[90] L. Han, J. Li, Y. Chen, W. Wang, D. Zhang, and G. Liu, “Effects of Ghrelin on 
Triglyceride Accumulation and Glucose Uptake in Primary Cultured Rat Myoblasts under 
Palmitic Acid-Induced High Fat Conditions,” Int. J. Endocrinol., vol. 2015, 2015. 

[91] R. Barazzoni, M. Zanetti, M. R. Cattin, L. Visintin, P. Vinci, L. Cattin, M. Stebel, and G. 
Guarnieri, “Ghrelin enhances in vivo skeletal muscle but not liver AKT signaling in rats,” 
Obes. (Silver Spring), vol. 15, no. 11, pp. 2614–2623, 2007. 

[92] G. G. Cappellari, M. Zanetti, A. Semolic, P. Vinci, G. Ruozi, A. Falcione, N. Filigheddu, 
G. Guarnieri, A. Graziani, M. Giacca, and R. Barazzoni, “Unacylated ghrelin reduces 
skeletal muscle reactive oxygen species generation and inflammation and prevents high-
fat diet-induced hyperglycemia and whole-body insulin resistance in rodents,” Diabetes, 
vol. 65, no. 4, pp. 874–886, 2016. 

[93] B. T. Tam, X. M. Pei, B. Y. Yung, S. P. Yip, L. W. Chan, C. S. Wong, and P. M. Siu, 
“Unacylated ghrelin restores insulin and autophagic signaling in skeletal muscle of 
diabetic mice,” Pflugers Arch. Eur. J. Physiol., vol. 467, no. 12, pp. 2555–2569, 2015. 

[94] E. T. Vestergaard, C. B. Djurhuus, J. Gjedsted, S. Nielsen, N. Møller, J. J. Holst, J. O. L. 
Jørgensen, and O. Schmitz, “Acute effects of ghrelin administration on glucose and lipid 
metabolism,” J. Clin. Endocrinol. Metab., vol. 93, no. 2, pp. 438–444, 2008. 



 

 

58 

 

[95] E. T. Vestergaard, N. Møller, and J. O. L. Jørgensen, “Acute peripheral tissue effects of 
ghrelin on interstitial levels of glucose, glycerol, and lactate: a microdialysis study in 
healthy human subjects.,” Am. J. Physiol. Endocrinol. Metab., vol. 304, no. 2013, pp. 
E1273-80, 2013. 

[96] D. T. Cervone and D. J. Dyck, “Acylated and unacylated ghrelin do not directly stimulate 
glucose transport in isolated rodent skeletal muscle,” Physiol. Rep., vol. 15, no. 13, pp. 1–
14, 2017. 

[97] S. J. Wakil, “Fatty Acid Synthase, A Proficient Multifunctional Enzyme,” Biochemistry, 
vol. 28, no. 11, pp. 4523–4530, 1989. 

[98] J. F. C. Bonen, A., Luiken, J.J., Liu, S., Dyck, D.J., Kiens, B., Kristiansen, S., Turcotte, 
L.P., Van Der Vusse, G.J., Glatz, “Palmitate transport and fatty acid transporters in red 
and white muscles,” AJP Endocrinol. Metab., vol. 275, pp. 471–478, 1998. 

[99] Y. Minokoshi, S. Okamoto, and C. Toda, “Regulatory role of leptin in glucose and lipid 
metabolism in skeletal muscle,” Indian J. Endocrinol. Metab., vol. 16, no. 9, p. 562, 2012. 

[100] D. G. Winder, W.W., Hardie, “AMP-activated protein kinase, a metabolic master switch: 
possible role in Type 2 diabetes,” Am J Physiol, vol. 138, no. 3, p. 377, 1999. 

[101] M. J. Watt, G. J. F. Heigenhauser, and L. L. Spriet, “Intramuscular triacylglycerol 
utilization in human skeletal muscle during exercise: is there a controversy?,” J. Appl. 
Physiol., vol. 93, no. 4, pp. 1185–1195, 2002. 

[102] R. D. Starling, T. a Trappe,  a C. Parcell, C. G. Kerr, W. J. Fink, and D. L. Costill, 
“Effects of diet on muscle triglyceride and endurance performance,” J. Appl. Physiol., vol. 
82, no. 4, pp. 1185–1189, 1997. 

[103] S. O. Shepherd, M. Cocks, K. D. Tipton, A. M. Ranasinghe, T. A. Barker, J. G. Burniston, 
A. J. M. Wagenmakers, and C. S. Shaw, “Sprint interval and traditional endurance training 
increase net intramuscular triglyceride breakdown and expression of perilipin 2 and 5,” J. 
Physiol., vol. 3, pp. 657–675, 2013. 

[104] A. Bonen, M. L. Parolin, G. R. Steinberg, J. Calles-escandon, N. N. Tandon, J. F. C. 
Glatz, J. J. F. P. Luiken, G. J. F. Heigenhauser, and D. J. Dyck, “Triacylglycerol 
accumulation in human obesity and type 2 diabetes is associated with increased rates of 
skeletal muscle fatty acid transport and increased sarcolemmal FAT/CD36,” vol. 21, pp. 
1–21, 2004. 

[105] R. Zimmermann, G. Haemmerle, G. Schoiswohl, R. Birner-gruenberger, M. Riederer, A. 
Lass, G. Neuberger, and F. Eisenhaber, “Fat mobilization in adipose rissue is promoted by 
adipose triglyceride lipase,” Science, vol. 306, no. November, pp. 1383–1386, 2004. 

 



 

 

59 

 

[106] G. Fredrikson, H. Tornqvist, and P. Belfrage, “Hormone-sensitive lipase and 
monoacylglycerol lipase are both required for complete degradation of adipocyte 
triacylglycerol,” Biochim. Biophys. Acta (BBA)/Lipids Lipid Metab., vol. 876, no. 2, pp. 
288–293, 1986. 

[107] J. Langfort, T. Ploug, J. Ihlemann, M. Saldo, C. Holm, and H. Galbo, “Expression of 
hormone-sensitive lipase and its regulation by adrenaline in skeletal muscle,” Biochem. J., 
vol. 340, no. 2, p. 459, 1999. 

[108] H. Mulder, L. S. Holst, H. Svensson, E. Degerman, F. Sundler, B. Ahrén, P. Rorsman, and 
C. Holm, “Hormone-sensitive lipase, the rate-limiting enzyme in triglyceride hydrolysis, 
is expressed and active in β-cells,” Diabetes, vol. 48, no. 1, pp. 228–232, 1999. 

[109] K. N. Frayn, S. W. Coppack, B. A. Fielding, and S. M. Humphreys, “Coordinated 
regulation of hormone-sensitive lipase and lipoprotein lipase in human adipose tissue in 
vivo: Implications for the control of fat storage and fat mobilization,” Adv. Enzyme Regul., 
vol. 35, no. C, pp. 163–178, 1995. 

[110] E. Huijsman, C. van de Par, C. Economou, C. van der Poel, G. S. Lynch, G. Schoiswohl, 
G. Haemmerle, R. Zechner, and M. J. Watt, “Adipose triacylglycerol lipase deletion alters 
whole body energy metabolism and impairs exercise performance in mice.,” Am. J. 
Physiol. Endocrinol. Metab., vol. 297, no. 2, pp. E505–E513, 2009. 

[111] G. Haemmerle, R. Zimmermann, M. Hayn, C. Theussl, G. Waeg, E. Wagner, W. Sattler, 
T. M. Magin, E. F. Wagner, and R. Zechner, “Hormone-sensitive lipase deficiency in 
mice causes diglyceride accumulation in adipose tissue, muscle, and testis,” J. Biol. 
Chem., vol. 277, no. 7, pp. 4806–4815, 2002. 

[112] A. Lass, R. Zimmermann, M. Oberer, and R. Zechner, “Progress in Lipid Research 
Lipolysis – A highly regulated multi-enzyme complex mediates the catabolism of cellular 
fat stores,” Prog. Lipid Res., vol. 50, no. 1, pp. 14–27, 2011. 

[113] M. Vaughan, “The production and release of glycerol by adipose tissue incubated in 
vitro,” J. Biol. Chem., vol. 237, no. 11, pp. 3354–3358, 1962. 

[114] P. Barbe, L. Millet, J. Galitzky, M. Lafontan, and M. Berlan, “In situ assessment of the 
role of the beta 1-, beta 2- and beta 3-adrenoceptors in the control of lipolysis and nutritive 
blood flow in human subcutaneous adipose tissue.,” Br. J. Pharmacol., vol. 117, no. 5, pp. 
907–913, 1996. 

[115] E. Hagstrom-Toft, S. Enoksson, E. Moberg, J. Bolinder, and P. Arner, “beta-Adrenergic 
regulation of lipolysis and blood flow in human skeletal muscle in vivo,” Am J Physiol, 
vol. 275, no. 6 Pt 1, pp. E909-16, 1998. 

[116] M. Watt and A. Holmes, “Regulation of HSL serine phosphorylation in skeletal muscle 
and adipose tissue,” Am. J. …, pp. 500–508, 2006. 



 

 

60 

 

[117] J. Langfort, T. Ploug, J. Ihlemann, C. Holm, and H. Galbo, “Stimulation of hormone-
sensitive lipase activity by contractions in rat skeletal muscle.,” Biochem J, vol. 351, no. 
Pt 1, pp. 207–214, 2000. 

[118] M. J. Watt, T. Stellingwerff, G. J. F. Heigenhauser, and L. L. Spriet, “Effects of Plasma 
Adrenaline on Hormone-Sensitive Lipase at Rest and during Moderate Exercise in Human 
Skeletal Muscle,” J. Physiol., vol. 550, no. 1, pp. 325–332, 2003. 

[119] T. L. MacDonald, Z. Wan, S. Frendo-Cumbo, D. J. Dyck, and D. C. Wright, “IL-6 and 
epinephrine have divergent fiber type effects on intramuscular lipolysis,” J. Appl. Physiol., 
vol. 115, no. 10, pp. 1457–1463, 2013. 

[120] T. J. Alsted, T. Ploug, C. Prats, A. K. Serup, L. Høeg, P. Schjerling, C. Holm, R. 
Zimmermann, C. Fledelius, H. Galbo, and B. Kiens, “Contraction-induced lipolysis is not 
impaired by inhibition of hormone-sensitive lipase in skeletal muscle,” J. Physiol., vol. 
591, no. 20, pp. 5141–5155, 2013. 

[121] R. Haemmerle, G., Lass, A., Zimmermann, R., Gorkiewicz, G., Meyer, C., Rozman, J., 
Heldmaier, G., Maier, R., Theussl, C., Eder, S., Kratky, D., Wagner, E.F., Klingenspor, 
M., Hoefler, G., Zechner, “Defective lipolysis and altered energy metabolism in mice 
lacking adipose triglyceride lipase,” Am. Assoc. Adv. Sci., vol. 312, no. 5819, pp. 734–
737, 2006. 

[122] G. A. Faghihnia, N., Siri-Tarino, P.W., Krauss, R.M., Brooks, “Energy substrate 
partitioning and efficiency in individuals with atherogenic lipoprotein phenotype,” Obes. 
(Silver Spring), vol. 19, no. 7, pp. 1360–1365, 2011. 

[123] M. Tschop, D. L. Smiley, and M. L. Heiman, “Ghrelin induces adiposity in rodents,” 
Nature, vol. 407, no. 6806, pp. 908–913, 2000. 

[124] R. Barazzoni, A. Bosutti, M. Stebel, M. R. Cattin, E. Roder, L. Visintin, L. Cattin, G. 
Biolo, M. Zanetti, G. Guarnieri, R. Cattin, and G. G. Ghrelin, “Ghrelin regulates 
mitochondrial-lipid metabolism gene expression and tissue fat distribution in liver and 
skeletal muscle,” Am J Physiol Endocrinol Metab, vol. 288, pp. 228–235, 2005. 

[125] S. Ezquerro, L. Méndez-Giménez, S. Becerril, R. Moncada, V. Valentí, V. Catalán, J. 
Gómez-Ambrosi, G. Frühbeck, and A. Rodríguez, “Acylated and desacyl ghrelin are 
associated with hepatic lipogenesis, β-oxidation and autophagy: Role in NAFLD 
amelioration after sleeve gastrectomy in obese rats,” Sci. Rep., vol. 6, no. September, pp. 
1–12, 2016. 

[126] G. Muccioli, N. Pons, C. Ghè, F. Catapano, R. Granata, and E. Ghigo, “Ghrelin and des-
acyl ghrelin both inhibit isoproterenol-induced lipolysis in rat adipocytes via a non-type 1a 
growth hormone secretagogue receptor,” Eur. J. Pharmacol., vol. 498, no. 1–3, pp. 27–35, 
2004. 



 

 

61 

 

[127] A. Baragli, C. Ghè, E. Arnoletti, R. Granata, E. Ghigo, and G. Muccioli, “Acylated and 
unacylated ghrelin attenuate isoproterenol-induced lipolysis in isolated rat visceral 
adipocytes through activation of phosphoinositide 3-kinase γ and phosphodiesterase 3B,” 
Biochim. Biophys. Acta - Mol. Cell Biol. Lipids, vol. 1811, no. 6, pp. 386–396, 2011. 

[128] J. Tong, H. W. Davis, S. Summer, S. C. Benoit, A. Haque, M. Bidlingmaier, M. H. 
Tschöp, and D. D’Alessio, “Acute administration of unacylated ghrelin has no effect on 
basal or stimulated insulin secretion in healthy humans,” Diabetes, vol. 63, no. 7, pp. 
2309–2319, 2014. 

[129] P. K. Smith, R. I. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gartner, M. D. 
Provenzano, E. K. Fujimoto, N. M. Goeke, B. J. Olson, and D. C. Klenk, “Measurement 
of protein using bicinchoninic acid,” Anal. Biochem., vol. 150, no. 1, pp. 76–85, 1985. 

[130] A. C. Smith, C. R. Bruce, and D. J. Dyck, “AMP kinase activation with AICAR further 
increases fatty acid oxidation and blunts triacylglycerol hydrolysis in contracting rat 
soleus muscle,” J. Physiol., vol. 565, no. 2, pp. 547–553, 2005. 

[131] R. Barazzoni, A. Semolic, M. R. Cattin, M. Zanetti, and G. Guarnieri, “Acylated ghrelin 
limits fat accumulation and improves redox state and inflammation markers in the liver of 
high-fat-fed rats,” Obesity, vol. 22, no. 1, pp. 170–177, 2014. 

[132] A. C. Smith, C. R. Bruce, and D. J. Dyck, “AMP kinase activation with AICAR 
simultaneously increases fatty acid and glucose oxidation in resting rat soleus muscle,” J. 
Physiol., vol. 565, no. 2, pp. 537–546, 2005. 

[133] J. Martinez-Botas, J. B. Anderson, D. Tessier, A. Lapillonne, B. H. J. Chang, M. J. Quast, 
D. Gorenstein, K. H. Chen, and L. Chan, “Absence of perilipin results in leanness and 
reverses obesity in Lepr(db/db) mice,” Nat. Genet., vol. 26, no. 4, pp. 474–479, 2000. 

[134] N. M. Thompson, D. A. S. Gill, R. Davies, N. Loveridge, P. A. Houston, I. C. A. F. 
Robinson, and T. Wells, “Ghrelin and des-octanoyl ghrelin promote adipogenesis 
directlyin vivo by a mechanism independent of GHS-R1a,” Endocrinology, vol. 145, no. 
1, pp. 234–242, 2004. 

[135] L. Drynan, P. A. Quant, and V. A. Z. R, “Cycle Activity in Hepatocytes Isolated From 
Rats in Different Metabolic States,” Control, vol. 795, pp. 791–795, 1996. 

[136] C. Velasco, G. Moreiras, M. Conde-Sieira, J. M. Leao, J. M. Míguez, and J. L. Soengas, 
“Ceramide counteracts the effects of ghrelin on the metabolic control of food intake in 
rainbow trout,” J. Exp. Biol., vol. 220, no. 14, pp. 2563–2576, 2017. 

[137] C. Theander-Carrillo, P. Wiedmer, P. Cettour-Rose, R. Nogueiras, D. Perez-Tilve, P. 
Pfluger, T. R. Castaneda, P. Muzzin, A. Schürmann, I. Szanto, M. H. Tschöp, and F. 
Rohner-Jeanrenaud, “Ghrelin action in the brain controls adipocyte metabolism,” J. Clin. 
Invest., vol. 116, no. 7, pp. 1983–1993, 2006. 



 

 

62 

 

[138] D. Steinberg, G.R., Parolin, M.L., Heihenhauser, G.J.F., Dyck, “Leptin increases FA 
oxidation in lean but no obese human skeletal musce: evidence of peripheral leptin 
resistance,” Am J Physiol Endocrinol Metab, pp. E187–E192, 2002. 

[139] K. Toshinai, M. S. Mondal, M. Nakazato, Y. Date, N. Murakami, M. Kojima, K. 
Kangawa, and S. Matsukura, “Upregulation of ghrelin expression in the stomach upon 
fasting, insulin-induced hypoglycemia, and leptin administration,” Biochem. Biophys. Res. 
Commun., vol. 281, no. 5, pp. 1220–1225, 2001. 

[140] J. Makovey, V. Naganathan, M. Seibel, and P. Sambrook, “Gender differences in plasma 
ghrelin and its relations to body composition and bone - An opposite-sex twin study,” 
Clin. Endocrinol. (Oxf)., vol. 66, no. 4, pp. 530–537, 2007. 

[141] I. T. Male, F. Brain, W. Nowell, and S. R. C. S. Present, “Isolation versus Gonadal 
Grouping Function Effects in Albino on Adrenal Mice and There is much conflicting 
evidence on the effect of isolation as opposed to grouping on adrenal function in mice . A 
series of experiments wits carried out to compare iso- la,” vol. 154, pp. 149–154, 1971. 

[142] P. G. Andreis, L. K. Malendowicz, M. Trejter, G. Neri, R. Spinazzi, G. P. Rossi, and G. G. 
Nussdorfer, “Ghrelin and growth hormone secretagogue receptor are expressed in the rat 
adrenal cortex: Evidence that ghrelin stimulates the growth, but not the secretory activity 
of adrenal cells,” FEBS Lett., vol. 536, no. 1–3, pp. 173–179, 2003. 

[143] S. Poole and J. D. Stephenson, “Body temperature regulation and thermoneutrality,” Q. J. 
Exp. Physiol., vol. 62, no. August 1976, pp. 143–149, 1977. 

[144] C. Yamauchi, S. Tooru, and T. Ueda, “Effects of Room Organ Temperature Weights , and 
Food Hematology on Reproduction , and Water in Mice Body and Intakes ,” Jikken 
Dobutsu., vol. 32, no. 1, pp. 1–11, 1983. 

 



 

 

63 

 

Appendix I: Fatty acid incorporation into triacylglycerol, diacylglycerol and phospholipids 

Table 1 14C incorporation into major lipid pools at normal or high glucose concentrations in the soleus muscle 

 SOL 5 mM Glucose SOL 10 mM Glucose 

CON AICAR AG UnAG CON AICAR AG UnAG 

TAG  

(nmol/g/hr) 

59.8 ± 
5.2a 

54.4 ± 
7.5a 

61.0 ± 
8.5a 

60.4 ± 
6.2a 

52.4 ± 
3.5a 

55.1 ± 
6.0a 

71.0 ± 
6.2a 

63.1 ± 
7.3a 

DAG 

(nmol/g/hr) 

23.5 ± 
2.9b 

24.5 ± 
5.0b 

28.8 ± 
4.6b 

21.6 ± 
3.4b 

23.8 ± 
5.0b 

20.9 ± 
2.9b 

25.8 ± 
6.4b 

20.8 ± 
4.5b 

PHOS 

(nmol/g/hr) 

37.6 ± 
2.6c 

36.7 ± 
2.7c 

35.6 ± 
4.1c 

32.6 ± 
4.5c 

37.1 ± 
4.8c 

30.9 ± 
2.2c 

35.3 ± 
1.7c 

44.2 ± 
7.3c 

Data is expressed as the mean ± SE. n=7 TAG, DAG, PHOS (5 mM glucose) and n=6 TAG, n=7 DAG, n=7 PHOS (10 mM 

glucose). Data was considered significant if p < 0.05. Groups not sharing a letter are considered statistically different from each 

other. 
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Table 2 14C palmitate incorporation into major lipid pools at normal or high glucose concentrations in the 
EDL muscle 

 EDL 5 mM Glucose EDL 10 mM Glucose 

CON AICAR AG UnAG CON AICAR AG UnAG 

TAG 

(nmol/g/hr) 

38.1 ± 
5.0a 

30.2 ± 
3.2a 

38.3 ± 
6.2a 

42.3 ± 
4.8a 

46.5 ± 
6.1a 

41.7 ± 
6.7a 

52.2 ± 
8.3a 

57.9 ± 
8.0a 

DAG 

(nmol/g/hr) 

16.6 ± 
2.4b 

15.2 ± 
2.4b 

16.8 ± 
2.6b 

16.8 ± 
2.1b 

21.7 ± 
3.0b 

19.2 ± 
2.7b 

28.3 ± 
5.5b 

23.7 ± 
3.0b 

PHOS 

(nmol/g/hr) 

32.5 ± 
3.0c 

31.0 ± 
3.6c 

33.4 ± 
3.5c 

35.4 ± 
4.0c 

35.3 ± 
3.4c 

38.9 ± 
5.6c 

40.2 ± 
4.8c 

50.2 ± 
6.5c 

Data is expressed as the mean ± SE. n=6 TAG, n=7 DAG and PHOS (5 mM glucose) and n=8 TAG, n=6 DAG, n=7 PHOS (10 

mM glucose). Data was considered significant if p < 0.05. Groups not sharing a letter are considered statistically different from 

each other. 
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Appendix II: Epinephrine stimulated lipolysis is blunted by AG and unAG 

Table 3 The effect of ghrelin isoforms on lipolysis with or without epinephrine 

Glycerol 

Release 

(nM/g 
tissue/hr) 

 CON EPI AG UnAG EPI+AG EPI+UNAG 

Soleus 

5 mM 
glucose 

15.2 ± 1.0a 21.8 ± 2.0b 16.8 ± 1.7a,b,c 13.0 ± 0.8 c 14.7 ± 2.0a,c 15.2 ± 1.0a,c 

Soleus 

10 mM 
glucose 

17.2 ± 2.0a 23.7 ± 2.2b 20.7 ± 2.2a,b 20.0 ± 1.4a,b 19.1 ± 2.0a,c 18.5 ± 2.6a,c 

Data is expressed as the mean ± SE. n=8 (5 mM glucose) and n=7 (10 mM glucose). Data was considered significant if p < 0.05. 

Groups not sharing a letter are considered statistically different from each other. 
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Appendix III: Diet composition  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Standard Product Form: Pellet
Macronutrients Vitamins

Crude Protein % 16.4 Vitamin A 
e, f

IU/g 15.0

Fat (ether extract) 
a

% 4.0 Vitamin D3 

e, g
IU/g 1.5

Carbohydrate (available) 
b

% 48.5 Vitamin E IU/kg 110

Crude Fiber % 3.3 Vitamin K3 (menadione) mg/kg 50

Neutral Detergent Fiber 
c

% 15.2 Vitamin B1 (thiamin) mg/kg 17

Ash % 4.9 Vitamin B2 (riboflavin) mg/kg 15

Energy Density 
d

kcal/g (kJ/g) 3.0 (12.6) Niacin (nicotinic acid) mg/kg 75

Calories from Protein % 22 Vitamin B6 (pyridoxine) mg/kg 18

Calories from Fat % 12 Pantothenic Acid mg/kg 33

Calories from Carbohydrate % 66 Vitamin B12 (cyanocobalamin) mg/kg 0.08

Minerals Biotin mg/kg 0.40

Calcium % 1.0 Folate mg/kg 4

Phosphorus % 0.7 Choline mg/kg 1030

     Non-Phytate Phosphorus % 0.4 Fatty Acids

Sodium % 0.2 C16:0 Palmitic % 0.5

Potassium % 0.6 C18:0 Stearic % 0.1

Chloride % 0.4 C18:1ω9 Oleic % 0.7

Magnesium % 0.2 C18:2ω6 Linoleic % 2.0

Zinc mg/kg 70 C18:3ω3 Linolenic % 0.1

Manganese mg/kg 100 Total Saturated % 0.6

Copper mg/kg 15 Total Monounsaturated % 0.7

Iodine mg/kg 6 Total Polyunsaturated % 2.1

Iron mg/kg 200 Other

Selenium mg/kg 0.23 Cholesterol mg/kg -- 

Amino Acids

Aspartic Acid % 1.0

Glutamic Acid % 3.3

Alanine % 0.9

Glycine % 0.7

Threonine % 0.6

Proline % 1.5

Serine % 0.8

Leucine % 1.9

Isoleucine % 0.7

Valine % 0.8

Phenylalanine % 0.9

Tyrosine % 0.5

Methionine % 0.3

Cystine % 0.3

Lysine % 0.8
f
 1 IU vitamin A = 0.3 µg retinol

Histidine % 0.4
g
 1 IU vitamin D = 25 ng cholecalciferol

Arginine % 0.8 For nutrients not listed, insufficient data is available to quantify.

Tryptophan % 0.2

0915

d
 Energy density is a calculated estimate of metabolizable energy  based on the 

  Atwater factors assigning 4 kcal/g to protein, 9 kcal/g to fat, and 4 kcal/g to 

  available carbohydrate. 

Product Description-  2016 is a fixed formula, non-autoclavable diet 

manufactured with high quality ingredients and designed to support growth 

and maintenance. 2016 does not contain alfalfa or soybean meal, thus 

minimizing the occurrence of natural phytoestrogens. Typical isoflavone 

concentrations (daidzein + genistein aglycone equivalents) range from non-

detectable to 20 mg/kg. Exclusion of alfalfa reduces chlorophyll, improving 

optical imaging clarity. Absence of animal protein and fish meal minimizes 

the presence of nitrosamines. Also available certified (2016C) and 

irradiated (2916). For autoclavable diet, refer to 2016S (Sterilizable). 

Ingredients (in descending order of inclusion)- Ground wheat, ground corn, 

wheat middlings, corn gluten meal, calcium carbonate, dicalcium phosphate, 

soybean oil, brewers dried yeast, iodized salt, L-lysine, DL-methionine, 
choline chloride, magnesium oxide, vitamin E acetate, menadione sodium 

bisulfite complex (source of vitamin K activity), manganous oxide, ferrous 

sulfate, zinc oxide, niacin, calcium pantothenate, copper sulfate, pyridoxine 

hydrochloride, riboflavin, thiamin mononitrate, vitamin A acetate, calcium 

iodate, vitamin B12 supplement, folic acid, biotin, vitamin D3 supplement, 

cobalt carbonate.

© 2015 Envigo

Teklad Diets + Madison WI + envigo.com + tekladinfo@envigo.com + (800) 483-5523

Teklad Global 16% Protein Rodent Diet

Nutrient data represent the best information available, calculated from 

published values and direct analytical testing of raw materials and finished 

product. Nutrient values may vary due to the natural variations in the 

ingredients, analysis, and effects of processing.

e
 Indicates added amount but does not account for contribution from other 

  ingredients.

Teklad Diets are designed and manufactured 
for research purposes only.

a
 Ether extract is used to measure fat in pelleted diets, while an acid hydrolysis 

  method is required to recover fat in extruded diets. Compared to ether 

  extract, the fat value for acid hydrolysis will be approximately 1% point higher.

b
 Carbohydrate (available) is calculated by subtracting neutral detergent fiber

  from total carbohydrates.

c
 Neutral detergent fiber is an estimate of insoluble fiber, including cellulose, 

  hemicellulose, and lignin. Crude fiber methodology underestimates total fiber.

2016 
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Appendix IV: Hypothesized mechanism of action for ghrelin and fatty acid oxidation 

 

We hypothesize that the increase in fatty acid oxidation (FAO) observed with ghrelin may be due 
to the activation/phosphorylation of AMP-activated protein kinase (AMPK) which, in turn, 
phosphorylates/deactivates acetyl CoA carboxylase (ACC). 

 


