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ABSTRACT 

Background: The stomach derived hormone, ghrelin, has emerged as a key player in the 
neuro-endocrine regulation of appetite and energy storage. Ghrelin increases food intake 
and adiposity through its action on the ghrelin receptor in appetite-regulating neurons of 
the hypothalamus.  Ghrelin levels increase during periods of fasting and decrease after a 
meal is consumed. Although obesity is commonly associated with increases in food 
intake, basal concentration of ghrelin was found to be decreased in obese 
individuals. These findings suggest that obesity is linked with a dysregulation in 
ghrelin secretion. 
Objective: The goal of the present study was to investigate the putative mechanisms 
underlying dysregulation of ghrelin secretion in obesity using the diet-induced obesity 
(DIO) mouse model. 
Methods: We used the mouse model of high fat-diet induced obesity to 
investigate the glucose-suppressing effect of ghrelin secretion in normal weight 
and obese mice. We further delineated the intracellular pathways involved using 
primary culture of ghrelin cells. Since increased adipose tissue-derived 
inflammatory cytokines was linked with insulin resistance, we investigated the 
role of TNF-α in ghrelin secretion. 
Results: Oral glucose significantly suppressed ghrelin secretion in normal weight 
mice by 60% at 30 min and 70% at 60 min (p<0.001, p<0.001 respectively, n=6), but 
failed to do so in obese animals. In primary cultures of gastric cells from lean mice, 
10 nM insulin reduced ghrelin secretion by 40% (P< 0.05, n=6). In contrast, the effect of 
insulin was lost in gastric mucosal cells derived from DIO mice (n =6). The effect of 
insulin was found to be linked with decreased activation of Akt phosphorylation. 
Pre-treatment of ghrelin cells with TNF-α (10ng/mL) abolished the inhibitory 
effect of insulin (10 nM) on ghrelin secretion. 
Conclusion: We demonstrate that impaired ghrelin suppression found in obesity is due 
to insulin resistance occurring at the level of ghrelin cells and involves adipose tissue-
derived inflammatory cytokines. 
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1 CHAPTER 1  INTRODUCTION 

1.1 OBESITY  

1.1.1 EPIDEMIOLOGY AND MECHANISMS 

Obesity is an endemic syndrome in most developed countries affecting up to 25% 

of adults in Canada, 36% of adults in the United States and more than 500 million people 

world-wide [2-4]. The WHO defines obesity as “abnormal or excessive fat accumulation 

that may impair health” [4] which can be measured on a population level using BMI.  

Individuals with a body mass index (BMI; weight in kilograms divided by height in meters 

squared) greater than or equal to 25 are classified as overweight and those with a BMI of 

30 or above are classified as obese [5]. In the pediatric population BMI specific to age and 

gender with the cut-off point for classifying a weight status as obese set equal or greater to 

the 95th percentile [6, 7]. Although BMI is a convenient and cost effective mean to assess 

adiposity, but it lacks accuracy as it depends solely on weight to estimate fat percentage. 

This limitation is evident in muscular individuals with high BMI due to muscle mass rather 

than fat [8].  

Childhood obesity is also increasing in both the developed world and in low-middle 

income countries. Nearly 18 million children under the age of 5 in Asia and 11 million 

children in Africa are overweight [4]. This global increase in the prevalence of obesity is 

shadowed by a corresponding rise in diabetes [4]. The WHO estimates that diabetes and 

other diseases associated with obesity such as cardiovascular disease and cancer are 

responsible for at least 2.8 million deaths every year [5]. 

Unsurprisingly given its prevalence and complexity, the economic burden of 

obesity is substantial. Hammons et al. reported excess medical spending related to obesity 
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to be $640 million within the United States alone. In addition to these direct costs, indirect 

costs attributed to obesity-related absenteeism totalled to almost six billion dollars [9].  

Several treatment options and management strategies have been described to 

address obesity. These range from relatively conservative options, including counseling on 

life style changes and pharmacotherapy, to more invasive techniques used in select 

situations such as bariatric surgery [10]. Given this variety, it is important for health care 

professionals and researchers to understand the processes contributing to increased body 

weight and its association to metabolic disease so that treatment strategies can be tailored 

to patients effectively.  

There is a common misconception that increased food intake is the only mechanism 

involved in developing obesity, however, research has demonstrated that the condition is 

the result of a complex and interconnected process. Factors that have been identified in 

contributing to obesity include environmental factors, including socioeconomic status, 

genetic factors as well as dysregulation of appetite and energy expenditure [10]. 

Several population level factors have also been determined as contributory to a 

global rise in obesity. These include an upsurge in the consumption of sugar-sweetened 

food, larger portion sizes, increased utilization of high calorie foodstuff, reduced work-

related and leisure-time physical activities as well as increased prescribing of medications 

that cause weight gain as a side effect [10-13]. 

Several twin studies have confirmed the importance of genetics in the development 

of obesity. Estimates of BMI heritability vary up to 70%, suggesting about half of 

interindividual variations in BMI is related to genes, while the other half is due to 

environmental effects. Interestingly a demonstrable link has also been shown between 
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genetics and weight loss [14]. Hatoum et al. genotyped patients undergoing Roux-en-Y 

gastric bypass (RYGB) surgery to determine if gene makeup plays a role in weight loss 

[15]. They found a similar response to surgery amongst first-degree relative pairs but not 

in cohabitating or unrelated individuals, suggesting the role of a genetic factor [15]. 

Environmental factors can affect the function of genes without altering their 

sequence through epigenetic changes. There is a growing evidence that certain in-utero or 

early infancy exposures are associated with higher risk of developing obesity and metabolic 

diseases without DNA sequence alterations [16].  For example, after the Dutch Hunger 

Winter in 1944-1945, it was observed that children of women who were exposed to 

malnutrition during pre-natal development were more likely to be obese as adults compared 

to their unexposed siblings. Upon analysis, it was also observed that DNA coding regions 

involved with growth and metabolism in exposed individuals were methylated, confirming 

the role of epigenetic [16, 17].  

The human body tightly controls weight by balancing between food intake and 

energy expenditure. In the arcuate nucleus of the hypothalamus, two groups of neurons 

interact with several gut hormones and neurotransmitters to achieve this stability [10]. The 

current consensus is that whole body energy status is conveyed from peripheral metabolic 

organs (including the GI, pancreas, and adipose tissue) to energy regulating regions in the 

hypothalamus [18]. 

Until recently, the mechanisms regulating energy balance were largely unknown. 

However, with the discovery of anorexic hormone leptin [19] in the mid 1990’s, a major 

interest on the molecular mechanisms regulating energy balance has developed (reviewed 

in [18]). The consensus is that whole body energy status is conveyed from peripheral 
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metabolic organs (including the GI, pancreas, and adipose tissue) to energy regulating 

regions in the hypothalamus [18]. The importance of energy sensing in the periphery and 

the effects on body weight are  seen in the development of severe obesity  in the absence 

of the anorexic hormone leptin [20] and in Prader-Willi Syndrome due to elevated levels 

of the orexigenic hormone ghrelin [21]. Furthermore, dysregulation in either the production 

or the targeted signalling of energy regulating factors during obesity disrupts the normal 

balance of appetite regulation and metabolism [22].  To fully understand the importance of 

peripheral and central energy regulation, a detailed description is required. (Reviewed in 

ENERGY REGULATION).  

1.1.2 ADIPOSITY AND ADIPOKINES  

The long-established model of adipose tissue as simply energy storage was adapted 

in 1987 by the discovery of its endocrine function [23]. In the same year, Flier et al. 

reported decreased adipsin mRNA, a serine protease homolog, within fat cells of obese 

mice given glucose infusions compared to normal-weight mice [24] suggesting a role 

within the development of metabolic disorders.. The discovery of the obesity (ob) gene in 

mice and its product, leptin, in 1994  confirmed the role of adipose tissue as an endocrine 

organ [19]. Current understanding of the function of adipose tissue has expanded to include 

involvement in regulating energy homeostasis, appetite, reproduction and much more. 

1.1.2.1 Obesity-induced inflammation  

Adipose tissue is an active metabolic organ composed of several types of cells such 

as connective tissue matrix, nerve tissue, and immune cells alongside adipocytes (fat cells). 

[25, 26]. Throughout life, preadipocytes in the stromal-vascular fraction differentiate to 

adipocytes depending upon nutritional status. Adipose tissue is described based on either 
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its location, subcutaneous or visceral, or its function, white or brown for energy storage 

and thermogenesis, respectively [27]. Metabolic properties vary between these categories 

with visceral adipocytes found to have the highest metabolic activity whereas lower body 

adipocytes were observed to have the lowest [26].  

Adipose tissue has also been shown to contribute towards obesity-related 

complications and associated inflammation through both metabolic and autocrine 

processes [28, 29].  In one study that looked at more than one hundred non-diabetic 

subjects, C-reactive protein concentration (an inflammatory marker) was significantly 

associated with circulating pro-inflammatory cytokines, particularly interlukin-6 and TNF- 

α. Interestingly obese subjects had higher levels of C-reactive protein and pro-

inflammatory cytokines and tended to have more obesity-related complications such as 

hypertension and hypertriglyceridemia [30]. In another clinical study focused on obese 

women, a weight reduction as low as 10%, which targets mostly fat, was associated with a 

significant decrease in pro-inflammatory cytokines, reinforcing the interactivity between 

adipose tissue, pro-cytokines and obesity-induced inflammation [31].  

The focus in the next section is the role of adipokines, the bioactive peptides 

secreted by adipose tissue in diabetes and insulin resistance. Adipokines include cytokines 

(e.g. IL-6 and IL-8), adiponectin, leptin, TNF- α, resistin and many others [25, 32]. 

1.1.2.2 Tumor necrosis factor-α (TNF-α)  

In 1975, TNF- α was first labeled as an endotoxin-induced serum factor causing 

tumors necrosis [33]. Today, TNF- α is known for its multifaceted role in inflammation, 

immunity, apoptosis and insulin resistance [34].  
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There are two types of TNF- α receptors, type I and type II, which mediate signaling by 

interacting with intracellular adaptor proteins [34]. Most of the biological actions of TNF- 

α are mediated by TNF- α R1 with downstream activation of JNK and nuclear factor 𝜿B 

(NK- 𝜿B) (reviewed in [35]). Adipocytes express both receptor types [34] and are the main 

source of TNF-α, with greater gene expression in subcutaneous fat relative to visceral fat 

tissue [25, 32].  

In both obese animals and humans, TNF- α mRNA and protein are highly expressed 

within adipose tissue compared to lean subjects [36, 37]. In explanted human adipose tissue 

a BMI of 45 was associated with higher levels of TNF-α compared to a BMI of 32 [25, 32].  

The association between TNF-α, hyperinsulinemia and insulin resistance has also 

been a focus for intensive research [36, 37].  Chronic incubation of adipocyte cell lines 

with TNF-α has been shown to decrease insulin-stimulated uptake of glucose in a dose-

dependent manner [38]. These results have been replicated in vivo with infusion of TNF-α 

in rats [39]. Interestingly, neutralization of TNF-α or its removal from culture media 

reverses insulin resistance and restores glucose hemostasis, indicating a transient effect 

[38, 39]. TNF-α-deficient and TNF-α receptor-knockout obese mice have also exhibited 

improved insulin sensitivity and enhanced insulin receptor signaling in comparison to 

control obese subjects [40]. These findings have also been demonstrated in clinical settings 

where the administration of TNF-α antibodies over 4 weeks in obese patients with type 2 

diabetes mellitus showed no improvement in either insulin sensitivity or glucose clearance 

[41] whereas there was  a significant reduction in serum insulin level and an associated 

decrease in TNF-α mRNA expression in obese subjects who lost 17% percent of their body 

weight, which indicated resolving of hyperinsulinemia caused by insulin-resistance [37].  
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In addition to its role in insulin resistance TNF-α has several different metabolic 

effects. In rats, TNF-α infusion for one day increased free fatty acids (FFAs) by 70%, and 

infusion for 4 days showed a 150% increase, an effect that is theorized to contribute 

towards TNF-α-induced insulin resistance. In the same study, TNF-α infusion was shown 

to decrease mRNA expression and down regulate several proteins involving FFAs as well 

as glucose uptake in a time dependent manner. Interestingly, TNF-α infusion also induced 

select cytokines and chemokine genes in adipose tissue that are involved in immune and 

inflammatory responses [42]. These findings confirmed the role of TNF-α in inducing 

insulin resistance both in vitro and in vivo (Figure 1). 

1.1.2.3 Leptin  

One of the peptides secreted by adipose tissue that regulates appetite and energy 

homeostasis is leptin. Leptin release is positively correlated with overall adiposity and 

nutritional abundance, where leptin secretion from visceral fat is higher than from 

subcutaneous tissue [25, 32]. Although most circulating leptin is secreted from white 

adipose tissue, some studies have reported leptin mRNA expression in brown adipose 

tissue as well [43, 44].   Leptin is encoded on ob gene and either its deficiency or resistance 

results in obesity from both significant increases in food intake as well as reductions in 

energy expenditure [19, 45].  

Several proposed functions of leptin have been reported in addition to its known 

effects on appetite and metabolism (reviewed in [46]). In this section, we will mention 

some relevant physiological functions. 

Hyperinsulinemia was reported in both ob/ob and db/db mice with leptin deficiency 

and resistance, respectively, suggesting that leptin may play a role in insulin secretion 
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suppression [47]. Kieffer et al. reported leptin receptor expression in both mice primary β 

-cells culture and insulinoma cell lines [48]. In both humans and rodents collective 

evidence confirmed the suppressive effect of leptin on glucose-induced insulin secretion 

[49-51]. In contrast, leptin levels were elevated in healthy subjects during euglycemic-

hyperinsulinemic clamp, suggesting insulin has a stimulatory action on leptin secretion 

[52]. However, despite the promising therapeutic effect of leptin in diabetes and obesity its 

clinical use still limited [53, 54].  

In ob/ob leptin deficient mice, markers of inflammation and acute phase reactants, 

such as serum amyloid A (SAA), are elevated. In addition to weight and food intake 

reduction after 18 days of leptin replacement, SAA and other inflammatory markers also 

reduced significantly, suggesting a pro-inflammatory role [55].   

 Leptin has many interactions with other metabolites and hormones including other 

adipokines. In a human subject study, TNF- α and leptin were measured in BMI-matched 

diabetic and non-diabetic subjects. TNF- α levels were positively and independently 

associated with leptin levels. Similar results have been shown in rodents, suggesting that 

TNF- α may also play a role in increasing leptin [56, 57]  

Adiponectin, as will be discussed in the subsequent section, is decreased in obesity. 

In ob/ob mice with an obese phenotype, adiponectin was reduced alongside elevations in 

insulin, glucose and triglyceride levels. Furthermore, after leptin administration, 

adiponectin levels normalized and expression in white adipose tissue increased [55], 

suggesting that leptin may play a role in adiponectin secretion.  
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Figure 1: Role of TNF- α signaling in insulin resistance  

TNF- α phosphorylates serine residues of IRS-1 through JNK pathway activation. 

Another mechanism is through reduction of insulin-induced tyrosine phosphorylation in 

IRS-1. This will inhibit the downstream signaling of insulin.   
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Figure 1 Role of TNF-alpha signaling in insulin resistance 
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1.1.2.4 Adiponectin 

Adiponectin and TNF-α are similar in structure which suggests an  evolutionary 

link [58]. Most adipokine levels increase with high body fat, however adiponectin uniquely 

is inversely related to body mass index (BMI) [59]. In BMI-matched diabetic and non-

diabetic subjects, adiponectin was lower among diabetics compared to control. 

Additionally, levels were also lower in diabetics with coronary artery disease (CAD) in 

comparison to the diabetic subjects without complications, suggesting a role for 

adiponectin in the prevention of vascular disease in patients with diabetes [60]. 

Numerous studies have investigated the relation between adiponectin and insulin 

sensitivity. In wild-type mice and type 2 diabetes mice models, intraperitoneal injection of 

adiponectin resulted in a significant decrease in glycaemia that was not associated with a 

rise in serum insulin level but rather with a reduction in hepatic glucose output [61].  These 

results were replicated in type 1 diabetes mice models suggesting that adiponectin can 

affect glucose hemostasis in insulin-resistant and insulin-deficient models. 

Adiponectin levels inversely correlate with insulin resistance progression and the 

development of type 2 diabetes in both humans and animals [58, 60, 62]. In obese 

euglycemic rhesus monkeys, circulating adiponectin levels in the presence of 

hyperinsulinemia were lower compared to lean monkey, whereas leptin levels were 

relatively elevated. After obese monkeys developed type 2 diabetes, leptin levels equated 

to levels seen in lean monkeys. However, adiponectin remained lower than control, 

suggesting that adiponectin may have a role in developing insulin resistance [62].  In 

contrast however, acute administration of insulin in lean and obese human subjects has also 

been shown to result in significantly decreased adiponectin levels, indicating insulin may 
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play a role in adiponectin suppression [63]. One proposed explanation for this seeming 

contradiction is that adiponectin expression may differ based on adipose tissue site. 

Expression is lower in omental adipose tissue relative to subcutaneous fat, which could 

explain the correlation between increased visceral fat and insulin resistance [58, 64]. 

1.2 ENERGY REGULATION 

1.2.1 Central Energy Regulation 

The brain coordinates energy regulation through both hedonic and homeostatic 

means. The former occurs through the cortical-limbic area that provides the reward 

circuitry associated with eating. The latter occurs through the hypothalamus and brain stem 

to interpret signals from the periphery on energy availability and needs. 

1.2.1.1 Hypothalamus 

The hypothalamus is a relatively small structure comparable to roughly the 

size of an almond that secretes a large amount and variety of peptide hormones as 

well as neurotransmitters that are crucial to normal function. The axis between the 

hypothalamus and the anterior pituitary gland has been thoroughly described with 

tropic hormones such as thyroid stimulating hormone (TSH), growth hormone 

releasing hormone (GHRH) and gonadotropin releasing hormone (GnRH). Direct 

evidence for an energy regulatory component within the hypothalamus came over 

80 years ago when Hetherington observed in rats that causing lesions in the 

hypothalamus led to developing obesity [65]. Later research showed that the 

hypothalamus contains several distinct regions (nuclei) that are involved in energy 

balance. Due to its proximity to the median eminence (a region devoid of the blood 

brain barrier) the hypothalamus is considered a circumventricular organ and is able 
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to receive input from circulating hormones and nutrients (reviewed [66]). The 

regions, the signaling molecules produced and their function in regulating energy 

homeostasis will be discussed.  

The arcuate nucleus (ARC) is the primary region of the hypothalamus involved in 

energy regulation. It contains two distinct populations of neurons that have 

opposing functions on appetite. One group expresses neuropeptide-Y (NPY) and 

agouti-related protein (AgRP), which are known to stimulate appetite [67] and 

reduce energy expenditure[68] . The other group produces α-melanocyte 

stimulating hormone (α-MSH) derived from POMC as well as cocaine and 

amphetamine regulated transcript (CART), which are known to inhibit appetite [69, 

70] and stimulate energy expenditure [71]. These opposing roles serve to maintain 

energy levels in situations where there is both low and high energy availability. 

Once activated, projections from neurons within the ARC can activate other 

hypothalamic nuclei including the paraventricular nucleus (PVN), the lateral 

hypothalamic area (LHA) and the dorsomedial hypothalamus (DMH) (reviewed in 

[72]). Within these nuclei further projection of orexin-A neurons may then exert 

their appetite regulating effects throughout the brain [73]. 

1.2.1.2 Brainstem 

The brainstem (in particular, the nucleus of the solitary tract) has extensive 

connections with both the hypothalamus and other brain regions [74]. In addition, 

the brainstem receives afferent input from the vagus nerve which has extensive 

connections to metabolic organs and the gastro-intestinal (GI) tract (reviewed [75]). 

Vagal afferents send input from chemoreceptors in taste buds and along the GI tract 
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[76], from mechanoreceptors along the GI tract [77] and from metabolic hormones 

through receptors contained within the vagal afferents [78, 79].   

1.2.1.3 Reward Based Eating 

While the reward associated with eating is known to increase with an energy 

deficit [80], it is clear from the obesity epidemic that reward based eating still 

occurs in the absence of energy need. Indeed, mice given free access to high fat/high 

sugar diet (which then had the expected changes in the homeostatic neuropeptides 

within the hypothalamus) were still hyperphagic [81]. The pathways associated 

with food rewards are now beginning to be understood. Many of the 

neurotransmitters that are associated with pleasure and addiction are implicated 

with food reward including increased dopamine levels [82] and opioids [83]. 

Antagonists of opioids have also been shown to reduce palatable food choices in 

humans, confirming its important role in the food reward pathway[84].  

1.2.2 Appetite Regulation 

The increased prevalence of obesity is a population-based problem; however, it 

must also be looked at as an individual energy balance subject. Energy hemostasis is 

defined as the balance between energy intake and expenditure. Even a positive balance as 

little as 0.5% can lead to increase obesity overtime [85]. The control of appetite and body 

weight is therefore tightly regulated by the hypothalamus and its peripheral inputs from 

different GI hormones (Figure 2) [86, 87]. 

GI hormones provide signals about body energy status to the hypothalamus to 

inhibit or stimulate food intake to regulate body weight. The hedonic appetite pathway is 

an exception as it is related to the reward system of the ingested food regardless of energy 
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homeostasis [88].  Many appetite-regulation hormones have receptors in hypothalamic 

nuclei with demonstrated cross interaction [87]. 

The pancreatic polypeptide-fold peptides, including peptide tyrosine tyrosine 

(PYY) and pancreatic polypeptide (PP), are involved in gut-hypothalamus appetite 

regulation.  PYY is secreted by the L-cells in the GI tract, where it is widely distributed. 

The PPY immunoreactivity levels are low in the proximal small intestine and gradually 

increase to reach high levels in the rectum [89]. In response to food intake, the basal levels 

of serum PPY increase which suggests a role in appetite suppression [90]. This is confirmed 

by the observation that injecting PPY peripherally in mice reduces food intake and inhibits 

weight gain. It is thought that PPY acts centrally through the activation of its receptors 

(Y2R) in the arcuate nucleus of the hypothalamus, as demonstrated by Y2R-knockout mice 

administered PPY failing to inhibit food intake [91] In addition to appetite suppression 

PPY is linked to several other effects such as an anorexic effect, enhanced glucose-induced 

insulin release and lipolysis [87, 92].  
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Figure 2: Appetite regulation by hypothalamus and different hormonal inputs.  

The only known peripheral hormone to increase appetite is ghrelin. 

PP: pancreatic polypeptide, GLP-1: glucagon-like peptide 1, CCK cholecystokinin, PPY: 

peptide tyrosine tyrosine. 
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Another hormone from the same family is PP which in addition to its anorexic 

effects also decreases gastric emptying rate in a dose-dependent manner, decreases ghrelin 

mRNA expression in stomach and increases both gallbladder contraction as well as 

pancreatic exocrine secretion. The anorexic effects are mediated by the activation of Y2 

receptors in hypothalamus [87, 93, 94].  

Proglucagon-derived peptides are another peptide family that is involved in appetite 

regulation. They include glucagon, glucagon-like peptide 1 and 2 (GLP-1 and GLP-2) and 

oxyntomodulin [95].  In response to hypoglycemia glucagon is secreted from pancreatic α 

cells and opposes the action of insulin [95]. It has been shown in both human and animal 

studies that glucagon infusions decrease food intake [96, 97]. By using c-fos 

immunohistochemistry, Parker et al. showed increased neuronal activity in mice 

hypothalami and brainstems after peripheral administration of glucagon [97]. Co-

administration of glucagon and GLP-1 had anti-obesity and anti-diabetic effects in diet-

induced obese mice [98], implying a therapeutic use when the hormones were combined.  

In response to food intake, GLP-1 is secreted from L cells in intestines alongside 

PYY. GLP-1 receptors (GLP-1R) are widely distributed and are found in the pancreas, 

hypothalamus, and the heart [87, 99, 100]. GLP-1 plasma levels have also been shown to 

increase and exhibit anorexic effects after food intake by inhibiting glucagon secretion and 

improving glucose-induced insulin release. In clinical settings, GLP-1 agonists (i.e.: 

exenatide) are associated with decreased body weight in diabetic subjects and offer an 

advantage over many anti-diabetic agents which commonly cause weight gain as a side 

effect.[101].  
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Another gut hormone that is involved in appetite regulation is cholecystokinin 

(CCK) which was named after its function as a regulator for gallbladder contraction. CCK 

was the first gut hormone found to be involved in appetite regulation after Gibbs et al. 

investigated its role as an appetite suppressant in mice in 1973 [102]. CCK is secreted after 

food intake from the small intestine I cells [103] and the  CCK 1 and CCK 2 receptors, 

formerly known as CCK A and B receptors, are distributed throughout the GIT and the 

nervous system, respectively [87, 104].   

Since the discovery of the metabolic and hormonal functions of adipose tissue, there 

has been a particular research focus on its role with energy regulation, and particularly with 

regards to the hormone leptin [25].  With the discovery that leptin has demonstrable 

receptors within the hypothalamus, it has emerged within research as an important 

peripheral hormone in energy homoeostasis [105]. In diabetic and obese db/db mice, a 

mutation in leptin receptors within the hypothalamus was identified [45] and  in leptin-

deficient obese mice, administration of leptin twice daily resulted in decreased food intake, 

fat mass as well as decreased plasma glucose levels [106]. In a human subject study, 

Farooqi et al. investigated the effect of a daily subcutaneous injection of leptin on 3 obese 

leptin-deficient children. All subjects subsequently lost significant fat mass and reduced 

lipids and insulin levels [107].  Both mice and human subject data clearly demonstrated the 

importance of leptin in glucose and body weight control. However, obesity in humans is 

usually associated with high levels of leptin, which may result in leptin resistance by 

impaired signalling transduction and thus limit its therapeutic use [87, 108].  

One of the main hormones in glucose and energy control is insulin. Insulin is 

secreted from pancreatic β cells in response to meal intake, mainly carbohydrates [109]. 
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Although the hypoglycemic effect is the main function for insulin, its receptors are widely 

distributed in the hypothalamus which indicates an additional central role [110]. In rats, an 

intracerebroventricular (i.c.v.) administration of insulin significantly decreased food intake 

compared to saline infusion, confirming its anorexic effect [111].  

Glucose itself is an important appetite-modulator independently from its hormone-

stimulating effects. In the hypothalamus and brainstem, glucose-excited and glucose-

inhibited neurons fire at varying rates based on glucose levels. These neurons interact with 

each other and other neuronal pathways to help regulate appetite [112] . 

1.3 GHRELIN  

1.3.1 Structure and Localization 

Ghrelin is a 28 amino-acid polypeptide discovered in 1999 by Kojima [113] and is 

a growth-hormone secretagogue receptor (GHS-R) ligand [114] with an important role in 

energy regulation. Acting centrally on the pituitary and hypothalamus ghrelin increases 

growth hormone secretion and hunger, respectively [113]. 

Rat and human ghrelin are very similar in molecular structure with a difference of 

only two amino acids [113, 115]. Ghrelin is mainly secreted by endocrine X/A like cells 

(ghrelin cells) in the stomach fundus, however many other organs also express it as well.  

These include the pancreas, duodenum, colon, kidney, ovary and liver [113, 115-117], and 

ghrelin receptors (GHS-R) are widely distributed as well [116].  

Sakata et al. studied ghrelin-producing cells in adult rat gastrointestinal tracts (GIT) 

using immunohistochemistry and in situ hybridization. In keeping with previous findings 

ghrelin cells were highly dense in stomach compared to the rest of the GIT. These cells 

were localized in mucosal layer but not in the myenteric plexus [117]. In stomach, mucosal 
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layer ghrelin cells were highest in the glandular base and decreased towards the glandular 

neck.  In the rest of the GIT, however, they were spread within crypts and the villi epithelia 

[117]. Surprisingly, there was no variance in immunoreactivity amongst ghrelin cells 

across the GIT even though they were phenotypically different. In  the stomach, ghrelin 

cells were smaller and rounded (closed-type), but in the duodenum, ilium, cecum, and 

colon ghrelin cells exhibited mixed morphology including closed-type, elongated, and cells 

in contact with lamina (open-type) [117]. No immunoreactivity differences were observed 

between the different types of ghrelin cells were found. The presence of both open and 

closed type ghrelin cells in the GIT may suggest different physiological stimulations either 

directly with nutrients in the lumen or through hormones and nutrients in blood circulation.  

Two subsequent studies confirmed the increased density of ghrelin cells in the mucosal 

layer of animal stomachs [118, 119].  In a human study by Maksud et al., morbidly obese 

patients without type 2 diabetes (T2DM) or metabolic syndrome (MS) had higher ghrelin-

immunoreactivity cell density in oxyntic mucosa compared with patients who were 

overweight, lean patients,  and morbidly obese with T2DM or MS, suggesting a 

compensation mechanism to overcome a resistance [120].  

Preproghrelin, a 117 amino-acid polypeptide that is encoded on the ghrelin gene, is 

cleaved by prohormone convertase (PC) 1/3 to produce ghrelin and obestatin (Figure 3) 

[121]. PC1/3 is colocalized with ghrelin in ghrelin-producing cells in mice stomach and it 

is the only enzyme from the PC family able to cleave proghrelin in vivo [121]. PC1/3 is a 

member of the endoproteolytic enzymes family (proprotein convertase subtilisin/kexin- 

PCSK), alongside with PC2 and PC5, which are found in endocrine tissues and related to 

energy and nutrient homeostasis [122]. In order for PC1/3 to become biologically active, it 
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must undergo a maturation process where it is converted from proPC1/3 to active PC1/3 in 

endoplasmic reticulum. Interestingly, decreased PC1/3 activity is associated with early-

onset obesity in human (reviewed in details in [122]).  

By adding octanoic group on the 3rd serine residue ghrelin becomes acylated (acyl 

ghrelin (AG)), it is the biological active form [113]. This modification is produced by the 

ghrelin O-acyl transferase (GOAT), a membrane-bound O-acyl transferase [123, 124]. 

Similar octanoylation is conserved across many vertebrate species [125] and the acylation 

is hypothesized to occur prior to the cleavage of proghrelin to ghrelin [121].  The highest 

level of GOAT in human is found in the stomach and pancreas [124]. Alongside the 

acylated form which activates the GHS-R, an unacylated ghrelin (UAG) is also secreted 

and it is the most abundant form in the blood circulation. It is unclear why UAG is the most 

abundant form, but it may have other undiscovered actions through GHS-R independent 

pathway [113, 127-129]. The de-acylation of ghrelin can be due to many factors, including: 

unstable acyl moiety in plasma, the exposure to platelet activating factor (PAF) 

acetylehydrolase, carboxypeptidase, cholinesterase, and others (reviewed in [130]).  

Initially, taught to be inactive, UAG has now shown to have many other roles 

independent of GHSR activation [131]. In addition to those 2 forms of ghrelin, obestatin 

(a product of proghrelin cleavage) was shown to have opposing functions to ghrelin where 

it acts as anorexic hormone by decreasing food intake and body weight [132]. However, 

these proposed effects are controversial, as many studies were unable to reproduce these 

results [133, 134].  
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Figure 3. Proghrelin structure and derived peptides  

A 117-polypeptide precursor is produced as preproghrelin. An octanoic acid moiety is 

added - either during or post-translationally- to the 3rd serine of the ghrelin peptide. The 

precursor is processed by proprotein convertase subtilisin/kexin type 1 (PCSK1) to produce 

the 28-amino acid peptide, ghrelin. The active form of ghrelin can become unacylated. 

Obestatin is also produced from the proghrelin precursor.  
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1.3.2 Ghrelin Receptor and Signaling   

Ghrelin receptor, GHS-R, is expressed in almost all body tissues, including the 

central nervous system, liver, spleen, placenta, muscles, pancreas, and the GIT, particularly 

the stomach fundus which is the main site of ghrelin secretion [116]. There are several 

physiological functions of GHS-R which include the release of GH and other hormones,, 

stimulation of food intake, glucose metabolism and cardiovascular protection as well as 

many others [135]. 

Both ghrelin mRNA and GHS-R are expressed in pancreatic β cells and inhibit 

glucose insulin-release. In hypothalamus and pituitary, ghrelin increases appetite and GH 

secretion, respectively (reviewed briefly in Role of ghrelin in glucose hemostasis , Role of 

Ghrelin in GH secretion, and Role of ghrelin in appetite regulation) [126, 136].   

Two types of GHS-R have been identified so far, GHS-R1a and GHS-R1b [114]. 

Most of the physiological actions of ghrelin are mediated through GHS-R1a (especially in 

the pancreas and central nervous system), while type 1b is considered a non-functional 

receptor [116].  

In the arcuate nucleus of the hypothalamus ghrelin mediates its orexigenic effect 

through GHS-R1 by stimulating NPY/AgRP neurons [137]. The signalling of GHS-R1a is 

complex and is reviewed in details by Briggs et al. [138]. Briefly, by increasing 

intracellular calcium concentration [Ca2+]i in NPY neurons, ghrelin activates AMP-

activated kinase (AMPK)  which in turn increases ATP production. Downstream action of 

ghrelin-induced AMPK activation includes AMPK-CPT1-UCP2 pathway activation, 

increased acyl-CoA concentration and increased fatty acid oxidation. The end result for 

these pathways and its byproducts is sustained NPY/AgRP neuronal activation during 
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starvation and stimulation of food intake [137-139]. Interestingly, adult mice with ablated 

NPY/AgRP neurons die of starvation, which might be explained by the interruption of 

ghrelin signalling in the arcuate nucleus [140].   

In pancreatic β cells, ghrelin mediates its insulinostatic effect through GHS-R- 

cAMP/TRMP2 signaling [141]. Pertussis toxin (PTX)-treated mice were used to study 

GHS-R G-protein coupling in β cells. It is known that PTX reduces the ability of the α- 

subunit of Gi (Gαi) family to bond to G-protein-coupled receptors. The insulinostatic effect 

of exogenous and endogenous ghrelin was attenuated in PTX-treated mice, but ghrelin-

induced growth hormone release was unchanged. Hence, the G-coupling for the ghrelin 

action on insulin release is different from that of GH release [142]. In another study, Dezaki 

et al. explored the cAMP signaling and insulinotatic effects of ghrelin in pancreatic β cells 

[143]. It is established that cAMP is produced by adynalte cyclase, and the latter is inhibited 

by PTX-sensitive Gi – proteins. Incubation of rat pancreatic islets with phosphodiesterase 

inhibitor (IBMX) and 8.3 mmol/L glucose resulted in a small increase in cAMP 

productions, but higher concentration (22 mmol/L) of glucose had a more significant 

increase in cAMP. Adding exogenous ghrelin to glucose-treated islets inhibited cAMP 

productions, and this inhibition was augmented by GHS-R antagonist. Neither exogenous 

ghrelin, nor GHS-R antagonist had any effect on glucose-induced cAMP productions in 

islets isolated from PTX-treated rats [143]. This collective evidence indicated that GHS-R 

activation in β cells resulted in attenuation of cAMP (Error! Reference source not 

ound.).  
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Figure. 4: GHSR signaling in the pancreatic β cell 

Signaling pathway of ghrelin in pancreatic β cell. The level of cAMP is suppressed by 

ghrelin through high [ghrelin]/[SST] ratio and Gαi signaling. The conductance of Kv2.1 

channel is enhanced by decreased cAMP level, which leads to decreased [Ca+]. The end 

result is attenuation of insulin release.  
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1.3.3 Roles of Ghrelin 

1.3.3.1 Role of Ghrelin in GH secretion 

GH is secreted in a pulsatile manner under the influence of somatostatin and growth 

hormone releasing hormone (GHRH) [144, 145]. Although GH pulses are related to GHRH 

peaks, about a third of GH pulses are disassociated from GHRH, suggesting that other 

factors contribute to GH release from pituitary [146, 147]. In 4 adult men with GHRH 

receptor mutation and GHRH resistance, GH oscillated in the same manner as the control 

despite overall GH deficiency, supporting the hypothesis of other factors role in GH release 

[148]. A different human study on familial short stature found a missense mutation in 

GHSR [149]. 

In animal studies, transgenic rats with attenuated GHS-R expression in the arcuate 

nucleus of the hypothalamus had decreased basal secretion of GHRH, suggesting an 

interaction between GHRH and ghrelin systems [150]. A significant correlation was 

observed in a clinical study between GH and acylated ghrelin secretion in eight healthy 

human subjects [151]. In a clinical randomized trial on older healthy adults, the oral 

administration of ghrelin memetic, MK-677, resulted in an approximately two-fold 

increase in GH from baseline [152]. In rats, ghrelin-induced GH secretion was attenuated 

by GHS-R1a antagonist, confirming the role of ghrelin receptors in GH secretion [153].  

These findings from clinical and animal studies reinforce the role of ghrelin and its 

receptors in GH secretion and amplitude. 

1.3.3.2 Role of ghrelin in appetite regulation 

Studies on both human and rodents showed a peak of ghrelin secretion after fasting 

and a post-prandial suppression [154-156]. It is believed the pre-prandial ghrelin surge is 
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important in initiating food intake [156]. This mechanism has been proposed as a cause for 

hyperphagia seen in Prader-Willi syndrome. This syndrome is a genetic disorder 

characterized by hyperphagia-induced obesity, short stature, mental retardation, GH 

deficiency and hypogonadism [157]. When compared to obese control subjects, Prader-

Willi patients had more than four-fold higher fasting ghrelin levels than control subjects 

[21].  

In animal studies, centrally administration of ghrelin in rats increased food intake 

significantly more than administration of GHRP-6, a GHS-R agonist. In addition to 

increased food intake, chronic ghrelin administration resulted in weight gain without 

affecting general activity [158]. In GH-deficient rat model, i.c.v. infusion of ghrelin 

induced food intake, suggesting feeding stimulation by ghrelin is GH-independent [158]. 

Sun et al. investigated the role of GHS-R in ghrelin-induced food intake. In GHS-R-

knockout mice, despite the normal phenotype compared to wild type (WT), acute 

administration of ghrelin did not increase food intake, which confirms the orexigenic effect 

of ghrelin is dependent on GHS-R expression [159]. Feeding behaviour was decreased 

significantly in a dose-dependent manner in mice after administering a ghrelin antagonist, 

either centrally or peripherally [160]. Interestingly, mice with simultaneous deficiency in 

ghrelin and GHS-R had a significantly lower body mass compared to WT, with a minimum 

decrease in food intake [161].  

1.3.3.3 Role of ghrelin in obesity 

As shown in previous studies, ghrelin plays a major role in controlling body weight 

and food intake. Its action, release, and suppression are modulated through many cellular 

pathways, receptors and other hormones. Thus, tight control of ghrelin is important to 
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maintain normal energy hemostasis. Nevertheless, ghrelin secretion and suppression can 

be dysregulated in metabolic diseases such as diabetes and obesity [162]. 

Daily injection of ghrelin decreased fat utilization and increased body weight in rats 

[154]. As discussed previously, higher levels of plasma ghrelin were found in Prader-Willi 

syndrome patients, a syndrome which is characterized mainly by hyperphagia-induced 

obesity [21]. 

Unexpectedly, plasma ghrelin levels were inversely correlated to BMI [163, 164].  

Moreover, the post prandial ghrelin suppression was found to be blunted in obese adults 

compared to normal weight individuals  [165] . The same finding was observed among 

Hispanic obese adolescents [166].  

The coexistence of increased adiposity and glucose intolerance (secondary to 

insulin resistance) makes it difficult to study ghrelin effects on both conditions separately. 

However, not all obese individuals have insulin resistance or the same degree of insulin 

sensitivity. McLaughlin and her colleagues studied ghrelin concentrations amongst two 

groups of obese individuals who were otherwise healthy: insulin resistant and sensitive 

[167].  In body weight and BMI- matched analysis, mean plasma ghrelin concentration was 

lower among obese subjects with insulin-resistance compared to matched-BMI subjects 

who were insulin-sensitive [167]. In another study on normal and overweight children, 

ghrelin dynamic was studied with the oral glucose tolerance test (OGTT). In obese 

children, fasting ghrelin level was lower, while fasting insulin level was higher compared 

to normal weight subjects. Ghrelin levels were negatively correlated with insulin sensitivity 

and a higher insulin sensitivity index was associated with a more reduced ghrelin level 

[168]. Those results show that ghrelin level variability is obesity-independent and is 
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inversely affected by insulin resistance. Interestingly, the same results were seen in X/A 

cells from rodent primary stomach cultures that were treated with high insulin dose and 

developed (IR) [1].  

1.3.3.4 Role of ghrelin in glucose hemostasis  

In 11 healthy young men, the administration of IV acylated ghrelin increased serum 

glucose levels compared to placebo after 15 minutes of injection. Concurrently, a 

significant reduction in insulin levels was observed after 30 minutes [169] that continued 

for more than 100 minutes [169]. In many studies, ghrelin and GHS-R were identified in 

pancreas islets [114, 170-172] and an in vivo animal study done on mice revealed higher 

concentration of acylated and desacylghrelin in the pancreatic vein compared to the 

pancreatic artery [173]. Using perfused rat pancreas, Dezaki et al. studied the effect of 

endogenous ghrelin on insulin secretion. The glucose-induced insulin release was 

augmented by infusing GHS-R antagonist ([D-Lys3]-GHRP-6) or anti-ghrelin antiserum. 

The deacylated ghrelin form (desacylghrelin) did not alter glucose-induced insulin release. 

Both treatments had no effect on basal insulin secretion [173]. Gastrectomized and control 

rats were studied to investigate if the enhancement of glucose-induced insulin release is 

due to blockade of circulating rather than pancreatic ghrelin. As expected, gastrectomized 

rats had significantly lower acylated ghrelin level than control. By injecting GHS-R 

antagonist in both, gasrectomized rats had a significant increase in plasma insulin level 

comparable to the control group. This result confirmed that the enhancement in glucose-

induced insulin release is due to a blockage of local ghrelin, as the administration of 

exogenous ghrelin to control rats decreased plasma insulin level [173]. In perfused 

pancreas of ghrelin knockout rats, glucose-induced insulin release was higher compared to 
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the wild type with no difference in basal insulin release between both, confirming previous 

results of ghrelin insulinostatic effect [173, 174].  

Ghrelin was also found to increase hepatic glucose production in a mice study 

[175]. In porcine primary hepatocyte culture, glucose output was increased after 20 minutes 

of AG incubation by 132% compared to control [176]. The hepatic glucose release was lost 

after 40 minutes of incubation with AG. On contrary, incubation with UAG inhibited 

hepatic glucose output after 20 minutes and was in a dose-dependent manner.  Intriguingly, 

equimolar UAG reversed AG-induced hepatic glucose release [176] to the control level 

independently from GHS-R activation [176]. In another study, rats injected with 

subcutaneous ghrelin had a significant weight gain despite comparable food intake with 

the control group [177].  In ghrelin-treated rats, liver glycogen synthase kinase was 

suppressed while the activator of gluconeogenesis protein (PGC1α) expression was 

significantly enhanced [177]. This result was supported by a different study on mice where 

insulin-induced suppression of hepatic gluconeogenesis was reduced by ghrelin 

administration [175].  

While s.c. acyl ghrelin injections failed to stimulate food intake in GHS-R knockout 

(KO) mice with limited expression in hindbrain, it did increase fasting glucose to wild-type 

level, suggesting that ghrelin affects glucose metabolism through central nervous system 

signaling as well [178].  

As expected, GOAT-KO mice had higher glucose tolerance and enhanced glucose-

induced insulin release compared to wild type (WT). But in a calorie restriction state, 

GOAT-KO mice developed severe fasting hypoglycemia compared to WT despite equal 

weight lose suggesting the importance of ghrelin to survive malnutrition [179]. 
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As mentioned before, many human and animal studies have demonstrated ghrelin 

insulnostatic effect on pancreatic β cells. By infusing acylated ghrelin to healthy non-

diabetic volunteers, Tong et al. showed that glucose-induced insulin release was 

suppressed in a dose-dependent manner. A significant reduction in C-peptide release in 

response to IV glucose was observed as well [136]. Following adjustment for insulin 

sensitivity, acylated ghrelin decreased glucose disappearance rate after IV glucose 

infusion, a finding not seen with UAG infusion [136, 180, 181].  

In mice, intraperitoneal administration of GHS-R antagonist significantly decreased 

fasting blood glucose level [126] and enhanced insulin response to glucose tolerance test 

(GTT) [126]. On the other hand, ghrelin administration increased fasting blood glucose by 

10-20 mg/dl after 30 min. The increase in blood glucose was fully reversed by the 

administration of a GHS-R antagonist. Concurrent administration of ghrelin with glucose 

during GTT attenuated insulin response compared to control values [126].  

Overall, these studies strongly indicate the essential role of endogenous ghrelin in 

glucose metabolism and hemostasis, either directly by its insulinostatic effect or through 

glucose disposal peripherally. Also, these results suggest the interference with ghrelin 

signaling can help improve glycemic control in obesity and type 2 diabetes [182].  

1.3.3.5 Role of ghrelin in insulin secretion  

Dezaki et al. studied the effect of ghrelin on insulin release in isolated pancreatic 

rat cells and intracellular calcium concentration [Ca2+]i . By adding GHS-R antagonist ([D-

Lys3]-GHRP-6) or anti-ghrelin antiserum (SPA) to media, insulin release was increased 

significantly. This effect was reduced by removing external calcium, suggesting that 

endogenous ghrelin is suppressing Ca2+ -dependent insulin release [126].  Pancreatic islets 
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[Ca2+]i was measured using fura-2 microfluorimetry, and the first phase [Ca2+]i responses 

to different glucose levels were significantly augmented in the presence of GHS-R 

antagonist or anti-ghrelin antiserum [126].  

In mouse β cell line (MIN6) cells transfected with a fluorescent-translocation 

biosensor, intracellular cAMP [cAMP]i surged in an oscillatory manner by increasing 

glucose concentration from 3 to 11 mmol/L [143]. These oscillations were inhibited by 

ghrelin administration, and a ghrelin washout reversed its inhibitory effect, implying 

complete reversibility [143].  In rat single β cells, protein kinase A (PKA), a cAMP-

dependant enzyme, was increased with glucose concentration rise and inhibited by ghrelin 

treatment [143]. These collective findings suggested ghrelin-induced insulinostatic effect 

via cAMP-dependant pathway. 

In electrophysiological studies, glucose (8.3 mmol/L) induced repetitive action 

potentials in single β cells. Ghrelin administration decreased both frequency and amplitude 

of action potentials [142]. By treating single β cells with tetraethylammonium (TEA), a 

voltage-dependant K+ (Kv) channels blocker, glucose-induced insulin release was 

increased. However, ghrelin failed to inhibit glucose-induced insulin release in the 

presence of TEA, suggesting the ghrelin-induced attenuation of insulin release is Kv 

channels dependant [142].  

In pancreatic β cells, both ghrelin and somatostatin (SST) inhibit glucose-

stimulated insulin secretion (GSIS). Park et al. hypothesized that ghrelin-induced 

attenuation of GSIS is by noncanonical coupling of GHS-R1a with Gα(i/o) rather than 

Gα(q11) by a formation of  heteromer with somatostatin receptor subtype-5 (SST5) [183]. 

By studying this mechanism in INS-1SJ, Park et al. demonstrated that ghrelin-GHS-R 
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complex failed to inhibit GSIS in the absence of STT5. However, in the presence of STT5, 

GHS-R formed heteromers with STT5 and ghrelin-induced GSIS attenuation was achieved 

through Gα(i/o)-dependent pathway [183] (Error! Reference source not found. and 

 REF _Ref487571158 \h  \* MERGEFORMAT Figure 5). 

1.3.3.6 Role of ghrelin in cardiovascular disease  

Both GHS-R and ghrelin mRNA have been identified in myocardium [116], 

suggesting a role in cardiovascular physiology. In 50 healthy obese and lean men, a 

significant association was reported between high endogenous ghrelin levels and greater 

cardiovascular indexes in both groups [184]. The same finding was obtained by injecting 

ghrelin to healthy individuals [185]. In another clinical study on heart failure patients, 

exogenous administration of ghrelin decreased mean arterial pressure and systemic 

vascular resistance with improvement in stroke volume index [186]. In rats with heart 

failure, ghrelin administration improved left ventricular function [187].  In a different 

animal study where hearts were subjected to ischemia/reperfusion injury, acylated ghrelin 

significantly decreased infarct size and had a protective effect [188]. In a myocardial 

infarction (MI) mice model, ghrelin knockout group had a significant arrhythmia-induced 

mortality rate compared to WT. Interestingly, ghrelin administration before inducing MI 

in ghrelin knockout mice reduced arrhythmia and improved prognosis [189]. These results 

indicate a protective function for endogenous and exogenous ghrelin against malignant 

arrhythmia post MI. Lilleness et al. reviewed ghrelin effects on cardiovascular system in 

details [190].  
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1.3.3.7 Role of ghrelin in reproduction 

Ghrelin and its receptor (GHS-R) are expressed in ovary and placental tissue [116], 

and ghrelin peptide was shown to cross placenta which raises the question of the effect of 

ghrelin on female reproduction and fertility [191, 192]. Furuta et al. studied the effect of 

ghrelin on luteinizing hormone (LH) in rats. An intracerebroventricular (i.c.v.) 

administration of ghrelin in ovariectomized female rats had a significant suppressive effect 

on pulsatile LH secretion and frequency. As expected, increased GH level was also 

observed. These changes were not seen with an intraventricular cerebrospinal fluid (CSF) 

infusion [193]. In addition to confirming the result of the previous study, Fernández-

Fernández et al. did in vitro experiments to look at ghrelin effects on the hypothalamus and 

pituitary. In hypothalamic explants from ovariectomized female rats, incubation with 

ghrelin markedly decreased gonadotropin-releasing hormone (GnRH) release [194].  In 

contradiction to in vivo findings, ghrelin increased both LH and follicle-stimulating 

hormone (FSH) in pituitaries obtained from ovariectomized female rats. When pituitaries 

were incubated with GnRH and ghrelin, there was no change in basal and GnRH-stimulated 

gonadotropin secretion [194]. These findings suggest that ghrelin-induced LH suppression 

in vivo was due to predominant inhibition of GnRH release from hypothalamus.  In another 

study on male rats, even subcutaneous administration of unacylated ghrelin (UAG) was 

able to inhibit LH serum level to the same amount as with ghrelin administration, 

suggesting GHS-R independent pathway [195]. 

In humans, IV administration of 50 μg acylated ghrelin to healthy young male 

individuals induced significant LH suppression compared to placebo group. Testosterone 

level was lower in ghrelin-treated group as well [196]. In a different single-blind, placebo-



 38 

controlled, randomized, crossover study, Kluge et al. showed that IV acylated ghrelin 

administration in healthy women significantly decreased both LH and FSH [197].  

To investigate the role of ghrelin on embryo development, Kawamura et al.  studied 

mouse preimplantation embryos in the presence of fluorescent-labeled ghrelin in culture 

media. Fluorescent signals could be detected in blastocysts incubated with fluorescent 

ghrelin indicating that ghrelin receptors (GHS-R) are expressed in early developmental 

stages. This result was confirmed by the detection of ghrelin and GHS-R mRNA in those 

embryos. When comparing embryos cultured in human tubal fluid (control), ghrelin-treated 

embryos were developmentally retarded and blastocysts with fewer cells [198]. This effect 

was blocked by incubating the embryos with GHS-R antagonist, confirming the effect of 

ghrelin through its receptor. This study suggested that ghrelin can inhibit embryo 

development in case of malnutrition to reserve energy [198]. 

In a human study comparing ghrelin levels in appropriate for gestational age (AGA) 

and intrauterine growth restricted (IUGR) neonates, Cortelazzi et al. reported a higher level 

of ghrelin in IUGR [199].  

Fasting ghrelin levels were studied during pregnancy, and found to be highest by 

week 18, followed by a gradual decline to reach the lowest value in the late third trimester 

[200]. After delivery, fasting ghrelin levels were significantly higher compared to week 16. 

These changes in serum ghrelin were not significantly correlated to maternal weight, but 

were negatively linked to placental growth hormone (PGH) [200]. This can be explained 

by the switching from pituitary GH, which is stimulated by ghrelin, to the predominant 

PGH in late pregnancy [201]. 
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Martin et al. examined the effect of ghrelin deficiency on mice fertility. In mice 

that were exposed to ghrelin deficiency in utero had reduced fertility and smaller offspring 

compared to wild type [202]. Despite the similar number of ovarian follicles and embryo 

produced, wild-type embryos transferred to mice uteri that were exposed to ghrelin 

deficiency in utero had 60% in implantation rate [202]. This result suggested that ghrelin 

is playing a major role in offspring fertility [202]. 

 

1.3.3.8 Role of ghrelin in different clinical diseases   

A surprising relationship between H. pylori infection and ghrelin-producing cells 

has been described in the literature. After treatment and eradication of H. Pylori infection, 

patient’s total body weight and BMI increases, while no significant change in these 

parameters with eradication failure [203, 204]. This finding motivated many researchers to 

look for ghrelin cells in relation to H. pylori infection as a modulator for the weight gain 

after eradication.  In 10 human subjects who were H. pylori positive, a fasting ghrelin level 

before and after patients had been cured was measured. Interestingly, fasting ghrelin level 

increased by 75% after H. pylori eradication [205]. The same finding was seen in a larger 

study by Osawa et al., who measured plasma ghrelin and examined gastric mucosa in 110 

H.pylori-positive and 50 H.pylori-negative individuals [206]. Using RT-PCR, the H.pylori-

positive group had a lower ghrelin mRNA expression compared to H.pylori-negative group 

in corpus mucosa. Even the numbers of ghrelin-producing cells between the 2 groups were 

significantly different, with lower numbers in H.pyolri-positive subjects. These findings 

suggest that decreased serum ghrelin level among H.pylori-infected subjects is related to 

the reduced ghrelin-producing cells in the stomach [206].    
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The role of ghrelin in anorexia nervosa (AN), a psychiatric disorder characterized 

by extreme concern about body shape and weight, has been a focus of many clinical studies 

over the years (reviewed in [207]). In AN women, plasma ghrelin levels and 

ghrelin/obestatin ratios were significantly higher than healthy women [208]. Compared to 

constitutionally thin women who had higher ghrelin levels than healthy subjects, ghrelin 

levels were significantly higher among AN patients, suggesting that ghrelin level is not 

only affected by body fat mass but by feeding behaviour as well [209]. In addition to higher 

fasting plasma ghrelin levels, AN is associated with central resistance as demonstrated by 

Holsen et al. using functional magnetic resonance imaging [210]. In a small pilot study to 

investigate the therapeutic role of ghrelin in AN, an intravenous infusion of ghrelin for 14 

days increased hunger sensation and energy intake by 20%. These effects could be related 

to the central action of ghrelin in increasing appetite and/or peripheral effects, as the GI 

symptoms in those patients improved as well [211]. Although this study was small in 

number (only 5 patients), it suggested a potential therapeutic use for ghrelin in AN patients.  

In chronic diseases that are associated with weight loss, ghrelin administration was 

shown to improve appetite to increase weight gain.  In chronic obstructive pulmonary 

disease (COPD) patients with cachexia, 3-week infusions of ghrelin increased food intake 

and lean body mass, improved muscle strength and functional capacity [212]. In cancer 

patients, where cachexia is linked to anorexia, high dose of ghrelin agonist administration 

resulted in improvement of appetite and reverse of muscle catabolism [213].   

Most hypothalamus and pituitary lesions and adenomas are associated with increased 

body weight [214]. In a recent publication by Andrusiewicz et al., they reported different 

expression levels of ghrelin mRNA and GHS-R1, with the highest expression in non-



 41 

functioning tumors and somatotropinomas, respectively [215]. In children with 

craniopharyngioma with adequate hormone replacement, ghrelin suppression following 

oral glucose intake was delayed compared to weight-matched control [216]. These results 

suggest a possible role in pathogenesis and the associated obesity. 

1.4 GHRELIN SECRETION  

1.4.1 Nutrients Regulate Ghrelin Synthesis and Secretion 

The effect of ghrelin in increasing body weight is independent from GH secretion. 

By injecting ghrelin daily in wild mice, their fat mass increased without change in lean or 

bone mass. Compared to GH-treated mice, ghrelin-treated mice had also less fat utilization 

[154]. The suppression of ghrelin postprandially was demonstrated not to be related to 

stomach stretch, but rather to re-feeding or glucose administration, as a water meal did not 

decrease ghrelin level [154, 217].   

Ghrelin suppression after a meal is affected by the caloric contents that have been 

ingested. With the same level of plasma glucose among different caloric groups, the ghrelin 

suppression was proportionate to caloric intake [218]. Regarding the effect of 

macronutrients on ghrelin suppression, a human study showed higher suppression of 

ghrelin after high-carbohydrate compared to high-fat meals [219]. In this study, high-

carbohydrate intake has more satiating effect compared to fat, which can be related to 

higher suppression of ghrelin [219]. Those findings have been shown in animal models as 

well [220]. On the other hand, high protein and high fat meals induced higher prolonged 

ghrelin suppression compared to carbohydrate and glucose intake [221, 222]. This result 

can be explained by delayed gastric emptying by protein and fat ingestion [223].  



 42 

The role of stomach and duodenum in postprandial ghrelin suppression is an area 

of interest especially with the increased popularity of weight-loss surgeries (e.g. gastric 

bypass). In a human study, Cummings et. al. found lower total ghrelin level (AUC) in 24 

hours in a group who had a proximal Roux-en-Y gastric bypass compared to normal-weight 

control by 77% [224]. Interestingly, after diet-induced weight loss, total ghrelin in 24 hours 

increased. Those findings show the importance of ghrelin in energy homeostasis and body 

weight control [224, 225]. To study the role of duodenum in postprandial ghrelin 

suppression, Overduin et. al. used animal models with proximal duodenum and jejunal 

catheters to infuse different macronutrients. There were no difference in ghrelin 

suppression between the sites, but higher suppression was observed after glucose infusions 

compared to fat, amino acids, and saline [226]. Despite a higher suppression of ghrelin 

after carbohydrate ingestion, this suppression exhibits a rebound phenomenon after 3 

hours. Ghrelin increased by 37% from baseline after marked decrease following a 

carbohydrate meal in the second 3-hour period. Such rebound was not observed after 

protein or lipid in ingestions [227]. This overshooting of ghrelin can be an explanation for 

the high glycemic index carbohydrate ingestion and associated rebound hunger [227, 228]. 

In rat isolated stomach, adding amino acids to basal media resulted in a 30% reduction in 

ghrelin secretion, but no difference with intralipid perfusion [229]. 

Studying macronutrient intake on ghrelin secretion as discussed above in isolation 

of other hormones would not provide clear mechanisms for this effect. From those clinical 

and animal studies, there was an association between ghrelin and different 

neurotransmitters and gut hormones, either proceeding or following ghrelin suppression 

[126, 155, 220, 227, 230, 231]. Thus, in vitro models to study ghrelin release, action and 
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suppression are essential. Such models include ghrelin-producing tumour cell lines such as 

pancreatic ghrelinoma (PG-1), stomach ghrelinoma (SG-1) [232] and MGN3-1 cell 

lines[233], in addition to a primary culture of dispersed rodents stomach mucosa [1, 234]. 

Those models are very important in studying cellular and molecular aspects of ghrelin 

physiology, signalling and its interactions with different hormones. The following section 

will summarize some relevant examples of such interactions.  

1.4.2 Neurotransmitters Regulating Ghrelin Secretion 

1.4.2.1 Norepinephrine  

Earlier studies were done to investigate the role of sympathetic nervous system in 

ghrelin secretion. In streptozotocin (STZ)-diabetic rats, Mundinger et al. reported an 

increase in plasma ghrelin concentration after electrical sympathetic nerve stimulation of 

postganglionic axons. This increase in ghrelin was associated with a rise in norepinephrine 

concentration in portal venous plasma. The same result was observed with a 

pharmacological stimulation of sympathetic nerves by tyramine [235]. 

Using rat primary stomach culture, Gagnon et. al. studied the role of nervous system 

on ghrelin release. There was no effect on ghrelin secretion when incubated with 10 μM of 

acetylcholine. However, a dose-dependent increase in ghrelin secretion was observed with 

Norepinephrine (NE) [1]  which also showed an increase in cAMP and protein-kinase A 

(PKA) activity. This effect was blocked by pre-treatment with Atenolol (β1-adrenergic 

receptor antagonist. This experiment confirmed that ghrelin release is mediated through 

β1-adrenergic receptors [1]. In a stomach ghrelinoma cell line, SG-1, Zhao et al. reported 

an increase in acylated and unacylated ghrelin secretion by adrenergic agonists, 

epinephrine and NE. Both ghrelin forms were decreased in cells, suggesting that adrenergic 
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agonists stimulate secretion but not synthesis [232]. However, in an animal model study, 

ghrelin had no effect on NE release from the hypothalamus [236] (Figure 5). 

1.4.2.2 Acetylcholine  

Since the vagus nerve provides parasympathetic inputs to the GIT and play a major 

role in appetite regulation [237], it is very important to understand the effect of its 

neurotransmitter (acetylcholine) on ghrelin secretion. 

In isolated rat stomach, Sherestha et al. demonstrated that perfusion of insulin 

decreased basal ghrelin secretion as confirmed by previous studies. Interestingly, 

acetylcholine perfusion increased ghrelin basal level by 37% [229]. In a different approach, 

the administration of an acetylcholine antagonist, atropine, in healthy human subjects 

resulted in a significant reduction in ghrelin basal level [238]. In sham-operated rats, 

ghrelin levels were increased after 24 or 48 hours of food deprivation. Whereas there was 

no increase in plasma ghrelin levels in vagotomised rats that underwent the same period of 

food deprivation [239]. Administration of atropine to sham-operated rats after food 

deprivation resulted in a significant reduction in ghrelin levels [239]. 

All these results suggested an important role of the vagal neurotransmitter 

(acetylcholine) through its muscarinic receptors to increase ghrelin basal levels in response 

to energy deficit.  

1.4.3 Taste Receptors and Ghrelin Secretion 

The identification of bitter taste receptors in GIT and their effects on GI endocrine 

cells secretion opened the question for their role in detecting nutrition in GIT [240]. A 

family of bitter taste receptors (T2R), including α-gustducin and α-transducin, are G-

protein coupled receptors that have been identified in mouse ghrelin-producing cells in 
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stomach [241]. To study the role of these receptors on ghrelin secretion, Janssen et al. 

administered a mixture of bitter agonist by oral gavage in wild type (WT) and α-gustducin 

knockout mice. Ghrelin plasma levels were similar in both genotypes after water gavage. 

Interestingly, both acylated and total ghrelin plasma levels increased and peaked after 40 

minutes of oral gavage in WT mice. In contrast, plasma level of acyl ghrelin was 

significantly lower in α-gustducin knockout mice compared to WT, but no difference in 

total ghrelin levels in both genotypes was observed[241]. Increased ghrelin level in WT 

mice was associated with increased food intake, but not after T2R agonists gavage in α-

gustducin or GHS-R knockout mice [241]. In the same experiment, gastric emptying was 

significantly delayed in WT mice treated with T2R agonists compared with water gavage. 

Pretreatment of WT mice with CCK and GLP-1 antagonists could not reverse gastric 

emptying delay by T2R agonists, suggesting a direct effect from bitter taste receptors in 

ghrelin-producing cells independent from CCK and GLP-1 [241].  

1.4.4 Circadian Rhythm and Ghrelin Secretion 

The link between fasting and food intake to ghrelin secretion has been known for 

years. Cummings et al. studied ghrelin secretion rhythm in healthy human subjects. It was 

found that plasma ghrelin levels surge before meal intake and reach a nadir by 1 hour 

postprandially [156]. As expected, insulin secretion was reciprocal to plasma ghrelin 

levels, increasing 3 to 7 folds after food consumption. Despite post-prandial suppression 

of ghrelin, ghrelin levels increased progressively throughout the day, with the highest level 

in 0100. Overnight, ghrelin levels continuously decreased to reach a trough before rising 

again at 0600 [156].  
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Ghrelin activating enzyme, GOAT, is also expressed in a circadian rhythm. In WT 

mice, circadian oscillations of both gastric GOAT and ghrelin mRNA expression levels 

were observed reaching the maximum at zeitgeber time (ZT) 4 [242]. These oscillations 

were followed by a rise in total and acylated ghrelin in a circadian manner [242].  Circadian 

oscillations of gastric ghrelin were abolished in mice with intrinsic circadian clock factor, 

Bmall- knockout. On the other hand, ghrelin rhythmicity in ghrelinoma cell lines was 

triggered in the presence of epinephrine or peptone, mimicking fasting and post prandial 

states, respectively. [242]. 

In animal studies, Horvath et al. investigated ghrelin mRNA expression in mice 

hypothalami throughout the 24-hour day. Ghrelin mRNA in the hypothalamus increased 

2.5-fold during the dark period, and this increase was associated with a parallel rise in an 

intrinsic circadian clock factor, Bmall [243]. This finding indicates that ghrelin is involved 

in the hypothalamic circadian system.  

1.4.5 Hormonal Regulation of Ghrelin Secretion  

1.4.5.1 Insulin  

Ghrelin release pre- and post prandially is inversely related to insulin level as 

ghrelin is suppressed by high insulin in plasma [156]. This reciprocal relation is expected, 

giving the role of insulin in controlling glucose homeostasis and satiety. Unexpectedly, 

fasting ghrelin concentrations were 27% lower in obese human subjects compared to lean 

[163]. We know from a previous study by Gagnon et al. on primary rodent stomach culture 

that insulin can inhibit ghrelin secretion directly through ghrelin cells insulin receptors [1]. 

Moreover, NE-induced ghrelin release was suppressed by insulin treatment. This inhibition 

was mediated by AKT phosphorylation and increased cAMP level. Proghrelin mRNA 
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expression was not changed by insulin treatment [1]. When the cells were treated with 

high-insulin concentration (100 nm) for 24-hour period, insulin resistance (IR) was 

developed and ghrelin secretion was not suppressed by insulin, but was still increased by 

NE. In IR-treated cells, insulin receptors were down regulated and insulin failed to activate 

AKT phosphorylation. These results showed that ghrelin-secreting cells can develop IR in 

vitro and the importance of insulin in regulating ghrelin release [1], which explain why 

obese individuals have a blunted suppression of ghrelin after food intake [244]. Similarly, 

to how insulin can affect ghrelin’s release, ghrelin also has insulinostatic effect on islet β-

cells [142]. The effect of ghrelin on insulin and glucose hemostasis has been discussed in 

detail in different sections (Role of ghrelin in glucose hemostasis and Effects of Obesity 

and Diabetes). 

1.4.5.2 Glucagon 

In human studies, administration of glucagon (either intramuscularly or 

subcutaneously) decreased serum ghrelin concentrations [245-247]. These studies could 

not provide clear evidence on the role of glucagon in ghrelin suppression, as glucagon 

administration was associated with an increase in insulin and glucose as well. Previous 

studies showed that insulin and glucose inhibit ghrelin release [1, 248].  

In order to study glucagon effect on ghrelin release independently from other 

factors, Gagnon et al. used the primary culture of rat gastric cells model. To confirm the 

expression of glucagon receptors (GluR) on ghrelin- producing cells, double-

immunofluorescence staining was used and showed co-localization of ghrelin with GluR 

[249]. Then, the cells were treated with glucagon in different concentrations (1,10, and 100 

nM). Over 4-hour period, a significant increase in ghrelin secretion was observed which 
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was blocked by the presence of a GluR antagonist. Proghrelin mRNA expression was 

significantly increased after 24-hour incubation with 10 nM of glucagon. The effects of 

glucagon on ghrelin-producing cells were mainly mediated by increasing cAMP level 

through EPAK dependent pathway  [249].  Unexpectedly, using protein kinase A (PKA) 

inhibitors did not affect glucagon-stimulated ghrelin release, indicating a PKA-

independent pathway [249]. Calcium was shown to play a role in glucagon-stimulated 

ghrelin release as the preincubation of cells with thapsigargin significantly reduced ghrelin 

secretion by glucagon. Another finding from this study is that NE and glucagon work 

synergistically to stimulate ghrelin secretion [249]. 

In a different direction, Chuang et al. studied the effect of ghrelin on glucagon 

release [250]. Ghrelin receptors (GHS-R) were highly expressed in mouse pancreatic α-

cells. By using quantitative PCR (qPCR) and in situ hybridization histochemistry (ISHH), 

a higher level of GHS-R mRNA was isolated form pancreatic α-cells than in hypothalami 

or peripheral organs. Injecting acyl-ghrelin in male C57BL7/J mice subcutaneously (s.c.) 

was associated with increased plasma glucagon in a dose-dependent manner. Although an 

increase in plasma glucose was associated with acyl-ghrelin injection, no significant 

increase in plasma insulin levels were observed  [250].  When using GHR-S null 

littermates, acyl-ghrelin infusion did not affect plasma glucose, insulin, or glucagon levels 

[250]. These results are showing a bidirectional relation between ghrelin and glucagon-

producing cells and their importance in glucose hemostasis (Figure 5).  

1.4.6 Effects of Obesity and Diabetes on Ghrelin Secretion 

In obesity, ghrelin levels are generally reduced compared to normal weight 

subjects, and negatively correlated to body fat mass [163]. Interestingly, the numbers of 



 49 

ghrelin-positive cells are higher among obese subjects compared to non-obese controls. 

However, GOAT-positive cells are reduced as is active plasma levels of ghrelin among 

obese individuals. These findings suggested a dysregulation of ghrelin on the tissue level 

in obesity [251].  

ghrelin resistance was observed in DIO mice in the hypothalamus as demonstrated 

by Briggs et al. experiment on mice [252, 253]. Ghrelin resistance was elicited by 

observing food intake after ghrelin administration in chow-fed control and DIO mice. As 

expected, ghrelin infusion stimulated food intake in control but not in DIO mice, suggesting 

a ghrelin resistance in the obese group. By counting Fos-immunoreactive neurons, it was 

found that ghrelin failed to stimulate the neurons in arcuate nucleus, establishing ghrelin 

resistance in the hypothalamic level [253].  

In one clinical study on obese polycystic ovary syndrome patients, ghrelin 

administration decreased insulin levels, however, ghrelin-induced GH secretion was 

blunted compared to lean control [254]. In another human study, acute administration of 

ghrelin in obese patients did not affect insulin or glucose levels, but in contrast to the 

previous study, stimulated GH secretion [255]. The data of ghrelin administration effect in 

human obesity are conflicting, but overall indicting abnormal responses. This conflict can 

be explained by different body weights, insulin resistance or associated diseases among 

research participants.  

As reviewed before, ghrelin and insulin are reciprocally related, where ghrelin 

inhibits insulin release from pancreatic β cells and increases plasma glucose levels (Role 

of ghrelin in glucose hemostasis).  In a study on children with obesity or metabolic 

syndrome, homeostasis model assessment of insulin resistance (HOMA-IR) was negatively 
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correlated to total and UAG [256]. One of the explanations for IR in type 2 DM is increased 

ghrelin-induced free fatty acid release [257, 258]. In type 1 DM, which is mainly 

characterized by insulin deficiency, ghrelin concentrations were correlated inversely with 

the chronicity of the disease, suggesting a role in developing complications [259]. 

In type 2 DM, ingestion of a typical mixed meal resulted in comparable ghrelin 

dynamic to control subjects, but the ghrelin circadian rhythm was not observed, pointing 

to dysregulation in the circadian ghrelin secretion among those patients [260].    

In STZ-diabetic rats, a significant decrease in stomach ghrelin-immunopositive 

cells and ghrelin receptor mRNA was observed after one month of diabetes onset. 

However, a subsequent increase in ghrelin cells and GHS-R mRNA was seen in 2 and 3 

month-period after diabetes onset [261]. This increase can be explained by diabetes-

induced cachexia in those rats with high blood glucose over a longer period, which in turn 

stimulated ghrelin secretion. In a different study on the same diabetic-rat model, the 

preproghrelin mRNA increased significantly in the stomach, but not in the duodenum and 

colon compared to control [262]. Although the second highest concentration of 

preproghrelin mRNA is in duodenum, the significant increase in stomach tissue suggests 

that stomach ghrelin-producing cells are the main source of ghrelin in diabetic rats [262].   
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Figure 5 effects of different hormonal stimulation on ghrelin secretion. 

Insulin inhibits ghrelin secretion through AKT pathway and decreasing cAMP production. 

AMPK is another pathway involved in supressing ghrelin secretion via activation of 

mTOR1, and treatment with metformin block this effect. NE and glucagon are acting to 

increase ghrelin secretion through different pathways, including cAMP/PKA, EPAK 

(exchange protein directly activated by cAMP) and MAPK. 
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2 CHAPTER 2  METHODOLOGY 

2.1 ANIMALS 

All animal studies were approved by the Dalhousie University Animal Care 

Committee and strictly adhere to the policies of the Canadian Council for Animal Care. 

Mice were maintained in a conventional rodents holding facility at the IWK in vivo 

laboratory with a 12-h light/dark cycle (6 AM/6 PM). Mice were fed either a standard 

rodent chow diet (12 kcal% fat, 2016, Teklad, Madison, WI), or a high-fat diet, (HFD; 

60 kcal% fat, D12492, Research Diets, Inc., New Brunswick, NJ) for 12 weeks. Lean mice 

were fed standard rodent chow diet throughout the study period, while the DIO mice were 

switched to HFD at 4 weeks of age. Body weight was monitored weekly. At 16 weeks of 

age, mice were euthanized by Isoflurane overdose, for isolation of gastric mucosa cells to 

establish primary cultures. All mice in these studies were sacrificed after a 4-h food 

deprivation starting at the beginning of the light cycle (9 AM–10 AM). 

Untimed pregnant Sprague Dawley rats were purchased from Charles River 

(Wilmington, MA). The mother and the pups were housed in a large rat cage with free 

access to food and water. The average litter size was 13 pups. Litters were scarified at post-

natal day (PND) 8  as described in [1].  

 

2.1.1.1 Blood parameters 

Blood samples for glucose measurement were obtained via the tail vein. Blood 

glucose levels were measured using a hand-held glucometer (OneTouch, LifeScan Inc., 

Milipitas, CA). Blood samples for ghrelin levels were obtained via cardiac puncture prior 

to euthanasia. Blood samples were placed on ice and treated with the cysteine protease 
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inhibitor PHMB (p-hydroxymercuribenzoate). Plasma was separated by centrifugation at 

1500 × g, acid stabilized, as described in [1] and stored at −80 °C. Acylated ghrelin was 

determined using active ghrelin enzyme immunoassay (Cayman Chemical, Ann Arbor, 

MI) as per the manufacturer's guidelines. 

2.1.1.2  Primary cell culture preparation 

All cell culture media and reagents, unless otherwise stated, were obtained from 

Sigma-Aldrich (Oakville, Ontario, Canada).  

2.1.1.2.1 New born rat primary culture 

Primary cell culture was prepared from mixed pups (male and female), because 

there was no difference between genders for basal ghrelin percentage secretion (11.9 ± 

1.37% male and 12.38 ± 1.24% female). Mixed pups were anesthetized with isoflurane. 

From each litter, three separate cellular preparations comprised of three animals each were 

prepared. The stomach ghrelin cell extraction protocol was as described in [1, 249, 263]. 

Briefly, the stomachs were immediately removed, cut longitudinally, and contents were 

gently removed with care not to destroy the mucosal cell layer. The stomachs were placed 

in wash buffer (Hanks' buffered saline salts supplemented with 0.1% BSA and 10 

mM HEPES). Media were then aspirated, and stomachs were minced into small pieces 

using surgical scissors. Stomachs were resuspended in 5 ml of wash buffer and incubated 

at room temperature for 5 min. The stomachs were then subjected to enzymatic digestion 

in 5 ml of wash buffer supplemented with type 1A collagenase (6 mg/ml) with orbital 

shaking at 37 C for 20 min. Five milliliters of wash buffer were added, and digestion 

mixture was incubated at room temperature for 5 min. The supernatant was collected, 

centrifuged at 200 × g for 10 min and set aside as digestion fraction no. 1. The remaining 



 55 

undigested material was treated to a second 20-min digestion in collagenase (3 mg/ml) 

followed by an additional 5-min incubation with 100 μl of 5 mM EDTA. Cells were rinsed 

with 5 ml of DMEM 10% fetal bovine serum (FBS) and passed through a 200 μM nylon 

cell strainer (VWR, Ontario, Canada) into a 50-ml tube along with digestion fraction no. 

1. The filtrate was spun down at 200 × g for 10 min. The cell pellet was washed with culture 

media [DMEM (high glucose) supplemented with 10% FBS and 1% 

penicillin/streptomycin] and spun down at 200 × g for another 10 min. The final cell pellet 

was then resuspended in 10 ml of culture media. Cell count was determined using a 

hemocytometer. Cells were plated in six-well cell culture plates for ghrelin secretion. 

2.1.1.2.2 Primary Culture of Ghrelin Cells from Adult Mice 

In vitro models have been used to study ghrelin secretion. Of which are ghrelinoma 

cell lines from either stomach (SG-1 and MGN3-1) or pancreas (PG-1) [232, 233]. 

Although these cell lines have been validated for ghrelin secretion, they are derived from 

tumor cells and do not represent the normal physiology and dynamic of ghrelin secretion. 

Hence, primary stomach culture model considered the gold standard to study ghrelin 

secretion in vitro. 

We validated the rat primary culture model in our lab and we demonstrated that 

these cells secrete ghrelin in a regulated manner [1, 234, 249]. Although this cell model is 

excellent for investigating the cellular pathways involved in ghrelin synthesis and section, 

it has some limitations. The main limitation is that it is difficult to compare the results 

obtained from new born rat cells with the mouse models of obesity and diabetes. Thus, to 

complement the rat cell studies, we developed and validated a primary culture of adult 

mouse ghrelin cells. Male C57BL/6J mice aged 8–12 week were used. The primary cell 
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culture was prepared as described by Sakata et al. [264]. Briefly, the stomachs were quickly 

excised rinsed and turned inside-out and incubated in the digestion solution [2.5 mg of 

Dispase II (Roche Diagnostics, Indianapolis, IN) per 1 ml of PBS] per stomach at 37°C for 

90 min. The mucosal layer of each stomach was isolated and the cell suspension 

centrifuged at 1,000g for 3 min, after which the cells were collected by filtering through a 

100-μm nylon mesh. The cells were counted using a hemocytometer and diluted to a final 

concentration of 1 × 105 cells/ml. 

 

2.2 GHRELIN SECRETION EXPERIMENTS 

Secretion experiments were completed in six-well cell culture plates (BD Falcon, 

Mississauga, Ontario, Canada). Cells were plated at 1 × 106 cells per well in 2 ml of culture 

media. Treatments were started 48 h after cells were put in culture. On the day of secretion 

experiment, cells were washed with PBS and incubated with different treatments dissolved 

in 2 ml of low glucose (1000 mg/liter), phenol red-free DMEM, and 0.5% FBS for 4 h. 

After incubation, culture media were collected and spun at 1000 × g for 5 min to remove 

any floating cell debris. The supernatant was acidified with 200 μl of 1% trifluoroacetic 

acid (TFA) and kept on ice to prevent protease activity and loss of the acylated ghrelin. 

Cells were scraped in 500 μl of an acidic lysis buffer (1 M HCl, 1% TFA, and 50 mM NaCl) 

and were sonicated for 5 seconds on ice. The lysate was spun down for 5 min at 11,000 

× g at 4C. The supernatants from the culture media and cell extract were then subjected to 

hydrophobic reverse phase resin chromatography (C-18 Sep-Pak cartridges; Waters, 

Milford, MA) according to the manufacturer's instructions, eluted in 4 ml of 80% 

isopropanol in water containing 0.1% TFA, and dried completely in a vacuum concentrator. 

Recovery of both ghrelin forms from the Sep-Pak columns was more than 85%. Pellets 
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were kept in −80 C and resuspended in immunoassay buffer immediately before assay. To 

control for the variable number of ghrelin expressing cells in each well, ghrelin was 

measured in the culture media and the cell extract. Therefore, ghrelin secretion was always 

normalized to total ghrelin content of each well [media/(media + lysate)]. This “percentage 

secretion” controls for changes in the level of secreted ghrelin that may occur due to the 

proportion of ghrelin cells in each experiment and has been previously used successfully 

in other primary cell preparations [1, 249]. 

2.3 GHRELIN ASSAYS 

Total ghrelin (acyl and deacyl) level was determined using total ghrelin Elisa 

(Phoenix Pharmaceuticals, Burlingame, CA) as per the manufacturer's guidelines. This 

assay recognizes both acylated and nonacylated ghrelin with a minimum detection limit of 

10 pg/ml. Acylated ghrelin was determined using active ghrelin enzyme immunoassay 

(Cayman Chemical, Ann Arbor, MI) as per the manufacturer's guidelines. This assay 

recognizes only the acylated form of ghrelin as the antibody used recognizes the N-terminal 

of the acylated ghrelin (cross-reactivity with nonacylated ghrelin, <0.001%) with a 

detection limit of 1 pg/ml. Ghrelin levels were determined for entire media and cell lysate 

from each sample. Results for various treatments were presented as percentage secretion 

relative to untreated control.  

2.4 IMMUNOCYTOCHEMISTRY 

Cells were plated on glass coverslips in 12-well plates at 1 × 105 cells per well. Cells 

were then rinsed with Tris-buffered saline (TBS) and fixed in 4% paraformaldehyde for 20 

min at room temperature. Cells were rinsed 3 × 5 min in TBS before being permeabilized 

in 0.1% Triton X-100 for 15 min. Cells were blocked for 20 min in a TBS blocking buffer 
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containing 0.1% Triton X-100 and 5% normal donkey serum (Vector Labs, Burlington, 

Ontario, Canada). Antibodies for TNF-α receptors (Abcam, Cambridge, MA) and 

proghrelin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used at a 1:100 dilution 

in blocking buffer overnight at 4C. Fluorescent secondary antibodies were obtained from 

Invitrogen (Carlsbad CA) and incubated at 1:150 for 45 min at room temperature. 

Coverslips were then mounted on slides in Vectashield mounting medium containing 4′,6-

diamidino-2-phenylindole (DAPI) (Vector Labs) and visualized using a Zeiss Axioplan 2 

fluorescent microscope (Zeiss, Oberkochen, Germany). 

2.5 WESTERN BLOTTING 

Cells were plated into 10-cm plates at 4 × 106 cells per plate and allowed to grow for 

24 h at 37C, 5% CO2. Insulin treatments (10 nM) were prepared in Krebs-Ringer buffer 

with 10 mM HEPES (pH 7.4) and given to cells for 15min at 37 C. Cells were then scraped 

on ice in Cytobuster cell lysis buffer (EMD Biosciences, Gibbstown, NJ) supplemented 

with protease and phosphatase inhibitor cocktails (Complete Mini/Phospho-Stop; Roche 

Applied Science, Guelph, Ontario, Canada). Cells were sonicated, and protein was 

quantified using the Bradford method. Forty micrograms of protein extract were denatured 

and separated in 8% acrylamide sodium dodecyl sulfate Tris tricine gels at 100 V. Gels 

were transferred for 1 h at 100 V to polyvinylidene fluoride membranes. Western blottings 

were blocked in 5% milk and 0.1% Tween 20. Primary antibodies for AKT, phosphorylated 

AKT, and insulin receptor (β-subunit) were obtained from Cell Signaling (Danvers, MA) 

and actin from Abcam. Secondary horseradish peroxidase-conjugated antibodies were 

obtained from GE Healthcare (Piscataway, NJ). Chemiluminescence was measured using 
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the Bio-Rad Chemidoc XRS and analyzed using the one-dimensional software from Bio-

Rad. 

2.6 DATA ANALYSIS 

All data are expressed as mean ± SEM. Statistical differences were tested using Prism 

6 (GraphPad Software, Inc., San Diego, CA). Student's “t”-test was used to compare 

differences between two sets of means. One-way ANOVA followed by Tukey's post-hoc 

multiple comparisons test was used to compare multiple groups. P < 0.05 was considered 

statistically significant. 
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3 CHAPTER 3  RESULTS 

3.1 HIGH FAT DIET MOUSE MODEL OF OBESITY 

To study the mechanisms underlying obesity-associated impairment in ghrelin 

secretion, we used a diet induced obesity (DIO) mouse model. C57BL/6 mice fed HFD for 

12 weeks (DIO mice) had higher body weights compared to those fed standard rodent chow 

(lean/control mice) (Figure 6). Fasting blood glucose was higher in DIO mice compared to 

lean mice (Figure 7). 

Mice were submitted to oral glucose tolerance test (OGTT) (2 gm/kg). DIO mice had 

a significant increase in blood glucose level compared to lean mice after 10 min of OGTT 

(14 ± 0.3 mM vs 11 ± 0.8 mM, p<0.05). After 20 min of OGTT, DIO mice exhibited 

gradual decrease in blood glucose levels, however, they were still significantly higher than 

control group (10 ± 0.6 mM vs 8 ± 0.5 mM, p<0.05). Even after one hour of administering 

oral glucose, a significant difference was observed between both groups (DIO 7 ± 0.8 mM 

vs LFD 5 ± 0.6 mM, p<0.05) 

These findings confirm that the DIO mice were overweight and developed glucose 

intolerance which was evident during the first hour of OGTT. 
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Figure 6: Body weight comparison between DIO and lean mice.   

Body weights of low-fat diet (LFD; left) and high-fat diet (HFD; right) mice were 

measured in grams. HFD had a significantly higher body weight compared to LFD, and 

exhibited obesity phenotype.  
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Figure 6 body weight comparison between DIO and lean mice 
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Figure 7: impaired glucose intolerance in DIO mice indicating development of 

diabetes and insulin resistance. 

Blood glucose levels in LFD and DIO mice were measured from tails, before and after oral 

glucose (2 gm/kg) administration. Glucose levels were measure at 0, 10, 20, 30 and 60 min, 

and presented in mM. HFD mice (green line; upper) had high fasting blood glucose levels 

compared to LFD mice, indicating impaired fasting glucose. After oral glucose 

administration, HFD mice reached the peak level after 10 min, reaching >13 mM. In all 

measured blood glucose levels, HFD exhibited higher levels than LFD mice, even after 60 

min. This indicates development of diabetes among DIO mice. (* p<0.05) 
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Figure 7 impaired glucose intolerance in DIO mice indicating development of diabetes and insulin resistance. (* p<0.05) 
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3.2 GHRELIN SECRETION IN DIO MICE 

We then used DIO model to measure fasting and postprandial acyl-ghrelin secretion 

in obesity.  

After overnight fasting, acyl-ghrelin levels were significantly higher in lean 

compared to DIO mice (1.62±0.21; 1.26±0.13, respectively. n=6). In keeping with 

previous reports, glucose administration resulted in acyl-ghrelin reduction in LFD mice 

measured after 60 and 120 mins. However, acyl-ghrelin reduction after OGTT was blunted 

in DIO mice at the same time points (0.69±0.1; 0.81±0.11 vs. 1.18±0.09; 1.21±0.9; 

respectively. p<0.05, n= 6) (Figure 8). 

This result confirmed previous studies on lower fasting ghrelin levels and impaired 

post-prandial suppression in obesity.  
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Figure 8: impairment of acyl ghrelin secretion among DIO mice. 

Fasting and postprandial Acyl ghrelin (AG) in HFD (green) and LFD (red) mice, 

measured at 0, 60 and 120 min. After an overnight fasting, lean mice had a significant 

higher level of circulating acyl-ghrelin compared to obese group (1.62±0.21; 1.26±0.13, 

n=6). Unlike LFD mice, glucose administration failed to suppress acyl-ghrelin levels in 

DIO mice after 60 and 120-min (0.69±0.1; 0.81±0.11 vs. 1.18±0.09; 1.21±0.9; 

respectively. p<0.05, n= 6). 
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Figure 8 impairment of acyl ghrelin secretion among DIO mice 
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3.3 ALTERED RESPONSIVENESS OF GHRELIN CELLS TO 

INSULIN IN DIO MICE 

Initially, we measured acylated and unacylated ghrelin in vitro. However, since both 

forms secretions were correlated, we continued measuring unacylated form.   Unacylated 

Ghrelin (UAG) secretion in response to insulin mediating insulin suppression of ghrelin 

secretion was tested in primary cultures of dispersed gastric mucosal cells generated from 

either lean or DIO mice. In preparations from lean mice, 10 nM insulin reduced ghrelin 

secretion by 40% (P< 0.05, n=6).  (Figure 9 A). In contrast, the effects of insulin on UAG 

release were lost in gastric mucosal cells derived from DIO mice (n =6) (Figure 9 B). 

These results indicate that insulin suppression of ghrelin secretion is impaired in DIO 

mice indicating that the impairment of postprandial ghrelin secretions is partially due to 

insulin resistance. 
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Figure 9: comparison of insulin-induced ghrelin suppression between (DIO) and lean 

mice stomach primary cultures.  

Primary culture of dispersed gastric mucosal cell from LFD (A) and DIO (B) mice. 10 nM 

of insulin incubation induced significant suppression of unacylated ghrelin secretion by 

60% (P< 0.05, n=6). However, insulin failed to induced ghrelin suppression from DIO 

mice, indicating involvement of insulin resistance in postprandial blunted ghrelin 

suppression among DIO group.    
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Control 

Figure 9 comparison of insulin-induced ghrelin suppression between lean (A) and DIO (B) mice stomach primary 

cultures. 
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3.4 Insulin Signaling in DIO 

In our previous studies, we demonstrated that insulin inhibits ghrelin secretion via 

its action on the insulin receptor, leading to the activation of Pi3K and phosphorylation of 

AKT. In the same study, MAPK inhibitor did not affect insulin-induced ghrelin 

suppression [1]. To demonstrate that insulin can activate the AKT pathway in the primary 

stomach culture of lean and obese mice, cells were incubated with insulin (10 nM) for 15 

min, and pAKT was measured via Western blotting. Insulin treatments significantly 

increased pAKT levels relative to total AKT (10.2 ± 3.2-fold of control, P < 0.01), in lean 

mice, whereas insulin failed to activate Akt primary stomach culture of obese mice (Figure 

10). 

These results indicate that ghrelin-producing cells from DIO mice developed 

insulin resistance, as the insulin-induced phosphorylation of AKT was suppressed. This 

interruption of downstream insulin signaling was observed in cells form DIO mice only, 

explaining the impairment of insulin-induced ghrelin secretion in this model.  
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Figure 10: the insulin-induced ghrelin suppression is mediated through 

phosphorylation of AKT. 

Insulin-induced AKT phosphorylation was observed in primary cell culture from LFD mice 

(10.2 ± 3.2-fold of control, P < 0.01), whereas HFD-derived primary cell culture failed to 

respond to insulin activation of AKT as shown by measuring Western blotting 

densitometry of pAKT/AKT before and after 10 nM insulin treatment for 15 min.  The 

figure data is a mean of 3 experiments and a representative Western blotting is shown.     
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Figure 10 the insulin-induced ghrelin suppression is mediated through phosphorylation of AKT. 
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3.4.1 Role of Inflammatory Cytokines in Ghrelin Secretion 

Inflammation is emerging as an important factor in obesity and the development of 

diabetes. We have now demonstrated that postprandial suppression of ghrelin secretion is 

reduced or completely blunted in rodents with obesity and insulin resistance (Figure 8) 

consistent with findings in humans with obesity and T2D. As enhanced levels of cytokines 

and, most notably, tumor necrosis alpha (TNF-), are common in obesity, we hypothesized 

they may exerts direct regulatory effects on X/A cells to reduce ghrelin secretion and may 

contribute to the dysregulated ghrelin secretion observed in obesity.  

We first confirmed the expression of both TNF-  receptors in Ghrelin cells using 

double immunofluorescence. As shown in Figure 11, both TNF receptor types, 1 and 2, 

were detected in ghrelin-producing cells (red), and ghrelin peptide was identified in the 

same cell as well (green). Both colures (red and green) were seen on the same cells. 

Quantitative RT-PCR confirmed the presence of both TNF receptor type (Figure 11). These 

results confirmed co-localization of TNF-  receptors and ghrelin in X/A cells.  

Secondly, we examined the effect of TNF-  on ghrelin secretion. The effect of 

TNF- alone or in combination with insulin was investigated in rat ghrelin primary culture. 

As shown in Figure 12, relative secretion of ghrelin in the presence of insulin (10 nM) was 

significantly reduced. While TNF-  alone had no effect on ghrelin secretion, pretreatment 

with TNF- (10 ng/mL) blocked insulin-induced suppression of ghrelin that was observed 

before TNF-  treatment. This result strongly support our hypothesis of TNF-  role in 

impaired insulin-induced suppression of ghrelin in obesity.  
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Figure 11: ghrelin-producing cells from rat stomach primary culture express TNF 

receptors, 1 and 2.  

Double immunofluorescence of ghrelin-producing cells (X/A) detecting co-localization 

of ghrelin (green) and TNFR1, and TNFR2 (red). Quantitative RT-PCR confirmed the 

presence of TNF receptors in X/A cells.   
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Figure 11 ghrelin-producing cells from rat stomach primary culture express TNF receptors, 1 and 2. 
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Figure 12: TNF- blocking insulin-induced suppression of ghrelin in primary cell 

culture of ghrelin cells. 

Relative ghrelin secretion from rat primary cell culture was significantly reduced after 

insulin (10 nM) treatemnt. However, this effect was blocked by pre-treatemnt with TNF- 

(10 ng/mL). TNF- alone failed to attenuate ghrelin secretion.  
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Figure 12 TNF- blocking insulin-induced suppression of ghrelin in primary cell culture of ghrelin cells. 
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4 CHAPTER 4  DISCUSSION 

4.1 FASTING AND POST PRANDIAL GHRELIN LEVELS 

Ghrelin is known for its orexigenic effect, along with being a GH secretagogue 

[113, 265]. Since its discovery in 1999, ghrelin has been reported in many physiological 

and pathological conditions, particularly in metabolic syndrome and diabetes mellitus 

(reviewed in [257]). Unexpectedly, ghrelin levels were frequently reported among obese 

individuals to be reduced after fasting compared to lean control, with impaired suppression 

after food intake [244, 266-268]. Many researchers have hypothesized that such low levels 

associated with obesity could be due to overall body resistance to ghrelin. This resistance 

could be related to stomach ghrelin-producing cells with impairment of norepinephrine-

induced secretion, resulting in lower ghrelin level among obese subjects [269]. Apart from 

the peripheral resistance hypothesis, central ghrelin resistance has been reported in the 

hypothalamus as well [253]. One evolutionary explanation for such resistance in obesity 

(food abundance) is to protect the body from high set point of ghrelin secretion in case of 

a following famine. In support for this hypothesis is what Briggs et al. reported in obese 

ghrelin-KO mice, where weight gain after a loss was attenuated compared to WT mice 

[270, 271].    

 However, the hypothesis of peripheral or central ghrelin resistance does not fully 

explain the lower ghrelin levels in obesity and the reversibility after weight reduction. In 

fact, some studies showed an increase in ghrelin positive cells in morbidly obese subjects, 

suggesting an impairment of ghrelin secretion rather than reduced cell numbers [120]. 

Other studies have shown the reason behind impermanent of ghrelin is not increased body 

weight per se, but rather the associated insulin resistance [167, 168, 272].  
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Many hormones are involved in the regulation of ghrelin secretion, including 

insulin and norepinephrine.  By studying ghrelin-producing cells from stomach primary 

culture, our group has demonstrated that those cells are expressing both insulin receptor 

subunits, α and β [1]. Incubation of stomach primary culture with insulin resulted in a 

significant reduction in ghrelin secretion, as we will discuss later. In the same study, 

Gagnon et al. reported that norepinephrine stimulated ghrelin secretion through β1-

adrenergic receptor, while acetylcholine had no effect, contradicting previous studies [1, 

229].  

 In the present study, we used a mouse model of high fat-diet induced obesity (DIO) 

to investigate the mechanisms leading to impaired ghrelin secretion in obesity.   This mice 

model has been used for obesity and diabetes-related research for the last few decades, due 

to its ability to develop hyperinsulinemia, hyperglycemia and obesity, like human, with 

high fat diet [273]. However, metabolic syndrome is not observed in this model with 

normal activity and low-fat diet. Even the fat deposition mainly mesenteric, which is 

known in human to be one of the diabetes risk factors [273, 274].      

Compared to control mice (fed low fat diet), DIO mice have higher body weight, 

high blood glucose levels after fasting period, and impaired oral glucose tolerance 

response, indicating development of insulin resistance in this model. After the validation 

of the model in our hands with development of metabolic syndrome, we explored ghrelin 

secretion (fasting and postprandial) in lean vs obese mice. After fasting period, ghrelin 

levels in DIO mice were significantly lower compared to lean group. Not only the basal 

secretion was reduced, but also post prandial suppression was impaired in DIO mice.  Our 

results confirmed the previously reported findings in humans and rodents [267, 269].  
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 In humans, Bach et al. reported an inverse correlation between fasting ghrelin and 

fasting insulin levels among normal weight and overweight subjects, with the latter group 

having lower insulin sensitivity and higher insulin levels as a result [168]. In this study, 

ghrelin levels measured from DIO mice after fasting are reduced compared to controls, and 

this is in keeping with previous reports.  

 Dardzinska et al. reported an interesting result in obese individuals with metabolic 

syndrome [244]. No statistical significant difference in fasting or post-prandial UAG 

between obese and lean subjects. Yet, the main difference was observed in the active form, 

AG, after meal intake. Most studies investigated the total ghrelin suppression, rather than 

the active form, after meals. However, the studies are contradicting regarding the influence 

of obesity on AG and UAG, but consistently reporting significant decreased levels after 

fasting and blunted suppression after food intake [267, 275]. In our study, we measured 

AG in vivo. However, since both were consistently correlated in our previous studies on 

primary cell culture, we continued measuring UAG. 

 Our DIO model had an evidence of insulin resistance based on the impaired glucose 

levels before and after OGTT. Unlike the lean mice, DIO model exhibited impaired ghrelin 

suppression after oral glucose administrations, which indicates a dysregulation in ghrelin 

secretion dynamics, which could be explained by insulin resistance. 

 One of the limitations in our study is that we depended on the weight solely to 

conclude increased fat mass in DIO mice. Visually, the adipose tissue was more in DIO 

mice viscera, but quantitative methods like DEXA would exclude increased lean mass in 

this model. However, this model of DIO has been validated and accepted by scientific 

community to study obesity and MS [273].  
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To explore the cellular mechanism leading to impaired postprandial ghrelin 

secretion, we prepared primary cultures of ghrelin cells from stomach of lean and obese 

mice and studied the effect of insulin.  

 

4.2 INSULIN-INDUCED GHRELIN SUPPRESSION IS IMPAIRED IN 

DIO MICE  

As discussed before, higher circulating insulin levels were associated with lower 

fasting ghrelin concentrations. By using primary stomach culture from DIO and control 

mice, we have demonstrated the direct effect of insulin treatment on ghrelin producing-

cells, which confirms the premise of insulin resistance action on the level of ghrelin cells. 

As shown in Figure 9, a significant suppression was observed after 4-hour period of 10 nM 

insulin incubation. The dose of insulin was determined based on a previous study published 

by our group, where the highest suppression of ghrelin was observed with 10 nM of insulin 

[1]. From previous studies, we know that high incubation with insulin (100 nM) for 24 

hours could induce IR in primary cell cultures with decreased insulin receptors expression 

[1, 276]. In this study, we did not measure insulin receptors expression in ghrelin-producing 

cells, but we believe the observed result of impaired ghrelin suppression by insulin is 

related to decreased insulin receptors expression secondary to high circulating insulin and 

insulin resistance among DIO mice. This believe is supported by the fact of impaired 

OGTT in DIO mice.  

Insulin receptor activation induces complex downstream signaling, involving PI3K, 

AKT and mTOR pathways. Briefly, insulin receptor activation induces phosphorylation in 

insulin receptor substrate-1 (IRS-1), which in turn activates PI3K pathway to 
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phosphorylate PIP2 to produce the second messenger PIP3. The latter activates AKT 

pathway, and mTORC2 is required for full activation of AKT (reviewed in details in [277]). 

Most of the insulin actions is mediated through AKT pathway activation, especially AKT2 

[278] (Figure 5).  

We measured AKT phosphorylation in both primary cell culture groups, before and 

after insulin treatment. In keeping with literatures, the activation on AKT was only 

observed in control primary stomach culture incubated with insulin, but not with DIO cell 

culture, suggesting an inhibition of insulin downstream signaling in these cells. Other 

pathway that can be involved in this impairment is mTORC1. While mTORC2 enhances 

AKT phosphorylation that is required for insulin signaling, mTORC1 is involved in insulin 

resistance through serine/threonine phosphorylation of IRS-1 [279]. On the other hand, 

AMPK was reported to inhibit mTORC1 [280]. The notion of  mTORC1 involvement in 

impaired  ghrelin suppresion is supported by previous study done by Gagnon et al. where 

metformin-induced AMPK enhancement was used to inhibit ghrelin secretion  [234]. This 

pathway in ghrelin-producing cells requires further investigations.   

 

4.3 TNF- α PREVENTS INSULIN-INDUCED GHRELIN 

SUPPRESSION 

 Obesity-related inflammation is mainly driven by adipokines actions [29]. Some of 

those adipokines are pro-inflammatory cytokines, including: interleukins and TNF-α. In 

human and animal studies, results have shown a strong association between TNF-α and 

insulin resistance, in vivo and in vitro [34, 40-42].  

The role of TNF-α in developing insulin resistance has been reported in many 

studies [38, 39, 281]. As known, the phosphorylation of tyrosine (tyr) residues of IRS-1 is 
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essential for downstream signaling of insulin receptor. One of the mechanisms of TNF-α-

induced IR is through reduction of insulin-induced tyr phosphorylation [282]. The other 

pathway is involving JNK activation, where the latter phosphorylates serine residues of 

IRS-1 and inhibit insulin signaling [283]. Interestingly, Ozes et al. reported that TNF-α-

induced IR is involving mTOR/AKT pathway that we discussed before [284]. In that study, 

rapamycin, an mTOR inhibitor, blocked TNF-α-induced serine phosphorylation.  

In the current study, TNF-α alone failed to inhibit ghrelin secretion from primary 

stomach culture, eliminating the possibility of TNF-α-dependent effect in ghrelin 

suppression. As shown before, insulin treatment induced a significant suppression of 

ghrelin. However, insulin failed to suppress ghrelin in pre-treated cell culture with TNF-α, 

confirming that insulin signaling in ghrelin-producing cells was blocked by TNF-α action. 

In humans and rodents, high fat diet induced inflammation in hypothalamus, as well as 

ghrelin resistance in appetite control center, suggesting a central inflammation-induced 

ghrelin resistance [253, 285]. Pro-inflammatory cytokines, including TNF-α, were reported 

to be elevated in hypothalamus with high fat diet [286]. Naznin et al. studied the effect of 

obesity-induced inflammation on impaired ghrelin secretion and reported downregulation 

of GHS-R expression in the inferior ganglion of vagus nerve (nodose ganglion), suggesting 

a resistance in afferent vagal signaling. interestingly, TNF-α and other cytokines were 

found to be high in the nodose ganglion [287].  

From the previous discussion, most of the studies on TNF-α role in IR and ghrelin 

secretion were investigating central or peripheral ghrelin resistance, excluding the main 

source of ghrelin production, stomach ghrelin-producing cells. As far as we know, no 
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previous studies have looked at the effect of TNF-α on insulin-induced ghrelin suppression 

in a primary cell cultures, to investigate the effect on ghrelin-producing cells.   

In this present study, we did not measure the weight of DIO mice livers or 

investigate the fat depositions in hepatocytes. It is known that fat-induced hepatocyte 

inflammation is linked to high TNF-α secretion [288], which may contribute to the 

impaired insulin signaling as well. 

4.4 Role of glucose 

Despite the evidence of TNF-α involvement in impaired insulin-induced suppression 

of ghrelin, we cannot exclude other factors in vivo, including glucose toxicity. From 

previous studies, we know that high glucose can induce insulin resistance through different 

mechanisms including β-linked N-acetylglucosamine (GlcNAcylation) pathway in 

adipocytes and muscle cells (reviewed in [289]) with impairment of the insulin-regulated 

glucose transporter 4 GLUT-4. 

In primary cultured rat myoblasts, acylated ghrelin did not alter GLUT-4 expression 

[290].However, ghrelin gene deletion or GHS-R antagonist reversed rapamycin-induced 

suppression of GLUT-4 membrane translocation in muscle cells, indicating the role of 

ghrelin in rapamycin-induced hyperglycemia [291].  

In clinical studies, high circulating glucose was associated with impaired glucose 

sensing in pancreatic β cells and induced insulin resistance as well (reviewed in [292]). 

As far as we know, the effects of high glucose on insulin resistance and insulin-

regulated glucose transporters has never been studied on ghrelin-producing cells.  
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4.5 CONCLUSION  

In addition to many other physiological functions, ghrelin is a key hormone in 

appetite regulation, and its secretion impairment is associated with metabolic syndrome; 

obesity, and diabetes. Despite being the only known peripheral orexigenic hormone, 

ghrelin levels are unexpectedly reduced among obese individuals with insulin resistance, 

indicating it is affected, rather than effector, in obesity and insulin resistance.   

Many studies have demonstrated the effects of different macronutrients, hormones 

and metabolites on ghrelin secretion and dynamics, including insulin and norepinephrine. 

In human and animal studies, insulin found to inhibit ghrelin secretion, and believed to be 

the main reason for post-prandial ghrelin suppression. While energy excess (food intake) 

associated with insulin surge that suppresses ghrelin, norepinephrine release, derived by 

hunger, stimulate ghrelin secretion. In obesity, both insulin and norepinephrine effects on 

ghrelin secretion are impaired.  

Our present study has replicated some of the previous researchers’ results on the 

effect of obesity on reduced fasting and impaired post-prandial suppression of ghrelin. 

However, we have demonstrated that insulin resistance on the level of ghrelin-producing 

cells is playing a major role in such impairment.  

The other interesting finding is the role of TNF-α in insulin resistance and 

impairment of ghrelin secretion from ghrelin-producing cells. This role on ghrelin secretion 

from stomach primary cell culture is novel and required further investigation to elucidate 

the involved pathways and possibly to achieve novel obesity and IR treatments.  

We can conclude from our present study that insulin-induced ghrelin suppression 

impairment not only occurs on central and axis levels, but ghrelin-producing cells are 
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directly involved and exhibit insulin resistance. The role of TNF-α on ghrelin secretion 

from stomach primary cell culture is novel and required further investigation to elucidate 

the involved pathways and possibly to achieve novel obesity and IR treatments.  

The regulation of ghrelin secretion is complex, and is affected by many hormones 

and nutrients through different pathways.  For the future research directions in clinical 

setting, it will be interesting to look at the effect of anti-TNF-α medications and ghrelin 

secretion in both, insulin sensitive and resistance individuals, may provide a new treatment 

target.  

Another clinically relevant area is to study the role of ghrelin in PCOS patients and 

the role of pro-inflammatory cytokines in such patients.  

Many patients with hypothalamus or pituitary tumors and injuries are experiencing 

increased weight gain after treatment, which may involve ghrelin-related mechanisms. In 

addition to investigating the cellular TNF-α role, in vitro studies are needed to explore the 

pathways involved, and if TNF-α is impairing insulin signaling by interfering with AKT 

phosphorylation. 

Current ghrelin cell lines are difficult to study and not representing normal 

physiology. Gastric organoids are emerging now as a physiological model to study GI 

peptides including ghrelin [293]. Such model will provide further details on normal ghrelin 

secretion and interactions with other hormones. 

 High circulating glucose levels and its associated hyperglycemia-induced 

oxidative stress could be another process to explore in ghrelin-producing cells, independent 

of the insulin resistance or obesity-induced inflammation. 
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