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Abstract 

Ghrelin and Peptide YY (PYY) are two important gut hormones involved in the 

regulation of food intake and energy homeostasis. Recently, data mainly from in vitro and 

animal models have suggested that these hormones may play a role in the regulation of 

glucose homeostasis and bone density. However, previous human studies were performed 

on a small sample size, and their results are inconclusive. Moreover, important 

confounding factors were not controlled in these studies. 

In the first project, I addressed the association of circulating ghrelin with insulin 

resistance. A total of 2082 subjects from the Complex Diseases in the Newfoundland 

population: Environment and Genetics (CODING) study, participated in this 

investigation. Partial correlation analyses revealed that circulating ghrelin had significant 

inverse associations with insulin level and insulin resistance indices in the entire cohort 

(insulin: r = -0.09, p < 0.001 ; HOMA-IR: r = -0.08, p < 0.001 ; HOMA-P: r = -0.1 , p < 

0.001 ; and QUICKI: r = 0.08, p < 0.001) and also in men and women separately. These 

correlations were independent of age, percentage of trunk fat, and HDL-cholesterol. 

In the second project, I investigated the relationship between ci rculating ghrelin and PYY 

and bone density using the same cohort, by controlling major confounding factors: age, 

BMI, physical activity, alcohol consumption, and smoking. A total of 2257 adult subjects 

were recruited in this study. Our results suggest a beneficial effect of circulating ghrel in 

level on bone density indices (L2-L4 BMD, L2-L4 Z-score, femoral neck BMD, femoral 

neck Z-score, total hip BMD, and total hip Z-score) in women. This effect was 



independent of the major confounding factors. However, we did not find evidence that 

PYY is significantly associated with the bone density parameters. 
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Ghrelin 

Chapter 1 

Introduction 

Ghrelin was first discovered as a hormone that can stimulate growth hormone secretion. It 

has since been recognized that ghrelin has significant effects on appetite and energy 

homeostasis. The name "ghrelin" comes from the root "ghre", which is a Proto-Indo

European word for "grow" [1]. Human ghrelin can be purified from the stomach after 

several steps for gel filtration, two-ion exchange high performance liquid chromatography 

(HPLC), ghrelin-specific radioimmunoassay (RIA), intracellular calcium influx assays, 

and purification using C 18 HPLC [2]. 

Structure of ghrelin 

The human ghrelin gene is on chromosome 3p25-26. This gene is composed of 5 exons, 

and ghrelin is encoded from exons 1 and 2 [3]. Ghrelin is produced as a preprohormone 

that will change to a 28 amino acid peptide. A unique feature of ghrelin is a fatty acid 

chain modification in which the n-octanoic acid residue is bound to the serine residue at 

position three. This modification changes ghrelin to an active form, acylated ghrelin 

(Figure 1.1) [3, 4]. 



Secretion of ghrelin 

Most of the body's ghrelin is secreted from the stomach. Lower amounts are secreted in 

the pancreas, pituitary, kidney, and placenta. A limited region of the arcuate nucleus of 

the hypothalamus contains small amounts of ghrelin [5]. 

Ghrelin is mostly found in the gastric fundus. In this region, oxyntic glands in distinctive 

endocrine cells known as P/Dl cells produce ghrelin [6]. There are two types of ghrelin

secreting cells. The first type secretes ghrelin to the lumen of the stomach where it is 

exposed to stomach contents. The second type lies near the capillary network of the 

lamina propria and secretes ghrelin to the blood [7]. 

Physiological actions of ghrelin 

Hypothalamic-pituitary actions: Intravenous injection of ghrelin stimulates growth 

hormone release both in rats and humans [1 , 8]. Moreover, ghrelin has stimulatory effects 

on the secretion of adrenocorticotropic hormone (ACTH) and prolactin [9]. Excessive 

secretion of ACTH under pathologic conditions such as Cushing disease causes weight 

gain and truncal obesity [10]. High level of circulating prolactin can also lead to 

metabolic abnormalities associated with obesity and insulin resistance [11]. 
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Figure 1.2- The role of PYY in the ileal brake [32] 
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Effects on food intake: Injection of ghrelin into the cerebral ventricles of rats increases 

appetite, stimulates food intake, and induces a positive energy balance that can cause 

weight gain [5]. Rapid increase of ghrelin before each meal and decrease of ghrelin after 

each meal indicate the effect of ghrelin on meal initiation. Interestingly, unlike other 

orexigenic hormones such as Neuropeptide Y (NPY), which acts only when injected to 

the brain, administration of ghrelin both peripherally and to the central nervous system 

causes the orexigenic effects [12]. 

Adiposity: Ghrelin secretion is up-regulated under conditions of negative energy balance 

such as anorexia nervosa [13]. The effect of positive energy balance on ghrelin is not 

clear. Some cross sectional studies reported decreased level of ghrelin in obese subjects 

compared with lean individuals [13, 14]. In our CODING (Complex Disease in the 

Newfoundland population: Environment and Genetics) study we did not see any 

significant difference in ghrelin concentration between various adiposity groups. 

However, in the overfeeding study, short term positive energy challenge caused a 

significant increase in the circulating ghrelin concentration [ 15]. 

Neuropeptide Y secretion: Central administration of ghrelin increases neuropeptide Y 

(NPY) and agouti-related protein (AGRP) mRNA expression in the arcuate nucleus ofthe 

hypothalamus [16]. Both NPY and AGRP are orexigenic hormones. NPY is a 36 amino 

acid peptide widely acts as a neurotransmitter [ 17]. It plays an important role in the 

regulation of body weight and energy homeostasis by increasing food intake [ 18], and 

accumulation of white fat storage and decreasing the brown fat thermogenesis [19, 20]. 

AGRP is a 132 amino acid neuropeptide which is co-expressed by NPY in the arcuate 
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nucleus of hypothalamus. Overexpression of AGRP increases the food intake, decreases 

the energy expenditure, and as a result it causes weight gain [21 , 22]. 

Effect of ghrelin on gastric motility: Ghrelin stimulates phase III-like contractions in the 

antrum and duodenum and increases gastric motility. Experimental animal studies 

showed that ghrelin can even increase the gastric motility in animals that have ileus 

because of vagotomy or post gastrointestinal operation. Therefore, the effect of ghrelin on 

gastric motility is mediated by both vagal and nonvagal pathways [23-25]. 

Effect of ghrelin on immune function: Ghrelin ' s receptors are present on human T cells 

and monocytes, and ghrelin may function as anti-inflammatory hormone [26, 27]. 

Peptide YY 

Peptide YY (PYY) is a member ofthe NPY family ofpeptides. It is released mainly from 

enteroendocrine L-cells that are more abundant in the distal part of the gastrointestinal 

tract. Enteric neurons of the stomach and pancreatic endocrine cells can also secrete small 

amount of this hormone [28]. 

Structure of PYY 

PYY is a 36 amino acid peptide with a tyrosin residue at both C and N terminal. There are 

two forms ofPYY. The form that was originally isolated from the gut has 36 amino acids 

(PYYI -36). However, PYY can also be found in the shortened form that does not have 

the first two amino acids (PYY3-36). Most of the circulating PYY is in the form of PYY 

3-36 [29]. 
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Receptors of PYY 

The NPY family of peptides has several receptor subtypes. These receptors are called Y 

receptors and all are G protein-coupled receptors. Currently, five functional Y receptors 

have been identified [30]. PYYl-36 binds to Yl, Y2 and Y5 receptors. However, 

truncated PYY (PYY3-36) mostly binds to the Y2 receptor [31]. 

Physiologic actions of PYY 

PYY inhibits gastric acid secretion. Moreover, it can slow down gastric emptying, 

motility, and delivery of food to the intestine. This action of PYY is called the "ileal 

brake" (Figure 1.2) [32]. PYY is an important hormone in the regulation of food intake 

and energy homeostasis. Most of the previous studies have shown that PYY has anorectic 

effects. pyy-l- mice are hyperphagic, and they show a significant increase in body 

weight and adiposity on a regular chow diet [33]. Moreover, peripheral infusion of PYY 

in rodents, and obese humans, inhibits food intake [34, 35]. 

Metabolic syndrome 

Metabolic syndrome has become one of the important public health challenges 

worldwide. Metabolic syndrome is the result of the co-occurrence of interrelated risk 

factors of metabolic origin mainly because of obesity and the consequent insulin 

resistance that appears. Metabolic syndrome directly promotes the development of 

atherosclerotic cardiovascular disease and increases risk for developing type 2 diabetes 

mellitus [36]. 
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Definition of metabolic syndrome 

There are several definitions for metabolic syndrome. Although there might be some 

differences between them, the commonality between all is the presence of obesity or 

insulin resistance. Table 1.1 shows different methods used to define metabolic syndrome. 

Table 1.1 -Definitions of the metabolic syndrome 

Method 

National Cholesterol 
Education Program/ A TP 
III [37] 

International Diabetes 
Federation [38] 

Wildman et a/.[39] 

Definition 

presence of any three of the following five traits: 
• Abdominal obesity [waist circumference in men 2: 1 02 em 
(40 in) and in women 2:88 em (35 in)] 
• Serum triglycerides 2: 1.7 mmoi/L 
• Serum HDL cholesterol <1 mmoi/Lin men and <1.3 
mmoi/L in women 
• Blood pressure 2:130/85 mmHg 
• Fasting plasma glucose 2:5.6 mmoi/L or drug treatment 

Increased waist circumference plus any of two of the 
following: 
• Triglycerides > 1.7 mmoi/L 
• HDL cholesterol < 1.03 mmoi/L in men or <1.29 mmol/L 
in women 
• Blood pressure > 130/85 
• Fasting plasma glucose > 5.6 mmoi/L 

Two or more criteria: 
• Blood Pressure 2': 130/85 mm Hg or antihypertensive 
medication use 
• Triglyceride level 2': 150 mg/dL 
• HDL-C <1.03 mmoi/L in men or < 1.29 mmoi/L in women 
• Fasting glucose level 2': 5.6 mmoi/L 
• Insulin resistance (HOMA-IR > 5.13) [ie. The 90th 
percentile] 
• hsCRP level > 0.1 mg/L[ie. T he 90th percentile] 
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Underlying causes of metabolic syndrome 

The cause of metabolic syndrome is still unclear. Insulin resistance, which is a hallmark 

of obesity, is one of the important factors involved in pathogenesis of metabolic 

syndrome [40]. Several metabolic pathways are involved in the link between insulin 

resistance and hyperinsulinemia to metabolic risk factors. Glucose transporter 4 

(GLUT4), the key protein for transporting glucose into the cells, is regulated by insulin 

level. Insulin resistance can also affect enzymes that are involved in gluconeogenesis and 

causes the increase in endogenous glucose production [41 , 42]. Moreover, insulin 

resistance state leads to the dysregulation of chylomicron release from the gut and 

production of very low density lipoproteins (VLDLs). As a result, increase in triglyceride 

and decrease in the HDL level are observed. Detrimental effect of insulin resistance on 

cardiovascular function might be due to discrepancy between nitric oxide production and 

secretion of endothelin-1. This imbalance causes vasoconstriction, impaired blood flow, 

and increase risk for cardiovascular diseases [43). 

Previous studies on twins revealed that both genetic and environmental factors such as 

physical activity, dietary habits, age, medication use, and alcohol intake are involved in 

the pathogenesis of metabolic syndrome [ 44-46]. 

Definition and quantification of insulin resistance 

Insulin resistance is a state in which there is subnormal ~ cell function and insulin 

secretion. This dysfunction leads to postprandial hyperglycemia, and consequently, an 

exaggerated insulin response that down regulates insulin receptors. Chronic consequences 
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of insulin resistance include the development of type 2 diabetes, cardiovascular disease, 

and other malignancies associated with obesity [44]. 

The euglycemic hyperinsulinemic clamp technique is the gold standard for the 

measurement of insulin resistance [47]. In this method, two catheters are inserted in the 

veins and plasma insulin concentration is increased acutely to 100 f.!U/L and is kept at the 

same level by continuous infusion of insulin. The glucose concentration is measured once 

the insulin infusion starts, and it is maintained at 90 mg/dl by a variable infusion of 20% 

glucose. After this steady state is reached, the infusion of glucose reflects the uptake of 

glucose by the tissues and therefore it is an index for insulin sensitivity [ 48]. 

Since the euglycemic clamp is an invasive method, scientists created equations based on 

the fasting levels of insulin and glucose that can be used for the measurement of insulin 

sensitivity. Previous studies have shown that there is a good correlation between these 

equations and the results of the euglycemic clamp. The equations are mentioned in Table 

1.2 [49, 50]. 

Table 1.2- Equations used for measurement of insulin resistance 

Name Equation 

Homeostasis Model HOMA-IR = Fasting Insulin [mU/L] x Fasting Glucose [mmol/L] I 
Assessment of 22.5 
Insulin Resistance 
(HOMA-IR) 

Homeostasis Model 
Assessment of [3 cell 
Function (HOMA-[3) 

Quantitative Insulin 
Sensitivity Check 
Index (QUICKI) 

HOMA-[3 = 20 x Fasting Insulin [mUlL]/ Fasting Glucose 
[mmol/L]-3 .5 

QUICKI = 1 I (log Fasting Insulin + log Fasting Glucose) 
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As mentioned previously, the two important appetite regulatory gut hormones, ghrelin 

and PYY, are involved in regulation of energy homeostasis and adiposity. Therefore, 

investigating the role of these hormones in the development of insulin resistance may 

provide valuable insight into underlying mechanisms responsible for the metabolic 

syndrome. 

Effect of ghrelin on insulin resistance 

Initial animal and human studies revealed that ghrelin inhibits insulin secretion and 

stimulates glucagon secretion from pancreatic islets, and infusion of exogenous ghrelin 

decreases glucose stimulated insulin secretion [51-54]. Ghrelin knockout mice showed 

improvement in insulin sensitivity and glucose homeostasis [55]. However, other studies 

do not support the proposed effect that ghrelin can have in the development of diabetes 

[56-58]. An important factor is that most studies are done on animals or small group of 

humans and they have not adequately controlled for percentage of body fat or other 

confounding factors for insulin resistance in their analyses. 

Effect of PYY on insulin resistance 

Animal investigations have shown that PYY is also involved in the regulation of glucose 

homeostasis. Studies on rodents revealed that PYY inhibits glucose stimulated insulin 

secretion from pancreatic islets [59]. Moreover, PYY knockout mice had significantly 

higher fasting or glucose-stimulated serum insulin concentrations compared to wild-types 

[60]. However, some studies revealed that PYY infusion can decrease body weight, 

improve insulin sensitivity and glucose concentration, and therefore its effect on 
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decreasing insulin level is secondary to reducing food intake and body weight [61 , 62]. 

Although there are some animal studies examining the effect of PYY on insulin 

resistance, there is still a lack of population based studies, specifically the large ones with 

the measurement of body composition for controlling adiposity in the analysis. 

Osteoporosis Definition 

Osteoporosis is one of the most common metabolic bone diseases worldwide. National 

Institute of Health consensus defined osteoporosis as a "disease characterized by low 

bone mass and micro architectural deterioration of bone tissue, leading to enhanced bone 

fragility and a consequent increase in fracture risk" [63]. According to the World Health 

Organization, osteoporosis is defined as a bone mineral density value more than 2.5 

standard deviations below the mean for the normal young Caucasian. 

Prevalence of osteoporosis 

It is estimated that approximately 44 million Americans have low bone mass, and 10 

million of this population have osteoporosis. For the women and men at the age of 50 

years, the approximate likelihood of osteoporotic fractures in their remaining life is 50% 

and 25-30% respectively. The annual cost for treating osteoporosis is 17.9 billion dollars 

and it will increase to three times more than that in 2040 [64]. 

In Canada, almost 1 in 3 women and 1 in 5 men will experience an osteoporotic fracture 

during their lifetime [65]. The annual cost of osteoporotic fractures is 2.3 - 4.1 billion 

dollars, 1.3% of Canadian health care budget. The number of hospitalizations as a result 

of osteoporosis in Canada is more than the number for stroke or heart attack. Therefore, 
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early diagnosis and understanding of the potential factors that cause osteoporosis, and the 

prevention of osteoporotic fractures, are of great value [ 66]. 

Osteoporosis diagnosis and bone density measurement 

Osteoporosis is a silent disease, which was previously diagnosed only after fracture 

occurred [67]. Due to the increasing prevalence of osteoporosis, there is a huge demand 

for the development of facilities that can help the early diagnosis of osteoporosis. 

Measurement of bone mineral density (BMD) is the best means for the prediction of 

osteoporosis. For each standard deviation decrease in BMD, there is a two fold increase in 

fracture risk. Currently, dual energy X-ray absorptiometry (DXA) of the lumbar spine and 

proximal femur is the gold standard for bone density measurement. The DXA system 

consists of a padded table that patient lies on, a movable C-arm with an X-ray tube below 

the patient that produces two different energy levels, and a detector above the patient. In 

this technique, penetration of two X-ray sources through soft tissue and bone are 

compared, and with subtraction of soft tissue, an estimate of skeletal BMD is measured. 

Radiation exposure to the patient in DXA technology is almost 3-4 mrem/site. 

Background radiation is approximately 300 mrem/year. Therefore, the radiation acquired 

through DXA is negligible [68]. 

The DXA system also gives us the values forT and Z scores. The T score values that are 

used for the diagnosis of osteoporosis compares the patient' s bone mineral density with 

the mean bone density in young adult white population. Z-score is used to compare the 

patient's BMD to a population of peers of the same ethnicity and sex [69]. 
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Pathogenesis of osteoporosis 

Age and estrogen deficiency 

Osteoporosis is the consequence of imbalanced bone remodeling. In a normal situation, 

there is a balance between bone resorption, in which osteoclasts resorb bone by 

acidification and proteolytic digestion, and bone formation, in which osteoblasts secrete 

osteoid into the osteoid cavity. Most cases of osteoporosis are primary osteoporosis, 

which are idiopathic, and result from cellular and molecular mechanisms related to 

estrogen deficiency or aging. Although primary osteoporosis can be seen in both sexes, 

the prevalence in women is two to three times more than men. The reason is that in 

women there are two stages of decrease of bone density: I) the rapid stage after 

menopause that continues for 4 to 8 years, and causes 5 to 10 percent of cortical bone loss 

and 20 to 30 percent of trabecular bone loss, and 2) the slow continuous stage that 

continues throughout the life and causes 20 to 25 percent of cortical and trabecular bone 

loss in both sexes. However, men undergo only the slow continuous stage. Therefore, 

women lose more bone compared to men [70]. 

Cellular and molecular mechanisms 

Cellular and molecular mechanisms are also involved in the pathogenesis of osteoporosis. 

For example, decrease in the estrogen level after menopause results in an increase in 

cytokines like receptor activator of nuclear factor-KB ligand (RANKL), and decrease in 

osteoprotegerin (OPG) that accelerates bone resorption, breakdown of collagen and 

matrix, and an inability of osteoblasts to compensate that [71 , 72] . 
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In spite of the higher prevalence for primary causes of osteoporosis, understanding the 

potential factors that can cause secondary osteoporosis is of great importance. Some of 

the secondary causes of osteoporosis are summarized in Table 1.3. However, there are 

still more factors that can affect bone density which have not been fully discovered and 

evaluated in human studies. Previous studies have shown that pathological conditions 

such as subtotal gastrectomy that affect the gut peptide levels can cause secondary 

osteoporosis [73]. Nevertheless, the effect of gut hormones on bone density in general 

population is still largely unknown. 
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Table 1.3- Secondary causes of osteoporosis [74] 
Endocrine Diseases 
Female hypogonadism 

Hyperprolactinem ia 
Hypothalamic amenorrhea 
Anorexia nervosa 
Premature and primary ovarian Failure 

Male hypogonadism 
Primary gonadal failure 
Secondary gonadal failure 
Delayed puberty 

Hyperthyroidism 
Hyperparathyroidism 
Hypercotisolism 
Growth hormone deficiency 
Vitamin D deficiency 
Idiopathic hypercalciuria 
Diabetes mellitus 
Gastrointestinal Diseases 
Subtotal gastrectomy 
Malabsorption syndromes 
Chronic obstructive jaundice 
Primary biliary cirrhosis and other cirrhosis 
Alactasia 
Bone Marrow Disorders 
Multiple myeloma 
Lymphoma 
Leukemia 
Hemolytic anemias 
Systemic mastocytosis 
Disseminated carcinoma 
Connective Tissue Diseases 
Osteogenesis imperfect 
Ehlers-Danlos syndrome 
Marfan syndrome 
Homocystinuria 
Dru s 
Miscellaneous Causes 
Immobilization 
Rheumatoid arthritis 
Renal tubular acidosis 
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Effect of ghrelin on bone density 

Ghrelin has been shown to increase growth hormone secretion and regulate body weight 

and energy homeostasis; however, there has been debate as to whether circulating ghrelin 

level is correlated with bone mineral density. Moreover, it is not clear whether any 

possible correlations with bone mineral density in small studies with limited statistical 

power, are true direct correlations or secondary to the direct effect of ghrelin on body 

weight and growth hormone secretion. 

In vivo and animal studies have shown that osteoblasts express ghrelin receptor and 

ghrelin increases osteoblasts proliferation and differentiation. To assess whether this 

effect is dependent on growth hormone axis, previous studies have examined the effect of 

ghrelin administration on GH deficient rats. It was discovered that even in the GH

deficiency state, ghrelin could increase bone density. Also, in vivo studies on animals 

using concentrations of ghrelin that did not change the body weight and food intake, 

showed that the effect of ghrelin on bone density is independent of body weight [75]. 

Human studies related to the effect of ghrelin on bone density are limited and the results 

are inconsistent. Some studies reported a positive correlation between ghrelin and BMD 

[76, 77]. However, other studies have noted no correlation at all [78-80). 

Effect of PYY on bone density 

PYY can influence the regulation of body weight and energy homeostasis. Body weight 

is a key factor in determining bone density. Previous studies have shown that 

hypothalamic Y2 receptors regulate bone formation and PYY may affect bone density 
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directly through this receptor as well [81]. The initial investigations regarding the effect 

of PYY on bone density were conducted on rodents but the results were inconsistent. Y2 

receptor deficient mice had increased trabecular bone volume. However, PYY deficient 

mice had a decrease oftrabecular bone mass and developed osteopenia [81 , 82]. Very few 

cross sectional studies have been performed in humans. All ofthe studies available in the 

literature were conducted on small sample size and on metabolic conditions that affect 

PYY such as anorexia nervosa, or in athletic subjects [83, 84]. No study has been 

performed in the general population. Therefore, there is a necessity to explore the 

association of circulating ghrelin and PYY concentration and bone mineral density, with 

considering major confounding factors in a large population. 

In conclusion, insulin resistance and osteoporosis are both complex diseases with high 

prevalence, morbidity, and mortality. Therefore, understanding the factors that can be 

involved in the pathogenesis of these diseases is of critical importance. The findings from 

previous in vitro and animal studies indicate that gut hormones might be involved in the 

regulation of blood glucose and bone density. The gut produces more than 20 hormones 

with different functions. However, ghrelin and PYY were selected for this project based 

on their physiological function, anatomical location, previous evidence that suggested 

they might be linked to diabetes and osteoporosis, and more importantly lack of 

population based association studies related to the effect of these hormones on insulin 

resistance or bone density. Therefore, the objectives ofthis project are: 1) To investigate 

the association between circulating fasting ghrelin and insulin resistance adjusting for 

age, gender, percentage of body fat, and HDL- cholesterol in the general population ofthe 
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Canadian province of Newfoundland and Labrador. 2) To examine the effect of fasting 

circulating ghrelin and PYY on bone density in the general population, taking into 

consideration age, BMI, physical activity, smoking, and alcohol consumption as the most 

important confounding factors for bone density. 
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Abstract 

Objective: Ghrelin is a 28-amino acid orexigenic peptide synthesized mainly in the 

stomach. Acute administration of ghrelin has been found to decrease insulin secretion. 

However, little data is available regarding whether ghrelin contributes to the long-term 

regulation of insulin resistance at the population level. The aim of this study is to 

investigate the association between circulating ghrelin and insulin resistance in a large 

population based study. 

Design: A total of 2082 CODING study (Complex Diseases in the Newfoundland 

population: Environment and Genetics) subjects were assessed. Subjects were of at least 

third generation Newfoundland descent, between the ages of 20 and 79 years, and had no 

serious metabolic, cardiovascular, or endocrine diseases. Ghrelin was measured with an 

Enzyme Immunoassay method. Insulin and fasting glucose were measured by Immulite 

2500 autoanalyzer and Lx20 clinical chemistry analyzer, respectively. Homeostatic 

Model Assessment of 13 cell function (HOMA-13) and Insulin Resistance (HOMA-IR) and 

Quantitative Insulin-sensitivity Check Index (QUICK!) were used for measurement of 

insulin resistance. 

Results: Partial correlation analyses showed a significant negative correlation between 

circulating ghrelin and insulin level and insulin resistance in the entire cohort and also in 

men and women separately. The aforementioned correlation was independent of age, 

percentage of trunk fat and HDL-cholesterol. According to menopausal status, only pre

menopausal women revealed negative correlations. 
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Conclusion: Our results suggest that except for postmenopausal women, high circulating 

ghrelin level is associated with lower insulin resistance in the general population. 

Introduction 

Diabetes mellitus is one of the most common chronic diseases worldwide. The estimated 

number of diabetic patients in 2010 was 366 million globally and it is predicted that this 

number will increase to 552 million by 2030 [1]. Type 2 diabetes is the most common 

type of diabetes. As a complex disease, both genetic and environmental factors are 

involved in development of this disease [2]. Pathogenesis of type 2 diabetes is 

complicated by several factors and insulin resistance, insulin deficiency, or both may 

contribute to this disease [3]. 

The gastrointestinal tract (gut) is the largest endocrine organ of the body. The gut 

produces hormones that have important roles in controlling body weight and energy 

homeostasis through the gut-brain axis [ 4, 5]. Previous studies showed that gastric bypass 

surgery results in a significant improvement of type 2 diabetes, and gut hormones play a 

role in this remission [6]. 

Ghrelin is a 28 amino acid orexigenic peptide synthesized mainly in stomach [7]. 

Circulating levels increase during fasting and decrease rapidly after a meal, so ghrelin has 

a role in acute changes in energy balance and satiety [8]. Ghrelin is a pleiotropic hormone 

that can influence different metabolic functions such as increasing food intake, inducing 

positive energy balance, promoting enlargement of adipocytes and also releasing growth 

hormone [9, 10]. Function of ghrelin on energy metabolism has been thought to be 

mediated by the central mechanisms, such as activation of the ghrelin receptor in the 
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hypothalamic neuropeptide Y and agouti-related protein (NPY/AgRP) neurons [11]. 

Recently accumulating data suggest that ghrelin has central and peripheral effects on 

glucose regulation and insulin level [12, 13]. 

In rats ghrelin inhibits insulin secretion and stimulates glucagon secretion from pancreatic 

islets [14]. Infusion of exogenous ghrelin in healthy humans decreases glucose stimulated 

insulin secretion [12, 15, 16]. Moreover, it was shown that fasting ghrelin in type 2 

diabetic patients is lower than in those who do not have diabetes [ 17]. Adolescent obese 

polycystic ovarian syndrome (which is characterized by insulin resistance) patients had 

lower ghrelin level compared with lean subjects and ghrelin was negatively correlated 

with Homeostatic Model Assessment oflnsulin Resistance (HOMA-IR) [18]. 

On the other hand, no association was found between insulin sensitivity measured with 

euglycemic hyperinsulinemic clamp and ghrelin level in men [19]. In a prospective 

follow up study no significant difference was found between the ghrelin levels of subjects 

who had normal glucose tolerance and those who developed impaired fasting glucose, 

impaired glucose tolerance and type 2 diabetes mellitus [20]. 

Due to the controversy of the data regarding the effect of ghrelin on insulin resistance we 

designed the present study to investigate the association between ghrelin and insulin 

resistance in a large population based study: the CODING study (The Complex Diseases 

in the Newfoundland population: Environment and Genetics study). 
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Method 

Study population 

A total of 2082 subjects (1582 women and 500 men) were enrolled from the ongoing 

nutrigenomics CODING study [21]. Volunteers were 1) between the ages of 20 and 79 

years old; 2) of at least third generation Newfoundland descent 3) without any serious 

metabolic, cardiovascular, or endocrine diseases and 4) females were not pregnant at the 

time ofthe study. 

Serum Measurement 

Venous blood samples were drawn from all volunteers following a 12 hour fasting period. 

Blood was collected into tubes with EDTA for plasma preparation and serum separator 

tubes (SST) with clot activator. SST tubes were centrifuged at 3500 rpm for 10 min and 

EDTA tubes were centrifuged at 1300g for 15 min to separate serum and plasma 

respectively. Plasma and serum samples were stored in a -80 oc freezer. 

Serum ghrelin was measured with an enzyme immunoassay method (Human Acylated 

Ghrelin Enzyme Immunoassay Kit of Spibio-bertin pharma) with the specifity of I 00 % , 

intra-assay coefficient of variation (CV) of 5. 7 % and inter-assay CV of 17 %. Insulin and 

fasting glucose were measured by Immulite 2500 immunoassay analyzer and Lx20 

clinical chemistry analyzer (Beckman Coulter lnc.CA, USA) respectively. 
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Insulin resistance measurement 

Although euglycemic hyperinsulinemic clamp is considered as the gold standard for 

measurement of insulin resistance, previous studies have shown that there is a high 

correlation between insulin resistance measured with HOMA and QUICK! and one that is 

measured by euglycemic clamp (R = 0.88, p < 0.0001 and r = 0.69, p < 0.05) [22, 23]. 

Homeostatic Model Assessment of 13-cell function (HOMA-13) and Insulin resistance 

(HOMA-IR) were calculated from fasting glucose and insulin levels using the equations 

[22] : 

HOMA-~=20xfasting insulin[mU/L] /(fasting glucose [mmol/L]-3.5) 

HOMA-IR=(fasting insulin[mU/L]xfasting glucose [mmol /L])/22.5 

Three volunteers excluded from the study because of having fasting glucose lower than 

3.5 mmol/L that result in negative values for HOMA-13. 

Quantitative insulin-sensitivity check index (QUICK!) was the other insulin sensitivity 

index that was used for measurement of insulin sensitivity. It is determined by this 

mathematical equation [24]: 

QUICKI=ll[log fasting insulin(mU/L)+log (fasting plasma glucose(mmol/L)x 18.0182)] 

Subjects were divided into diabetic and non-diabetic groups (based on the history and 

glucose level). According to the 2006 WHO criteria fasting glucose 7.0 mmol/L was 
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considered as diabetes [25]. 80 volunteers were in diabetic group and 2002 volunteers 

were in non-diabetic group. 

Anthropometric and body composition measurements 

Anthropometric measurements were taken with participants dressed in light clothing and 

without shoes. Standing height was measured to the nearest 0.1 em using a stadiometer. 

Body weight was measured to the nearest 0.1 kg using a calibrated balance scale (Health 

0 Meter, Bridgeview, IL). BMI was calculated from weight and height in kilograms per 

square meter. Waist circumference was measured midway between the lowest rib and 

iliac crest and hip circumference was measured at the widest point over the greater 

trochanters using a flexible tape measure and they were taken to the nearest millimeter. 

Dual-energy X-Ray absorptiometry (DXA) Lunar Prodigy (GE Medical Systems, 

Madison, WI) was used for measurement of body composition. 

Medication use and menopausal status 

Volunteers were divided to medication users and non-medication users. Medication users 

were those who reported using prescribed medications or multivitamins regularly. 

All of the female volunteers filled out a menstrual cycle and menopausal status 

questionnaire and they were categorized as premenopausal or postmenopausal based on 

this questionnaire. 
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Statistical analysis 

SPSS version 18.0 was used for all of the statistical analyses. The summary statistics for 

continuous variables with normal distribution were expressed as mean and standard 

deviation. Non-normally distributed variables were expressed as median, minimum and 

maximum. The level of statistical significance was set at P value < 0.05. Logarithmic 

transformation was used for the variables that did not have normal distribution (ghrelin, 

insulin, HOMA-IR, HOMA-(3, QUICK! and Triglyceride). Analysis was performed on 

the entire cohort and also on men and women separately. Women were also divided into 

pre-menopausal and post-menopausal groups and the analysis was conducted within these 

two groups. Pearson correlation analyses were used to examine the relationship between 

various potential factors that may have an effect on ghrel in or insulin sensitivity. Partial 

correlation analyses (controlling for age, percentage of trunk fat and HDL-cholesterol) 

were also performed. General linear model (multivariative analyses) was used to compare 

insulin resistance among the ghrelin groups, in which ghrelin groups were set by ghrelin 

tertiles and the covariates were age, trunk fat percentage and HDL-cholesterol. All 

analyses were repeated excluding diabetic patients for controlling the effect of blood 

glucose. 

Ethical Considerations 

The current study was approved by the Human Investigation Committee of the Faculty of 

Medicine of Memorial University, St. John ' s, Newfoundland and Labrador, Canada and 

all of the volunteers signed informed consent to participate in the study. 

26 



Results 

Physical and biochemical parameters 

Mean and standard deviation of the parameters that were normally distributed are 

summarized in Table 2.1 . Ghrelin, insulin, HOMA-IR, HOMA-13, QUICK! and 

Triglyceride were not normally distributed. Median and range of these values are shown 

in Table 2.2. 
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Table 2.1- Biochemical and body composition characteristics 1 

Age (y) 
Weight (kg) 
Height (em) 
BMI (kg/m2

) 

Waist (em) 
Hip (em) 
Body fat(%) 
Trunk fat (%) 
Android fat(%) 
Gynoid fat (%) 
Glucose (mmoi/L) 
Total Cholesterol(mmol!L) 
HDL-Cholesterol(mmol/L) 
LDL-Cholesterol(mmol!L) 

Entire Cohort Women 
(n=2063-2085) (n=1571-1584) 

Mean(SO) Mean (SO) 

42.92 (12.8) 
73.64 (15.8) 
165.51(8.4) 
26.82 (5 .1) 

92.13 (14.7) 
101.23 (11.8) 
35.01 (9.1) 
37.23 (9.3) 

42.54 (10.9) 
41.17 (9.6) 
5.11 (0.8) 
5.17(1.1) 
1.46 (0.4) 
3.14 (0.9) 

43.75 (12.1) 
69.93 (14.2) 
162.26 (5.9) 
26.57 (5.2) 

90.49 (14.6) 
I 01.65 (12.2) 
37.95 (7.4) 
39.30 (8.5) 

44.27 (10.3) 
44.98 (6.4) 
5.07 (0.8) 
5.21 (1.0) 
1.54 (0.4) 
3.12 (0.9) 

1AII values are means ± Standard Deviations (SDs). 
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Men 
(n=492-50 1) 
Mean (SO) 

40.29 (14.3) 
85.41 (15.1) 
175.81 (6.6) 
27.61(4.5) 

97.36 (13 .8) 
99.90 (10.0) 
25.66 (7.5) 
30.66 (8.8) 

3 7.03 (1 0.8) 
29.09 (7.8) 
5.26 (0.8) 
5.04 ( 1.1) 
1.21 (0.3) 
3.18 (0.9) 



Table 2.2- Biochemical characteristics of data not normally distributed 

Variables 
Entire Cohort 

Median Min-Max Median 
Ghrelin (ng!L) 194.05 0.74-2339.95 193.44 
Insulin (pmoi/L) 55.90 14.40-272 55.55 
HOMA-IR 1 1.78 0.41-16.01 1.77 
HOMA-J32 109.11 12.96-3801.3 111.16 
QUICKI3 0.35 0.26-0.45 0.35 
Triglyceride 
~mmoi/L) 1.01 0.23-5.88 0.98 
HOMA-IR: Homeostatic Model Assessment oflnsulin Resistance 

2HOMA-P: Homeostatic Model Assessment of p cell function 
3QUICKI : Quantitative Insulin-sensi tivity Check Index 

Female 
Min-Max 

0.74-2329.09 
14.40-272 
0.41-16.01 

12.96-3801.3 
0.26-0.45 

0.23-5.88 
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Male 
Median Min-Max 
195.97 2.12-2339.95 
56.95 14.40-270 
1.87 0.41-10.92 

102.52 13.84-1382.29 
0.35 0.27-0.45 

1.16 0.31-5.54 



Association between circulating ghrelin level and insulin resistance 

Partial correlation analyses after controlling for confounding factors (age, percentage of 

trunk fat and HDL-cholesterol) showed negative correlation between circulating ghrelin 

level and insulin, HOMA-IR, HOMA-P and positive correlation between circulating 

ghrelin level and QUICKI. This association was not gender specific and it was reported in 

both male and female subjects (Table 2.3). 

Table 2.3- Partial correlation of ghrelin with insulin resistance indices after 
controlling for age, Percentage of trunk fat and HDL-cholesterol 

Entire Cohort Female Male 
r p r p r p 

Glucose 0.00 0.99 0.01 0.75 -0.03 0.52 
Insulin -0.09 0.00* -0.07 0.00* -0.11 0.02* 
HOMA-IR -0.08 0.00* -0.06 0.01 * -0.10 0.02* 
HOMA-f3 -0.10 0.00* -0.09 0.00* -0.09 0.04* 
QUICK! 0.08 0.00* 0.06 0.01 * 0.10 0.02* 

*P value < 0.05 

Influence of menopause on the relationship between ghrelin and insulin resistance 

To explore the influence of menopause on the association between ghrelin and insulin 

resistance, females were divided into pre-menopausal and post-menopausal groups and 

partial correlation analysis was performed after controlling for age, trunk fat percentage 

and HDL-cholesterol. In pre-menopausal women, there was a significant negative 

relationship between circulating ghrelin level and insulin, HOMA-IR, HOMA-f3 and 

positive correlation between circulating ghrelin and QUICKI whereas in post-menopausal 
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women, there were no significant associations between ghrelin and insulin resistance 

factors (Table 2.4). 

Table 2.4- Partial cor relation analyses of ghrelin with physical and 
biochemical characteristics regarding menopausal status 

pre-menopausal post-menopausal 
women women 

r p r p 

Glucose (mmol/1) 0.00 0.98 0.01 0.81 
Insulin (pmol/L) -0.08 0.02* -0.06 0.14 
HOMA-IR -0.07 0.03* -0.05 0.25 

HOMA-B -0.09 0.01 * -0.07 0.08 
QUICK! 0.07 0.04* 0.05 0.26 

*P value < 0.05 

Comparison of insulin resistance in low, medium and high ghrelin groups 

After dividing volunteers into three groups based on the ghrelin tertile, general linear 

model (multivariative analysis) was used for the comparison of insulin resistance between 

low, medium and high ghrelin groups. For insulin, HOMA-IR, HOMA- f3 and QUICK! 

there was no significant difference between low and medium ghrelin level or medium and 

high ghrelin levels but significant difference was evident between low and high ghrelin 

level (p value = 0.003, 0.01, 0.00 and 0.02 respectively). Figure 2.1 shows the mean and 

95% confidence interval for mean of insulin, HOMA-IR, HOMA-(3 and QUICK! in high, 

medium and low ghrelin groups. 

Comparison of ghrelin level between diabetic and non-diabetic subjects 

Repeating the analysis after excluding the volunteers who report a history of diabetes and 

volunteers who had fasting blood glucose more than 7 mmoi/L, no significant changes in 

the results were present. 
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Association between fasting ghrelin and age and HDL-clwlesterol 

Pearson correlation analyses showed no significant relationship between circulating 

ghrelin level and body composition characteristics, either in the total cohort or in the 

males and females separately. There was a positive correlation between fasting ghrelin 

level and age in the entire cohort (r = 0.08 and p = 0.00) and in females (r = 0.12 and p = 

0.00) but not in males (r = -0.02, p = 0.72). No association was found between circulating 

ghrelin level and HDL-cholesterol. 
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Figure 2.1- Error bars show the mean and 95% confidence interval for mean of 
insulin(A), HOMA-IR (B), HOMA-J3 (C) and QUICKI (D) values in high, medium 
and low ghrelin groups 
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Discussion 

The major finding in the present study is that circulating fasting ghrelin level is negatively 

correlated with insulin resistance and beta cell function in our CODING study. These 

findings were consistent using both HOMA and QUICK! as indices of insulin resistance. 

More importantly, our results indicate that the association of ghrelin with insulin 

resistance and secretion is independent of age, body composition and circulating HDL 

cholesterol. To our knowledge this is the largest study to evaluate the effect of ghrelin on 

insulin resistance, with the most comprehensive controls for major confounding factors, 

in the general population. 

A number of experimental studies have evaluated the effect of ghrelin on insulin secretion 

in humans. Broglie et a!. and Tong et a/. showed that acute administration of ghrelin 

induced inhibitory effects on insulin secretion. These effects seem to be dose dependent 

and non-growth hormone mediated [12, 15]. In patients with metabolic syndrome, ghrelin 

was inversely correlated with insulin level and insulin resistance measured by HOMA-IR 

[26]. In a cross sectional study, low ghrelin level has been shown to be associated with 

type 2 diabetes and insulin resistance in middle-aged subjects and these associations 

remained significant after adjustment for sex, BMI and age [ 17]. Our findings provide 

further evidence that ghrelin level is negatively correlated with insulin level and 

resistance. 

In pancreatic P-cells, ghrelin can inhibit glucose-induced insulin release v1a Gai2-

mediated activation of voltage dependent K+ channels and diminish action potential in ~

cells [27] . Moreover, high ghrelin level may down-regulate growth hormone or its 
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receptors and decrease insulin secretion secondarily [28]. Ghrelin receptors have been 

identified in the pancreas and ghrelin is produced partly in islet 8 cells of the pancreas. 

Therefore the inhibitory effect of ghrelin on pancreatic (3-cells might partly be due to 

paracrine mechanisms [15, 29]. Lower insulin resistance might be a compensatory 

response to decreased insulin level to maintain blood glucose within a normal range. 

In contrast, there are some studies that did not report any association between ghrelin 

level and insulin resistance. A group in Sweden did not observe association between 

ghrelin level and insulin sensitivity measured by euglycemic hyperinsulinemic clamp in 

104 subjects after adjustment for fat free mass [19]. Measurement of insulin resistance 

with euglycemic hyperinsulinemic clamp was certainly good. However, the sample size 

was very small compared with our sample size. On top of that the older age in this study 

could hinder the detecting of signals because of increased use of medications and other 

common chronic diseases. In a longitudinal study with 5.1 year follow up on 201 

subjects, glucose tolerance and baseline fasting ghrelin level were measured. They found 

that fasting ghrelin levels failed to predict the development of glucose intolerance or type 

2 diabetes [20]. The major concern for this study is that ghrelin is only one of the many 

factors affecting the development of insulin resistance and type 2 diabetes, so the possible 

effect of ghrelin on insulin resistance cannot be excluded. 

Furthermore, there are studies that found a positive association between ghrelin level and 

insulin resistance. Vestegard et al. reported increased insulin resistance in 6 healthy men 

and eight hypopituitary men on stable replacement therapy with growth hormone and 

hydrocortisone after acute administration of ghrelin [16] . Similarly, acute administration 
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of ghrelin in 10 patients who had the total gasterectomy and truncal vagotomy, reduced 

insulin mediated glucose disposal rate [30]. Due to the small sample size the results of 

these studies were only suggestive. 

Our results, together with the results from others, indicate that there is a very wide range 

of ghrelin concentration in the population. The large standard deviation of circulating 

ghrelin would require a very large sample size to achieve the statistical power to detect 

the effect of ghrelin on insulin resistance and other phenotypes. This factor has to be 

considered since most of the previous studies seemed to be under power because of the 

small sample size which could lead to false positive or false negative results. 

As the only known orexigenic gut hormone, the role of ghrelin in the development of 

human obesity is still unclear. Data from animal studies indicate that ghrelin induces the 

accumu lation of adipose tissue [31 ]. However, cross sectional studies in humans reported 

negative correlation between ghrelin and adiposity [32]. In our current study we did not 

find significant association between fasting ghrelin levels and any adiposity phenotype. 

Detailed information will be available in another paper from our laboratory. 

Effect of age on circulating ghrelin is still unclear. Paik and Thoshinai reported an inverse 

correlation between ghrelin and age [33, 34] whereas Cummings et al. reported a positive 

correlation between ghrelin level and age and they suggest that rising ghrelin levels 

could play a role in the effect of aging on increasing body fat [35]. In the present 

CODING study a positive correlation was observed between circulating ghrelin and age. 

As indicated in the analysis, the effect of age on ghrelin has been properly controlled in 

the present study. 
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In postmenopausal women, insulin resistance increases likely due to the reduced levels of 

sex hormones and physical activity and increased body fat [36-38]. Several studies 

explored the effect of menopause on ghrelin level. Purnell et al. reported that menopausal 

status or hormone replacement therapy do not have any effect on the ghrelin levels [39]; 

while Soni et al. found that estrogen hormone therapy can decrease ghrelin level and 

discontinuing it can increase ghrelin level in post-menopausal women [40]. In our study 

we did not see any significant difference in ghrelin level between premenopausal and 

postmenopausal women. However, we found a significant association between ghrelin 

and insulin resistance only in premenopausal women and not in postmenopausal women. 

The factors involved in the absence of relationship between circulating ghrelin and insulin 

sensitivity in postmenopausal women could be complicated by many factors including 

reduced level of sex hormones and possibly use of medications. 

Previous studies have reported that ghrelin can bind to HDL particles in the blood [ 41] 

and HDL cholesterol level might have some effect on the measurement of ghrelin [39]. 

However, in our CODING study no significant association between circulating ghrelin 

and HDL-cholesterol was found. 

To control the potential effect of diabetes status on the results of our study all analyses 

were repeated after volunteers who had blood glucose more than 7 mmoi/L and reported 

to have diabetes were excluded. All findings remained significant. 

In summary, the relationship between fasting ghrelin level and insulin resistance was 

systematically evaluated in the large CODING study with more than 2000 adult subjects 

from the Newfoundland population. To our knowledge this is the largest general 
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population based study on the relationship between fasting ghrelin level and insulin 

resistance. Major confounding factors including age, gender, menopausal status and 

HDL-cholesterol level have been carefully analyzed and properly controlled. With the 

strong statistical power we provide reliable evidence that ghrelin may be a factor that help 

to reduce insulin resistance at the population level. This association is absent in the 

postmenopausal women. However, because of the nature and limitations of a cross 

sectional study, longitudinal study is warranted to fill the knowledge gap. 
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Abstract 

Background: Ghrelin and peptide YY (PYY) are appetite regulating hormones secreted 

from the gastrointestinal tract (gut). Aside from their known effect on energy 

homeostasis, accumulating data indicates that these gut hormones also affect bone 

metabolism. However, data regarding the influence of ghrelin and PYY on bone density 

in humans is very limited, and the results are inconclusive. This study was designed to 

investigate the potential association between circulating ghrelin and PYY with bone 

density indices in the general population. 

Methods: A total of 2257 adult subjects from the CODING (Complex Diseases in the 

Newfoundland Population: Environment and Genetics) Study participated in this 

investigation. Acylated ghrelin and total PYY were measured in fasting serum with the 

Enzyme- Linked Immunosorbent Assay (ELISA) method. Bone mineral density was 

measured by dual-energy X-ray absorptiometry at the spine, femoral neck, and total hip. 

Multiple regression analyses adjusting for age, BMI, physical activity, smoking, and 

alcohol consumption were employed to analyze the association between serum ghrelin 

and PYY with bone mineral density parameters. 

Results: Significant positive associations of ghrelin level with L2-L4 BMD, L2-L4 Z

score, femoral neck BMD, femoral neck Z-score, total hip BMD, and total hip Z-score 

were found in women. No significant correlations between ghrelin and bone density 

indices were revealed in men. After dividing the female group into pre-menopausal and 

post-menopausal, ghrelin was positively correlated with femoral neck Z-score, and total 
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hip Z-score in pre-menopausal women and L2-L4 BMD, and Z-score in post-menopausal 

group. Moreover, no significant association was discovered between serum PYY and 

bone density at any site. 

Conclusion: Our results suggest a beneficial association of circulating ghrelin level with 

bone density in women at the population level. This association is independent of major 

confounding factors including body composition, physical activity, age, alcohol 

consumption and smoking. Effect of menopause on this association seemed to be site 

specific. However, PYY does not seem to be associated with bone density parameters. 

Key words: Ghrelin, Peptide YY, Osteoporosis, Bone Density 

Background 

Osteoporosis is a global problem. According to the International Osteoporosis Foundation 

(I OF) data, the annual treatment cost for osteoporosis fractures of people in the workplace 

in the USA, Canada and Europe is almost 48 billion USD [1]. Therefore, understanding 

the potential factors that cause osteoporosis is of great value. Most cases of osteoporosis 

are idiopathic because of estrogen deprivation and aging [2]. However, many other 

factors are involved in the pathogenesis of osteoporosis. In populations aged 50 years and 

over, secondary causes of osteoporosis such as endocrine, gastrointestinal, and connective 

tissue diseases, have been found in 41.4% of women and 51.3% of men [3]. In addition, 

the gastrointestinal hormones, ghrelin and PYY, which aid in energy homeostasis and 

weight management, have been found to be involved in the regulation of bone density. 

Ghrelin is a 28 amino acid appetite stimulant peptide secreted primarily from the 
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stomach, and PYY is an appetite suppressant hormone secreted from the enteroendocrine 

cells ofthe ileum and colon [4-6]. 

The initial investigations regarding the effect of ghrelin on bone density, that were 

conducted on rodents and in vitro situations, have shown that ghrelin increases osteoblast 

replication, osteoblast specific gene expression, differentiation of osteoblast markers, and 

bone mineral density (BMD) [7-9] . Human studies regarding the effect of ghrelin on bone 

density are very limited and the results are inconsistent. In a study w ith 137 elderly men, 

ghrelin was positively correlated with femoral neck BMD [I 0]. In another study, eleven 

months after gasterectomized surgery, a significant decrease in circulating ghrelin and 

bone mineral density was found [ll]. However, no association was found between serum 

ghrelin concentration with femoral neck BMD or lumbar spine BMD in 81 Korean men 

[12]. A study by Makovey et a!. also did not find any significant correlation between 

ghrelin concentration and bone mass parameters in 79 pairs of opposite sex twins [13]. 

Similarly, Weiss et a!. did not find any association between ghrelin and BMD in older 

men or women after adjusting for age and BMI [14]. 

Results from animal studies on the effect of PYY on bone density are also inconsistent. 

The hypothalamic Y2 receptor serves as the receptor of PYY. Y2 receptor deficient mice 

have increased trabecular bone volume, and rate of bone mineralization and formation 

[ 15] . However, PYY deficient mice developed decrease of trabecular bone mass and 

osteopenia [16] . Human studies on the effect of PYY on bone density are extremely 

limited in terms of a general population level, as previous studies have only been 
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performed on special groups such as anorexic patients or women experiencing exercise 

[17-20). 

Emerging data suggest the functionally related gut hormones, ghrelin and PYY, are linked 

to bone metabolism and BMD. However, data from humans is limited and the results are 

contradictory and subject to statistical errors due to small sample size. Moreover, BMD is 

a complex physiological measure and many factors can exert a significant effect on it. 

Therefore, it is important to evaluate whether the possible associations between these two 

important gut hormones and bone mineral density are independent of major confounding 

factors. The objectives of the current study were: 1) to determine if ghrelin and PYY are 

associated with bone density parameters in a large population-based cohort; 2) to evaluate 

whether this possible association is different in men and women, and also in pre- and 

post-menopausal women; and 3) to explore whether the possible associations between 

ghrelin or PYY and bone mineral density are independent of age, BMI, physical activity, 

alcohol consumption, and smoking. 

Methods 

Study population 

A total of 2,257 subjects from the CODING (Complex Diseases in the Newfoundland 

population: Environment and Genetics) study, including 551 men and 1706 women were 

recruited in the present study through advertisement in public media and word of mouth 

by previous volunteers. All volunteers were at least third-generation Newfoundlander, 
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between the ages of 20 and 79 years old, without any serious metabolic, cardiovascular, 

or endocrine diseases, and women were not pregnant at the time of the study. 

Ethical considerations 

This study was approved by the Health Research Ethics Authority of the Faculty of 

Medicine of Memorial University, St. John' s, Newfoundland, Canada. Informed assent 

and consent were obtained from all of the volunteers. 

Anthropometric and body composition measurements 

Anthropometric measurements were performed with participants dressed in a 

standardized hospital gown. Standing height was measured to the nearest 0.1 em using a 

fixed stadiometer. Subjects were weighed to the nearest 0.1 kg using a platform manual 

scale balance (Health 0 Meter, Bridgeview, IL). BMI was calculated from weight and 

height in kilograms per square meter [(weight-kg) I (height-m)2
) . 

Body composition and bone mineral density measurements 

The measurements of bone mineral mass were carried out by dual-energy X-ray 

absorptiometry (DXA) Lunar Prodigy (GE Medical Systems, Madison, WI) equipped 

with encore software vl2.3 . Volunteers were scanned by the same technician in 

standardized clothing (hospital gown) with no removable metal objects, while lying flat 

on their backs with arms at their sides. In all subjects, BMD was measured at the sites of 

lumbar spine, femoral neck, and total hip. Moreover, Z-score and T-score were measured 

for these areas. 
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According to the World Health Organization (WHO), T-score ~ -1 is considered normal, 

T-score < -1 and > -2.5 is considered osteopenia, and T-score :s; -2.5 is considered 

osteoporosis [21] . 

Physical activity 

The Baecke questionnaire was used for evaluation of the subject' s physical activity based 

on the work, sports, and leisure activity [22]. 

Blood analysis 

Venous blood samples were obtained from all volunteers in the morning after an 

overnight fast (12 hours). Serum samples were isolated from blood and stored at -80 oc 

until assayed. 

Serum acylated ghrelin was measured with an Enzyme - Linked Immunosorbent Assay 

(ELISA) method (Human Acylated Ghrelin Enzyme Immunoassay Kit of Spibio-bertin 

pharma). All samples used for the measurement of acylated ghrelin were thawed for the 

first time on the day of analysis, and while running ELSIA kits, all work was completed 

on tee. Intra- and inter-assay coefficients of variation (CV) were 5.7% and 17% 

respectively. 

Serum total PYY concentration was measured with the ELISA kit from Millipore 

(Millipore Corporation Pharamaceuticals, Billerica, MA, USA). The intra-assay CV was 

4.8 % - 5.4% and inter-assay CV was 5.1 % [23]. 
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Statistical analysis 

Statistical analyses were performed using SPSS, version 20.0 (SPSS Inc, Chicago). All 

tests were two-sided and p value < 0.05 was considered to be statistically significant. 

Evaluation of data normality was performed with the Kolmograv- Smimov test. 

Demographic and physical characteristics values were expressed as mean (standard 

deviation). Logarithmic transformation was performed for ghrelin, PYY and bone density 

parameters, except Z-score (because of the negative values) that were not normally 

distributed. These values were reported as median, minimum and maximum in the results. 

Analyses were performed on the entire cohort and, as well, on men and women 

separately. Women were further subdivided according to their menopausal status and the 

analyses were conducted between pre- and post-menopausal groups. Pearson correlation 

was used to determine the relationship between ghrelin and PYY and bone mineral 

density indices. Stepwise multiple regression analyses were used to identify predictors of 

bone density indices. Gut hormones and other identified confounders of bone density 

such as age, BMI, physical activity, smoking, and alcohol consumption, were considered 

independent variables. Percentage of body fat as the more accurate measure for body 

composition was also replaced with BMI to see whether the effect of body fat percentage 

differed from BMI. The results were similar. Therefore, in order to remain consistent with 

previous literature, BMI was entered into the model. 
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Results 

Subject characteristics 

Mean and standard deviation of demographic and physical characteristics of the subjects 

are presented in Table 3 .1. Ghrelin, PYY, and bone density parameters are described as 

median, minimum and maximum in Table 3.2. According to the WHO criteria (based on 

the L2-L4 T-score), 80.8% of volunteers had normal bone density, 16.9% were 

osteopenic, and 2.2 % were osteoporotic. According to the femoral neck T -score, 76.6% 

were normal, 22.6% and 0.7% met the criteria of osteopenia and osteoporosis 

respectively, and based on total hip T-score 83.5%, 16.2%, and 0.3% were normal, 

osteopenic, and osteoporotic respectively. 

Table 3.1- Demographic and physical characteristics of volunteers 

Age (yr) 
Weight (kg) 
Height (em) 
BMI (kg/m2

) 

Percent body fat (%) 
Percent trunk fat (%) 
Percent android fat (%) 
Percent gynoid fat(%) 
Total fat mass (kg) 
Total lean mass (kg) 

Entire cohort Female Male 
(n = 2257) (n = 1706) (n = 551) 
Mean (SD) Mean (SD) Mean (SD) 
43.1 (12.3) 44 (11.7) 40.3 (13.7) 
73.4 (15.8) 69.5 (14.1) 85.4 (14.7) 
165.6 (8.5) 162.3 (5 .9) 176.1 (6.5) 
26.7 (5.1) 26.4 (5.2) 27.5 (4.5) 
34.5 (9.4) 37.5 (7.6) 25. 1 (7.8) 
36.6 (9.7) 38.8 (8.8) 30 (9.3) 

41.9 (11.3) 43.7 (10.6) 36.1 (11.4) 
40.8 (9.8) 44.7 (6.6) 28.6 (8) 

25.5 (10.3) 26.6 (10.2) 22. 1 (9.8) 
44.6 (10.6) 39.7 (53.9) 59.9 (7.9) 
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Pearson correlation of ghrelin and PYY with bone density measures 

Pearson correlation analyses showed positive correlations between ghrelin and L2-L4 Z

score, femoral neck Z-score, and total hip Z-score in the entire cohort (r = 0.05, p = 0.03, 

r = 0.07, p = 0.004, and r = 0.05, p = 0.03 respectively), and in females (r = 0.08, p = 

0.006, r = 0.09, p = 0.003 , and r = 0.07, p = 0.006 respectively). 

For PYY, there was no significant association with any of the bone density parameters 

either in the entire cohort or in the males and females separately. 

Multiple regression analyses of ghrelin and PYY with bone density indices adjusting for 

BMI, age, physical activity, smoking and alcohol consumption 

Stepwise multiple regression analyses were performed to clarify the determinants of 

BMD and Z-score in males and females separately. In females, there were significant 

positive associations between ghrelin and L2-L4 BMD and Z-score, femoral neck BMD 

and Z-score, and total hip BMD and Z-score (Table 3.3). [For Z-score, age was not 

included in the model because Z-score is the number of standard deviations above or 

below what is normally expected for someone of their age, sex, and ethnic or racial 

origin] 

For PYY after entering the variables into the model, no significant association was found 

between PYY and BMD or Z-score values. 
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Table 3.2- Descriptive statistics for ghrelin, PYY, and bone density indices 

Variables Entire Cohort Female Male 
Median Min-Max Median Min-Max Median Min-Max 

Ghrelin (pg/ml) 194.7 0.74- 2329.09 193.44 0.74-2329.09 196.73 2.12-2289.26 
PYY (pg/ml) 95 3.67- 368.53 92.52 3.67-368.53 103.67 8.37-364.66 
Spine BMD (g/cm2

) 1.21 0.76- 1.85 1.20 0.76- 1.85 1.26 0.81-1.78 
Left Hip BMD (g/cm2

) 0.98 0.52-1.83 0.96 0.52- 1.65 1.04 0.67- 1.83 
Total hip BMD (g/cm2

) 1.02 0.61- 1.68 0.99 0.61- 1.58 1.1 0.76- 1.68 
L2-L4 Z score(%) 0.2 -4.1- 6.1 0.2 -4.1-6.1 0.1 -3.4- 4.8 
Femur Neck Z score (%) 0.1 -2.5- 5.7 0.2 -2.5- 5 0.1 -2- 5.7 
Total hip Z-score {%} 0.2 -3.12-4.4 0.21 -3 .12-4.12 0.1 8 -2.63- 4.4 
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Table 3.3- Regression anal~ses of ghrelin with BMD and Z-scores in women and men 1 

Female Male 

Variables lr (95% C!)t p R2 Variables ~ {95% C!) p R2 

L2-L4 BMD Age -0.003 (-0.003, -0.002) <0.001 0.1 BMI 0.006 (0.003, 0.009) <0.00 1 0.045 

BMI 0.005 (0.004, 0.007) <0.001 Age -0.00 1 (-0.002, 0.000) 0.0 12 

Smoking -0.043 (-0.065, -0.02 1) <0.001 

Ghrelin 0 .009 (0.002, 0.0 17) 0.015 

Femoral Neck BMD Age -0.004 (-0.005, -0.004) <0.001 0.238 Age -.006 (-0.006, -0.005) <0.00 1 0.361 

BMI 0.008 (0.006, 0.009) <0.001 BMI .012 (0.0 10, 0.0 15) <0.00 1 

PA 2 0.011 (0.007, 0.0 16) <0.00 1 PA .015 (0.007, 0.023) <0.001 

Smoking -0.044 (-0.065, -0.023) <0.001 Smoking 
-.047 (-0.083, -0.0 I 0) 0.012 

Ghrelin 0.008 {0.000, 0.015) 0.04 Alcohol .00 1 (0.000, 0.002) 0.020 

Total Hip BMD BMI 0.011 (0.009, 0.0 12) <0.00 1 0.234 BMI .013 (0.011 , 0.0 16) <0.001 0.247 

Age -0.003 ( -0.003, -0.002) <0.00 1 Age -.002 (-0.003, -0.00 1) <0.001 

PA 0.009 (0.005, 0.0 14) <0.001 PA .013 (0.005, 0.020) 0.002 

Smoking -0 .036 (-0.057, -0.0 16) <0.001 Alcohol .00 1 (0.000, 0.002) 0.019 

Ghrelin 0.009 {0.002, 0.0 1 6~ 0.009 Smoking 
-.037 ( -0.072, -0.002) 

0.036 

L2-L4 Z-score Smoking -0.458 ( -0.675, -0.24 1) <0.001 0.022 

Ghrelin 0 . 102 (0.027, 0.177~ 0.007 

Femoral Neck Z-score Smoking -0.338 (-0.502, -0.1 73) <0.001 0.04 PA 0.1 58 (0.092, 0.224) <0.00 1 
0.085 

PA 0.078 (0.044, 0. 11 3) <0.001 BMI 0.055 (0.031 ' 0.079) 
<0.001 

Ghrelin 0 .073 (0.015, 0.131) 0.0 13 

BMJ 0.013 (0.003, 0.024~ 0.0 15 
Total Hip Z-score BMJ 0.043 (0.033, 0.053) <0.001 0.076 BMI 0.08 (0.058, 0.1 02) <0.001 0.137 

Smoking -0.286 (-0.447, -0.125) 0.001 PA 0.122 (0.059, 0.185) <0.00 1 

PA 0.059 (0.026, 0.093) 0.001 Alcohol 0.007 (0.000, 0.015) 0.042 
Ghrelin 0.081 (0.024, 0. 1 37~ 0.005 

1Regression model adjusted for age, BMI, alcohol consumption, physical activity, and smoking 2 Physical Activity · Unstandardized p coefficients t95% 
Confidence Interval 
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Influence of menopause on the relationship between ghrelin and bone density 

To evaluate the influence of menopause on the association between ghrelin and bone 

density, multiple regression analyses were performed in females after they were divided 

into pre- and post-menopausal groups. Significant associations were seen between ghrelin 

and femoral neck and total hip Z-scores in pre-menopausal women. In post-menopausal 

group ghrelin was positively associated with L2-L4 BMD, and Z-score (Table 3.4). 
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Table 3.4- Regression anal~ses of ghrelin with BMD and Z-scores in women based on meno(!ausal status 1 

Pre-menol!ausal (N= 971) Post-menol!ausal (N= 653) 

Variables ~ · (95% C!)t p R2 Variables ~ (95% CI) p R2 

L2-L4 BMD BMl 0.005 (0.003, 0.006) <0.001 0.05 BMI 0.006 (0.003, 0.008) <0.00 1 0.088 

Smoking -0.032 (-0.059, -0.004) 0.023 Smoking -0.055 ( -0.092, -0.0 17) 0.005 

Age -0.002 ( -0.004, -0.00 I) 0.00 1 

Ghrelin 0.014 (0.00 I, 0.027) 0.037 

Femoral Neck BMD BMI 0.008 (0.006, 0.010) <0.001 0.139 Age -0.004 ( -0.006, -0.003) <0.00 1 0.195 

Age -0.003 ( -0.004, -0.002) <0.001 BMJ 0.007 (0.005, 0.009) <0.00 1 

PA 2 0.013 (0.007, 0.0 19) <0.001 Smoking -0.044 (-0.077, -0.012) .007 

Smoking -0.039 (-0.067, -0.010) 0.007 PA 0.008 (0.001, 0.015) .019 

Total Hip BMD BMI 0.01 (0.008, 0.0 I I) <0.001 0. 164 BMI 0.0 11 (0.009, 0.0 13) <0.00 1 0.263 

PA 0.014 (0.008, 0.0 19) <0.001 Age -0.003 (-0.004, -0.002) <0.001 

Smoking -0.034 (-0.063, -0.006) 0.017 Smoking -0.04 1 (-0.071, -0.01 I) 0.008 

L2-L4 Z-score Smoking -0.394 (-0.673, -0.1 I 6) 0.006 0.01 2 Smoking -0.596 (-0.964, -0.229) 0.002 0.034 

Ghrelin 0.135 (0.006, 0.263) 0.04 

Femoral Neck Z-score PA 0.106 (0.058, 0. 154) <0.001 0.051 Smoking -0.42 1 (-0.658, -0. I 85) .001 0.025 

Smoking -0.304 (-0.538, -0.071) 0.01 I 

BMI 0.018 (0.003, 0.033) 0.018 

Ghrelin 0.096 (0.01 7, 0. 175) 0.018 

Total Hip Z-score BMI 0.043 (0.028, 0.058) <0.001 0.083 BMJ 0.043 (0.029, 0.057) 
<0.00 1 0.084 

PA 0.092 (0.044, 0.140) <0.001 Smoking -0.32 ( -0.552, -0.089) 0.007 

Smoking -0.315 (-0.546, -0.085) 0.007 

Ghrelin 0.107 (0.029, 0. 185) 0.008 
1 Regression model adjusted for age, BMI, alcohol consumption, physical activity, and smoking 2 Physical Activity • Unstandardized 13 coefficients t 95% 

Confidence Interval 
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Discussion 

In the present study, we examined the associations between the levels of circulating 

ghrelin and PYY, with bone mineral density indices controlling for major confounding 

factors in the Newfoundland population. The most important finding from our study is 

that circulating fasting ghrelin level is significantly and positively correlated with femoral 

neck, total hip, and lumbar spine bone mineral densities and Z-scores in females. More 

importantly, we demonstrated that the association of ghrelin with bone mineral density is 

independent of age, body composition, alcohol consumption, physical activity, and 

smoking. We found out that serum PYY is not significantly correlated with any of the 

bone density measures in this study. To our knowledge this is the largest human study 

that simultaneously evaluated the relationship of the two gut hormones, ghrelin and PYY, 

with bone mineral density with comprehensive control of major confounding factors . 

Similarly, a study with the sample size of 137 men aged 55 years or older revealed a 

positive correlation between ghrelin and femoral neck BMD [ 1 0] . The average ages in 

both women and men in our study are younger, and the results are very reliable with such 

a large sample size. 

Data from both cultured cell based and animal experiments supported the significant 

association between ghrelin and BMD. An animal study has shown that ghrelin receptors 

are present in osteoblasts and ghrelin can increase osteoblast proliferation and 

differentiation markers [9]. Moreover, gasterectomy in mice, in which ghrelin secretion is 

significantly reduced, can cause decreased bone density [24] . 

The mechanism by which ghrelin increases bone mineral density has yet to be completely 

understood. Ghrelin is a natural ligand for the growth hormone secretagogue receptor, and 
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growth hormone increases bone density. Therefore, ghrelin may also affect bone density 

through the growth hormone related pathway. Moreover, previous studies have shown 

that osteoblasts express the ghrelin receptor. Ghrelin stimulates both osteoblast cell 

proliferation and differentiation [9]. However, Delhanty eta!. did not find expression of 

GHS-Rla (Growth hormone secretagogue Receptor-la) in osteoblasts. They found out 

that the effect of ghrelin on bone density is through ERK and PBK, and MAPK pathway 

[25]. A recent study on wild type and ghrelin receptor deficient mice has shown that 

ghrelin can inhibit osteoclastogenesis and this effect is age dependent. With aging 

inhibitory effect of ghrelin on osteoclasts increases [26]. 

Data from some studies do not support the association between ghrelin and bone density. 

In ghrelin knockout mice, bone mineral density and bone mineral content between ghrelin 

-1- mice and wild type mice were similar [27]. There was no significant association 

between ghrelin and BMD in a study consisting of 80 male adults. In this study, the effect 

of alcohol, smoking, and physical activity was not controlled [12]. Also, in a study with 

977 old adults, no significant association was found between ghrelin and BMD in either 

sex after controlling for age and BMI [14]. Ghrelin has extremely high standard 

deviation, and therefore studies on ghrelin need a very large sample size to have 

reasonable statistical power. Otherwise it is likely to have type II error. Caution should be 

taken on either negative or positive results from the studies with small sample size. 

In our study, the positive association between ghrelin and BMD was found only m 

females. The reason for the sex difference in the association between ghrelin and BMD is 

unknown, and could be due to the small number of male subjects, differences in sex 

hormones, or other unknown factors. 
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Bone density is a complex physiological marker. Many factors can potentially be 

involved in the regulation ofBMD. In the present study, one of the important goals was to 

clarify if the significant positive association of ghrelin with bone mineral density is 

secondary to any confounding factor. We were able to demonstrate that the positive 

association is indeed independent of the major confounding factors available in the study. 

Physical activity and age are important in determining bone density [28, 29]. In our study, 

ghrelin was positively correlated with age. Previous primary studies have shown that 

bone density decreases at most sites after age of fifty due to trabecularization of cortical 

bones [30, 31]. Physical activity, especially weight-bearing sport-specific activity, is 

positively associated with femoral neck bone density after adjustment for age, sex, 

ethnicity, smoking, menopausal status, lean body mass, and total body fat [32]. After 

adjusting for age and physical activity, the association of ghrelin with bone density 

indices remained significant. 

Alcohol consumption in adolescence can also cause reduction in bone density [33]. In our 

study, almost 77% of the volunteers reported the drink of alcohol (irrespective of the 

dosage of the alcohol they drink). Therefore alcohol drinking was adjusted in the analyses 

as well, and it did not affect the significant results. 

Previous studies on the effect of menopause on ghrelin are contradictory. In a study on 57 

females, the level of ghrelin was lower in peri-menopausal and post-menopausal women 

compared to pre-menopausal group, and ghrelin seemed to be positively correlated with 

bone density [34]. However, another study did not reveal any difference between ghrelin 
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levels of pre- and post-menopausal women [35]. To eliminate the potential influence of 

menopausal status, the females were divided into two groups based on the menopausal 

status. We found positive associations between ghrelin and femoral neck, and total hip Z

scores in pre-menopausal women. In post-menopausal group, ghrelin was associated 

positively with L2-L4 BMD and Z-score. Although this difference might be consequence 

of changes in sex hormones caused by menopause, factors such as physical activity, body 

composition, and the smaller number of women in post-menopausal group might also be 

the reason for the difference observed between these groups. 

In this study, fasting PYY was not significantly associated with bone density in the entire 

cohort or in males or females. Previous studies evaluated the association between PYY 

and bone density in metabolic diseases that affect PYY such as anorexia nervosa or in 

special groups such as athletes with high physical activity. In two studies on anorexia 

nervosa patients, PYY was negatively associated with bone density [19, 36]. However, 

these studies were done in patients that had lower body weight and usually lower BMD 

because of the anorexia nervosa [3 7]. Considering many important factors including 

smoking, alcohol consumption, and physical activity, it would be difficult to interpret the 

effect ofPYY on bone density in this special group and in small study. 

In another study on 4 7 adolescent girls (aged 12-18 years) in 3 groups of amenorrheic 

athletes, eumenorrheic athletes, and non-athletic controls, PYY was a negative predictor 

of lumbar Z-score. In their study, although they controlled for lean mass, other 

confounding factors such as physical activity, alcohol consumption, smoking were not 

entered in the regression model [20]. The subjects of this study were only adolescents. 
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The amount of physical activity and also age may exert significant influence on BMD and 

appetite, which in turn could affect PYY. 

We did not find any significant association between PYY and bone density indices. Our 

data suggest that PYY is not likely an important player in determining BMD. The effect 

of PYY on bone density, that was reported in previous studies, might be through Y2 

receptors to reduce NPY [15]. Also, effect ofPYY on bone density might be secondary to 

its effects on body composition and BMI. 

Our study had certain limitations. We had a cross-sectional study and correlation data 

collected does not prove causality. Therefore, interventional study of ghrelin 

administration to osteoporotic patients might be necessary to further evaluate this finding. 

Also, vitamin D and bone density markers were not measured in our study. Another 

limitation of our study was that the random design of the study evidently resulted in the 

recruitment of volunteers, where the number of males was less than females. Despite 

these limitations we are confident that considering the effect of two important gut 

hormones simultaneously with controlling most of the confounding factors in a big 

population base study made our results unique and reliable. 

Conclusions 

The present study investigated the relationship of two gut hormones, ghrelin and PYY, 

with BMD in the Newfoundland population. To our knowledge, this is the first study that 

simultaneously investigates the association of ghrelin and PYY with BMD. It is also the 

largest population based study with the most number of confounding factors adjusted in 
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analysis. With such a large sample size, the present study had significantly higher power 

than all reported studies to detect the potential statistical signals. The significant positive 

associations of circulating ghrelin with BMD in women suggest that high levels of ghrelin 

might have beneficial effects on bone density in the female population. The beneficial 

effect is independent of body composition, physical activity, age, and smoking. The 

clinical significance of ghrelin on BMD warranted future studies. In our study, PYY was 

not a significant player in determining bone density. 
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Chapter 4 

Summary 

Diabetes and osteoporosis are common endocrine disorders with high global burden [ l , 

2]. Exact mechanisms for developing both diseases are unknown. Interaction of genetics, 

endocrine, and environmental factors affect both glucose homeostasis and bone density 

measures [3-5]. Most recently, data mainly from animal models have suggested that gut 

hormones, especially ghrelin and PYY, may have a role in bone density and glucose 

homeostasis [6-9]. Ghrelin is an orexigenic gut hormone released from gastric fundus. 

Since its initial discovery as a growth hormone secretagogue receptor, ghrelin has been 

shown to be involved in different functions such as regulation of food intake and energy 

homeostasis [10]. However, the role of ghrelin on the regulation of insulin resistance and 

bone density is still unclear in humans. Very few cross-sectional studies were performed 

in this area. None of them have reasonable sample size, and results from the literature are 

controversial [ ll-14]. Furthermore, previous investigations have not adequately 

controlled for confounding factors that might cause the association between ghrelin and 

insulin resistance or bone density. 

Peptide YY (PYY) is another gut hormone with an anorexigenic effect, secreted from 

enteroendocrine L-cells of the distal part of gastrointestinal tract [ 15]. PYY mostly acts 

through Y2 receptor [16]. Separate studies on Y2 receptor knockout mice and PYY 

knockout mice revealed that PYY is also involved in the regulation of bone metabolism 

[9, 17]. However, there is a necessity to explore the association between PYY and bone 

density in a large population based study. 
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Therefore, the objectives of this project were: 1) To investigate the association between 

circulating fasting ghrelin and insulin resistance adjusting for age, gender, percentage of 

body fat, and HDL- cholesterol in the general population of the Canadian province of 

Newfoundland and Labrador. 2) To examine the effect of fasting circulating ghrelin and 

PYY on bone density in the general population, taking into consideration age, BMI, 

physical activity, smoking, and alcohol consumption as the most important confounding 

factors for bone density. 

In order to address the first objective, 2082 subjects from the Complex Diseases in the 

Newfoundland population: Environment and Genetics (CODING) study were recruited in 

our investigation. Serum ghrelin was measured with the ELISA Kit of Spibio-bertin 

pharma. Serum insulin was measured with the Immulite Immunoassay analyzer. Insulin 

resistance was determined with the homeostasis model assessment of insulin resistance, ~ 

cell function (HOMA-IR, HOMA-~), and quantitative insulin sensitivity check index 

(QUICK!). Dual-energy X-ray absorptiometry (DXA) was used for the body composition 

and bone mineral density measurements. 

Associations between circulating fasting ghrelin and insulin level, as well as insulin 

resistance indices, were evaluated with partial correlation analyses adjusting for age, 

percentage of trunk fat, and HDL-cholesterol. These analyses revealed a negative 

correlation between ghrelin and insulin resistance indices. The negative effect was not 

gender specific. Most importantly, this relationship was independent of major 

confounding factors. 
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To further explore this unique finding, we stratified our female subjects into pre

menopausal and post- menopausal groups to determine whether menopausal status can 

affect this association. Interestingly, ghrelin was negatively correlated with insulin 

resistance only in the pre-menopausal group. These findings suggest that in post

menopausal women other factors such as reduction in sex hormones, increase in body fat, 

decrease in physical activity, and possible use of medications are more important in 

determining insulin resistance. 

To our knowledge, this is the largest general population based study of its kind with the 

most comprehensive control of major confounding factors in the analyses. Our results, 

with a strong statistical power, suggest that ghrelin can attenuate insulin resistance. 

For the second objective, data from 2257 volunteers from the CODING study were used. 

DXA scan was performed for measurement of bone density at the spine, femoral neck, 

and total hip. Stepwise multiple regression analyses adjusting for age, BMI, physical 

activity, smoking, and alcohol consumption were employed to explore the relationship 

between ghrelin and bone mineral density parameters. 

Significant positive associations were revealed between ghrelin level and L2-L4 BMD, 

L2-L4 Z-score, femoral neck BMD, femoral neck Z-score, total hip BMD, and total hip 

Z-score in women. After stratifying the female group to pre-menopausal and post

menopausal, the favorable association was significant for femoral neck and total hip Z

scores in pre-menopausal group, and L2-L4 BMD and Z-score in post-menopausal group. 
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Circulating PYY was not significantly associated with bone density either in entire cohort 

or in men and women separately. 

Our results indicate that ghrelin has beneficial effect on femoral and lumbar spine bone 

mineral densities and Z-scores in females. Additionally, we demonstrated that this 

protective effect is independent of age, body composition, alcohol consumption, physical 

activity, and smoking. 

It is important to identify our limitations in this project. We performed an observational 

study and correlation data collected do not prove causality. In order to get a better 

understanding of the effect of ghrelin on insulin resistance or bone metabolism, 

longitudinal studies or interventional studies of ghrelin administration in diabetic or 

osteoporotic patients are necessary. Another limitation of this project is that there are over 

20 gut hormones, but we selected only ghrelin and PYY. Therefore, future studies on the 

role of other gut hormones and interaction between different hormones are warranted. 

61 



References 

Chapter 1 Introduction 

1. Kojima, M., et a l., Ghrelin is a growth-hormone-releasing acylated peptide from 
stomach. Nature, 1999. 402(6762): p. 656-660. 

2. Kojima, M., H. Hosoda, and K. Kangawa, Chapter Three - Purification of Rat and 
Human Ghrelins, in Methods in Enzymology, K. Masayasu and K. Kenji, Editors. 
2012, Academic Press. p. 45-61. 

3. Kojima, M. and K. Kangawa, Ghrelin: Structure and Function. Physiological 
Reviews, 2005. 85(2): p. 495-522. 

4. Hosoda, H., et al., Structural divergence of human ghrelin: identification of 
multiple ghrelin-derived molecules produced by post-translational processing. 
Journal ofBiological Chemistry, 2003. 278(1 ): p. 64-70. 

5. Van Der Lely, A.J., et al. , Biological, physiological, pathophysiological, and 
pharmacological aspects of ghrelin. Endocrine reviews, 2004. 25(3): p. 426-457. 

6. Date, Y., et al., Ghrelin, a novel growth hormone-releasing acylated peptide, is 
synthesized in a distinct endocrine cell type in the gastrointestinal tracts of rats 
and humans. Endocrinology, 2000. 141(1 1 ): p. 4255-4261. 

7. Hosoda, H., M. Kojima, and K. Kangawa, Ghrelin and the regulation of food 
intake and energy balance. Mol Interv, 2002. 2(8): p. 494-503. 

8. Takeno, R., et al., Intravenous administration of ghrelin stimulates growth 
hormone secretion in vagotomized patients as well as normal subjects. European 
Journal ofEndocrinology, 2004. 151(4): p. 447-450. 

9. Arvat, E., et al., Effects of GHRP-2 and Hexarelin, Two Synthetic GH-Releasing 
Peptides, on GH, Prolactin, ACTH and Cortisol Levels in Man. Comparison with 
the Effects ofGHRH, TRH and hCRH. Peptides, 1997. 18(6): p. 885-891. 

10. Nieman, L.K., Diagnostic tests for Cushing's syndrome. Annals of the New York 
Academy of Sciences, 2002. 970(1): p. 11 2-118. 

11 . Ernst, B., M. Thurnheer, and B. Schultes, Basal serum prolactin levels in obesity-
unrelated to parameters of the metabolic syndrome and unchanged after massive 
weight loss. Obesity Surgery, 2009. 19(8): p. 1159-62. 

62 



12. Bowers, C.Y., Unnatural Growth Hormone-Releasing Peptide Begets Natural 
Ghrelin. Journal of Clinical Endocrinology & Metabolism, 2001. 86(4): p. 1464-
1469. 

13. Shiiya, T., eta!., Plasma ghrelin levels in lean and obese humans and the effect of 
glucose on ghrelin secretion. Journal of Clinical Endocrinology & Metabolism, 
2002. 87(1): p. 240-244. 

14. Tschop, M., et a!., Circulating Ghrelin Levels Are Decreased in Human Obesity. 
Diabetes, 2001. 50(4): p. 707-709. 

15 . Wadden, D., et a!., Serum acylated ghrelin concentrations in response to short
term overfeeding in normal weight, overweight, and obese men. PLoS One, 2012. 
7(9): p. e45748. 

16. Kamegai, J., eta!., Chronic Central Infusion of Ghrelin Increases Hypothalamic 
Neuropeptide Y and Agouti-Related Protein mRNA Levels and Body Weight in 
Rats. Diabetes, 2001. 50(11): p. 2438-2443. 

17. Cerda-Reverter, J.M., et a!., Molecular evolution of the neuropeptide Y (NPY) 
family of peptides: cloning of three NPY-related peptides from the sea bass 
(Dicentrarchus labrax). Regulatory peptides, 2000. 95(1-3): p. 25-34. 

18. Stanley, B.G., eta!., Neuropeptide Y chronically injected into the hypothalamus: 
A powerful neurochemical inducer of hyperphagia and obesity. Peptides, 1986. 
7(6): p. 1189-1192. 

19. Olza, J., eta!., Influence ofvariants in the NPY gene on obesity and metabolic 
syndrome f eatures in Spanish children. Peptides, 2013. 45(0): p. 22-27. 

20. Billington, C.J., eta!., Effects ofintracerebroventricular injection ofneuropeptide 
Yon energy metabolism. American Journal of Physiology- Regulatory Integrative 
and Comparative Physiology, 1991. 260(2 29-2): p. R321-R327. 

21. Marks, D.L., et a!., Ala67Thr polymorphism in the Agouti-related peptide gene is 
associated with inherited leanness in humans. American Journal of Medical 
Genetics Part A, 2004. 126A(3): p. 267-271. 

22. Broberger, C., et al., The neuropeptide Ylagouti gene-related protein (AGRP) 
brain circuitry in normal, anorectic, and monosodium glutamate-treated mice. 
Proceedings ofthe National Academy of Sciences, 1998. 95(25): p. 15043-15048. 

63 



23. Trudel, L., et al., Ghrelin/motilin-related peptide is a potent prokinetic to reverse 
gastric postoperative ileus in rat. American Journal of Physiology -
Gastrointestinal and Liver Physiology, 2002. 282(6): p. G948-G952. 

24. lnui, A., et al., Ghrelin, appetite, and gastric motility: the emerging role of the 
stomach as an endocrine organ. The FASEB Journal, 2004. 18(3): p. 439-456. 

25. Zhang, W ., et al., Inhibition of pancreatic protein secretion by ghrelin in the rat. 
The Journal ofPhysiology, 2001. 537(1): p. 231-236. 

26. Granado, M., et al., Anti-iriflammatory effect of the ghrelin agonist growth 
hormone-releasing peptide-2 (GHRP-2) in arthritic rats. American Journal of 
Physiology- Endocrinology And Metabolism, 2005. 288(3): p. E486-E492. 

27. Dixit, V .D., et al., Ghrelin inhibits leptin-and activation-induced pro inflammatory 
cytokine expression by human monocytes and T cells. Journal of Clinical 
Investigation, 2004. 114(1): p. 57-66. 

28. Holzer, P., F. Reichmann, and A. Farzi, Neuropeptide Y, peptide YY and 
pancreatic polypeptide in the gut-brain axis. Neuropeptides, 2012. 46(6): p. 261-
274. 

29. Ballantyne, G., Peptide YY(l-36) and Peptide YY(3-36): Part II. Changes after 
Gastrointestinal Surgery and Bariatric Surgery: Part I. Distribution, Release and 
Actions appeared in the last issue (May 2006). Obesity Surgery, 2006. 16(6): p. 
795-803. 

30. Michel, M.C., et al., XVI. International Union of Pharmacology 
Recommendations for the Nomenclature of Neuropeptide Y, Peptide IT, and 
Pancreatic Polypeptide Receptors. Pharmacological Reviews, 1998. 50(1 ): p. 143-
150. 

31. Simpson, K., et al., CCK, PYY and PP: The Control of Energy Balance, in 
Appetite Control, H.-G. Joost, Editor. 2012, Springer Berlin Heidelberg. p. 209-
230. 

32. Liddle, R.A. Pancreatic polypeptide, peptide YY, and neuropeptide Y. UpToDate 
online medical text. UpToDate. com 

2013 [cited 2013 June 13]. 

33. Batterham, R.L., et al., Critical role for peptide YY in protein-mediated satiation 
and body-weight regulation. Cell Metab, 2006. 4(3): p. 223-33 . 

64 



34. Batterham, R.L., et al., Gut hormone PYY3-36 physiologically inhibits food intake. 
Nature, 2002. 418(6898): p. 650-654. 

35. Batterham, R.L., et al., Inhibition of food intake in obese subjects by peptide YY3-
36. New England Journal ofMedicine, 2003. 349(10): p. 941-948. 

36. Meigs, J.B., The metabolic syndrome (insulin resistance syndrome or syndrome 
A). UpToDate online medical text. UpToDate. com Accessed, 2009. 8(13): p. 08. 

37. Grundy, S.M., et al., Diagnosis and Management of the Metabolic Syndrome: An 
American Heart Association/National Heart, Lung, and Blood Institute Scientific 
Statement. Circulation, 2005. 112(17): p. 2735-2752. 

38. Alberti, K., P. Zimmet, and J. Shaw, Metabolic syndrome- a new world-wide 
definition. A Consensus Statement from the International Diabetes Federation. 
Diabetic Medicine, 2006. 23(5): p. 469-480. 

39. Wildman, R.P., et al., The obese without cardiometabolic risk factor clustering 
and the normal weight with cardiometabolic risk factor clustering: prevalence 
and correlates of 2 phenotypes among the US population (NHANES 1 999-2004). 
Archives ofinternal Medicine, 2008.168(15): p. 1617. 

40. Reaven, G.M., Role of insulin resistance in human disease (syndrome A): an 
expanded definition. Annu Rev Med, 1993. 44: p. 121-31. 

41. Watson, R.T. and J.E. Pessin, Intracellular organization of insulin signaling and 
GLUT4 translocation. Recent Progress in Hormone Research, 2001. 56(1): p. 175-
194. 

42. Cherrington, A.D. and B. Lecture, Control of glucose uptake and release by the 
liver in vivo. Diabetes-Newyork, 1999. 48: p. 1198-1 214. 

43. Kim, J.-a., et al., Reciprocal relationships between insulin resistance and 
endothelial dysfunction molecular and pathophysiological mechanisms. 
Circulation, 2006. 113(15): p. 1888-1904. 

44. Lann, D. and D. LeRoith, Insulin Resistance as the Underlying Cause for the 
Metabolic Syndrome. Medical Clinics of North America, 2007. 91(6): p. 1063-
1077. 

45. Mayer, E.J., et al., Genetic and environmental influences on insulin levels and the 
insulin resistance syndrome: an analysis of women twins. American journal of 
epidemiology, 1996. 143( 4): p. 323-332. 

65 



46. Hong, Y., et at., Genetic and environmental architecture of the features of the 
insulin-resistance syndrome. American journal of human genetics, 1997. 60(1 ): p. 
143. 

47. Katz, A., et at., Quantitative insulin sensitivity check index: a simple, accurate 
method for assessing insulin sensitivity in humans. Journal of Clinical 
Endocrinology & Metabolism, 2000. 85(7): p. 2402-2410. 

48. DeFronzo, R.A., J.D. Tobin, and R. Andres, Glucose clamp technique: a method 
for quantifying insulin secretion and resistance. American Journal of Physiology
Endocrinology And Metabolism, 1979. 237(3): p. E214-23. 

49. Matthews, D., et at., Homeostasis model assessment: insulin resistance and {3-cell 
function from fasting plasma glucose and insulin concentrations in man. 
Diabetologia, 1985. 28(7): p. 412-419. 

50. Uwaifo, G.l., et at., Indices of insulin action, disposal, and secretion derived from 
fasting samples and clamps in normal glucose-tolerant black and white children. 
Diabetes Care, 2002. 25(11): p. 2081-2087. 

51. Broglio, F., et at., Ghrelin, a natural GH secretagogue produced by the stomach, 
induces hyperglycemia and reduces insulin secretion in humans. Journal of 
Clinical Endocrinology & Metabolism, 2001. 86(10): p. 5083-5083. 

52. Tong, J., et at., Ghrelin suppresses glucose-stimulated insulin secretion and 
deteriorates glucose tolerance in healthy humans. Diabetes, 2010. 59(9): p. 2145-
2151. 

53. Vestergaard, E.T., et at., Ghrelin infusion in humans induces acute insulin 
resistance and lipolysis independent of growth hormone signaling. Diabetes, 
2008. 57(12): p. 3205-3210. 

54. Qader, S.S., et at., Ghrelin activates neuronal constitutive nitric oxide synthase in 
pancreatic islet cells while inhibiting insulin release and stimulating glucagon 
release. Regulatory peptides, 2005. 128( 1 ): p. 51-56. 

55. Qi, Y., et at., Characterization of the insulin sensitivity of ghrelin receptor KO 
mice using glycemic clamps. BMC physiology, 2011. 11(1): p. 1. 

56. Fagerberg, B., L.M. Hulten, and J. Hulthe, Plasma ghrelin, body fat, insulin 
resistance, and smoking in clinically healthy men: the atherosclerosis and insulin 
resistance study. Metabolism: clinical and experimental, 2003. 52(1 1): p. 1460. 

66 



57. Vartiainen, J., et al., Serum ghrelin and the prediction of the development of 
impaired glucose regulation and Type 2 diabetes in middle-aged subjects. Journal 
of endocrinological investigation, 2010. 33(7): p. 496. 

58. Uzum, A.K., et al., Serum ghrelin and adiponectin levels are increased but serum 
leptin level is unchanged in low weight COPD patients. European Journal of 
Internal Medicine, (0). 

59. Nieuwenhuizen, A.G., et al., Mechanisms underlying the insulinostatic effect of 
peptide YY in mouse pancreatic islets. Diabetologia, 1994. 37(9): p. 871-878. 

60. Boey, D., et al., Peptide YY ablation in mice leads to the development of 
hyperinsulinaemia and obesity. Diabetologia, 2006. 49(6): p. 1360-1370. 

61. Kirchner, H., et al., Ghrelin and PYY in the regulation of energy balance and 
metabolism: lessons from mouse mutants. American Journal of Physiology -
Endocrinology And Metabolism, 2010. 298(5): p. E909-E919. 

62. Vrang, N., et al. , PYY(J-36) reduces food intake and body weight and improves 
insulin sensitivity in rodent models of diet-induced obesity. American Journal of 
Physiology - Regulatory, Integrative and Comparative Physiology, 2006. 291(2): 
p. R367-R375. 

63. Kanis, J., Assessment of fracture risk and its application to screening for 
postmenopausal osteoporosis: synopsis of a WHO report. Osteoporosis 
International, 1994. 4(6): p. 368-381. 

64. Health, U.D.o. and H. Services, Bone health and osteoporosis: A report of the 
Surgeon General. 2004, US Department of Health and Human Services, Office of 
the Surgeon General Rockville, Md: . 

65 . Osteoporosis Facts & Statistics. Osteoporosis Canada April24, 2013] ; Available 
from: http://www.osteoporosis.ca/osteoporosis-and-you/osteoporosis-facts-and-
statist ics/. 

66. Tarride, J.E., et al., The burden of illness of osteoporosis in Canada. Osteoporosis 
International, 2012. 23(11 ): p. 2591-2600. 

67. Papaioannou, A., et al., The osteoporosis care gap in Canada. BMC 
musculoskeletal disorders, 2004. 5(1 ): p. 11. 

68. Lash, R.W., et al., Diagnosis and management of osteoporosis. Primary Care: 
Clinics in Office Practice, 2009. 36(1): p. 181-198. 

67 



69. Richmond, B., DXA scanning to diagnose osteoporosis: Do you know what the 
results mean? Cleveland Clinic journal of medicine, 2003. 70(4): p. 353-360. 

70. Riggs, B.L., S. Khosla, and L.J. Melton, Sex Steroids and the Construction and 
Conservation of the Adult Skeleton. Endocrine reviews, 2002. 23(3): p. 279-302. 

71. Liu, J., et al., Relationships beffi•een the changes of serum levels of OPG and 
RANKL with age, menopause, bone biochemical markers and bone mineral 
density in Chinese women aged 20-75. Calcified Tissue International, 2005. 76(1): 
p. 1-6. 

72. Giner, M., et al., RANKL/OPG in primary cultures of osteoblasts from post
menopausal women. Differences between osteoporotic hip fractures and 
osteoarthritis. The Journal of steroid biochemistry and molecular biology, 2009. 
113(1 ): p. 46-51. 

73 . Inoue, K., et al., Metabolic bone disease following gastrectomy: Assessment by 
dual energyX-rayabsorptiometry. British Journal ofSurgery, 1992. 79(4): p. 321 -
324. 

74. Goldman, L. and A .I. Schafer, Goldman's Cecil Medicine. 2011: Saunders. 

75. Fukush ima, N., et al., Ghrelin directly regulates bone formation. Journal of Bone 
and Mineral Research, 2005. 20(5): p. 790-798. 

76. Coates, P.S., et al., Gastric Bypass Surgery for Morbid Obesity Leads to an 
Increase in Bone Turnover and a Decrease in Bone Mass. Journal of Clinical 
Endocrinology & Metabolism, 2004. 89(3): p. 1061-1065. 

77. Gonnelli, S., et al., The Relationship of Ghrelin and Adiponectin with Bone 
Mineral Density and Bone Turnover Markers in Elderly Men. Calcified Tissue 
International, 2008. 83(1): p. 55-60. 

78. Oh, K.W., et al., The relationship between serum resistin, leptin, adiponectin, 
ghrelin levels and bone mineral density in middle-aged men. Clinical 
Endocrinology, 2005. 63(2): p. 131-138. 

79. Makovey, J., et al., Gender differences in plasma ghrelin and its relations to body 
composition and bone- an opposite-sex twin study. Clinical Endocrinology, 2007. 
66(4): p. 530-537. 

80. Weiss, L.A., C. Langenberg, and E. Barrett-Connor, Ghrelin and Bone: Is There 
an Association in Older Adults?: The Rancho Bernardo Study. Journal of Bone 
and Mineral Research, 2006. 21(5): p. 752-757. 

68 



81. Baldock, P.A., et al., Hypothalamic Y2 receptors regulate bone formation. Journal 
ofClinical Investigation, 2002. 109(7): p. 915-921. 

82. Wortley, K.E., et al., Peptide YY regulates bone turnover in rodents. 
Gastroenterology, 2007. 133(5): p. 1534-1543. 

83. Russell, M., et al., Peptide YY in adolescent athletes with amenorrhea, 
eumenorrheic athletes and non-athletic controls. Bone, 2009. 45(1 ): p. 104. 

84. Utz, A.L., et al., Peptide YY (PYY) levels and bone mineral density (BMD) in 
women with anorexia nervosa. Bone, 2008. 43(1): p. 135-139. 

69 



Chapter 2 

Serum acylated ghrelin is negatively correlated with the insulin resistance in the 

CODING study 

I. IDF. The global burden. 2011 [cited 2012 20 April]; 5:(Available from: 
http://www.idf.org/diabetesatlas/5e/the-global-burden. 

2. Horikawa, Y., et at., Genetic variation in the gene encoding calpain-10 is 
associated with type 2 diabetes mellitus. Nat Genet, 2000. 26(2): p. 163-175. 

3. Schofield, C.J. and C. Sutherland, Disordered insulin secretion in the development 
of insulin resistance and Type 2 diabetes. Diabet Med, 2012. 

4. Karra, E. and R.L. Batterham, The role of gut hormones in the regulation of body 
weight and energy homeostasis. Molecular and Cellular Endocrinology, 2010. 
316(2): p. 120-128. 

5. Cardona Cano, S., et at., Role of Ghrelin in the Pathophysiology of Eating 
Disorders: Implications for Pharmacotherapy. CNS Drugs, 2012. 26(4) : p. 281 -
296 10.2165/11599890-000000000-00000. 

6. Laferrere, B., Diabetes remission after bariatric surgery: is it just the 
incretins[quest}. Int JObes, 2011. 35(S3): p. S22-S25. 

7. Ariyasu, H., et at., Stomach is a major source of circulating ghrelin, and feeding 
state determines plasma ghrelin-/ike immunoreactivity levels in humans. Journal 
of Clinical Endocrinology & Metabolism, 2001. 86(10): p. 4753-4758. 

8. Bennett, N.R., et at., Impact of adiponectin and ghrelin on incident glucose 
intolerance and on weight change. Clinical Endocrinology, 2009. 70(3): p. 408-
414. 

9. Longo, K.A., et al., Pharmacologic Inhibition of Ghrelin Receptor Signaling Is 
Insulin Sparing and Promotes Insulin Sensitivity. Journal of Pharmacology and 
Experimental Therapeutics, 2011. 339(1): p. 11 5-124. 

10. Wells, T., Ghrelin - Defender of fat. Progress in Lipid Research, 2009. 48(5): p. 
257-274. 

70 



11. Andrews, Z.B., et al., UCP2 mediates ghrelin/ 's action on NPY/AgRP neurons by 
loweringfree radicals. Nature, 2008. 454(7206): p. 846-851 . 

12. Broglio, F., et al., Ghrelin, a Natural GH Secretagogue Produced by the Stomach, 
Induces Hyperglycemia and Reduces Insulin Secretion in Humans. Journal of 
Clinical Endocrinology & Metabolism, 2001. 86(10): p. 5083. 

13. Sun, Y., M. Asnicar, and R.G. Smith, Central and peripheral roles of ghrelin on 
glucose homeostasis. Neuroendocrinology, 2007. 86(3): p. 215-228. 

14. Qader, S.S., et al., Ghrelin activates neuronal constitutive nitric oxide synthase in 
pancreatic islet cells while inhibiting insulin release and stimulating glucagon 
release. Regulatory Peptides, 2005. 128(1 ): p. 51-56. 

15. Tong, J ., et al., Ghrelin Suppresses Glucose-Stimulated Insulin Secretion and 
Deteriorates Glucose Tolerance in Healthy Humans. Diabetes, 2010. 59(9): p. 
2145-2151. 

16. Vestergaard, E.T., et al. , Ghrelin Infusion in Humans Induces Acute Insulin 
Resistance and Lipolysis Independent of Growth Hormone Signaling. Diabetes, 
2008. 57(12): p. 3205-3210. 

17. P6ykk6, S.M., eta!., Low Plasma Ghrelin Is Associated With Insulin Resistance, 
Hypertension, and the Prevalence ofType 2 Diabetes. Diabetes, 2003. 52(10): p. 
2546-2553. 

18. Ozgen, LT., et al., Characteristics of Polycystic Ovarian Syndrome and 
Relationship with Ghrelin in Adolescents. Journal of Pediatric and Adolescent 
Gynecology, 2010. 23(5): p. 285-289. 

19. Fagerberg, B., L.M. Hulten, and J. Hulthe, Plasma ghrelin, body fat, insulin 
resistance, and smoking in clinically healthy men: the atherosclerosis and insulin 
resistance study. Metabolism, 2003. 52(11): p. 1460-1463. 

20. Vartiainen, J., et al., Serum ghrelin and the prediction of the development of 
impaired glucose regulation and Type 2 diabetes in middle-aged subjects. J 
Endocrinollnvest, 2010. 33(7): p. 496-500. 

21. Shea, J.L., E.W. Randell, and G. Sun, The Prevalence of Metabolically Healthy 
Obese Subjects Defined by BMI and Dual-Energy X-Ray Absorptiometry. Obesity, 
2011. 19(3): p. 624-630. 

71 



22. Matthews, D.R., et al., Homeostasis model assessment: insulin resistance and 
beta-cell function from fasting plasma glucose and insulin concentrations in man. 
Diabetologia, 1985. 28(7): p. 412-9. 

23. Uwaifo, G.l., et al., Indices of insulin action, disposal, and secretion derived from 
fasting samples and clamps in normal glucose-tolerant black and white children. 
Diabetes Care, 2002. 25(11): p. 2081-2087. 

24. Katz, A., et al., Quantitative Insulin Sensitivity Check Index: A Simple, Accurate 
Method for Assessing Insulin Sensitivity In Humans. Journal of Clinical 
Endocrinology & Metabolism, 2000. 85(7): p. 2402-2410. 

25. WHO. Definition and dignosis of diabetes mellitus and intermediate 
hyperglycemia. 2006 [cited 2012 may 31]; Available from: 
http:/ /whq libdoc. who.int/publications/2006/9241594934 _eng. pdf 

26. Barazzoni, R., et al., Relationships between Desacylated and Acylated Ghrelin 
and Insulin Sensitivity in the Metabolic Syndrome. Journal of Clinical 
Endocrinology & Metabolism, 2007. 92(1 0): p. 3935-3940. 

27. Dezaki, K., M. Kakei, and T. Yada, Ghrelin Uses Go.i2 and Activates Voltage
Dependent K + Channels to Attenuate Glucose-Induced Ca2+ Signaling and 
Insulin Release in Islet /3-Cells. Diabetes, 2007. 56(9): p. 2319-2327. 

28. Chacko, S.K., et al., Effect of ghrelin on glucose regulation in mice. American 
Journal of Physiology- Endocrinology And Metabolism, 2012. 

29. Gnanapavan, S., et al., The Tissue Distribution of the mRNA of Ghrelin and 
Subtypes of Its Receptor, GHS-R, in Humans. Journal of Clinical Endocrinology & 
Metabolism, 2002. 87(6): p. 2988. 

30. Damjanovic, S.S., et al., Acute Effects of Ghrelin on Insulin Secretion and 
Glucose Disposal Rate in Gastrectomized Patients. Journal of Clinical 
Endocrinology & Metabolism, 2006. 91(7): p. 2574-2581. 

31. Tschop, M., D.L. Smiley, and M.L. Heiman, Ghrelin induces adiposity in rodents. 
Nature, 2000. 407(6806): p. 908-913. 

32. Tschop, M., et al., Circulating Ghrelin Levels Are Decreased in Human Obesity. 
Diabetes, 2001. 50(4): p. 707-709. 

33. Paik, K., et al., Correlation between Fasting Plasma Ghrelin Levels and Age, 
Body Mass Index (BMI), BMI Percentiles, and 24-Hour Plasma Ghrelin Profiles 

72 



in Prader-Willi Syndrome. Journal of Clinical Endocrinology & Metabolism, 
2004. 89(8): p. 3885-3889. 

34. Toshinai, K. and M. Nakazato, [Hormone replacement Up-to-date. Ghrelin, 
growth hormone and somatopause}. Clin Calcium, 2007. 17(9): p. 1392-9. 

35. Cummings, D.E., et al., A Preprandial Rise in Plasma Ghrelin Levels Suggests a 
Role in Meal Initiation in Humans. Diabetes, 2001. 50(8): p. 1714-1719. 

36. Kalish, G.M., et al., Association of Endogenous Sex Hormones and Insulin 
Resistance among Postmenopausal Women: Results from the Postmenopausal 
Estrogen/Progestin Intervention Trial. Journal of Clinical Endocrinology & 
Metabolism, 2003. 88(4): p. 1646-1652. 

37. Carr, M.C., The emergence of the metabolic syndrome with menopause. Journal of 
Clinical Endocrinology & Metabolism, 2003. 88(6): p. 2404-2411. 

38. Manson, J.E., et al., Physical activity and incidence of non-insulin-dependent 
diabetes mellitus in women. The Lancet, 1991. 338(8770): p. 774-778. 

39. Purnell, J.Q., et al., Ghrelin Levels Correlate with Insulin Levels, Insulin 
Resistance, and High-Density Lipoprotein Cholesterol, But Not with Gender, 
Menopausal Status, or Cortisol Levels in Humans. Journal of Clinical 
Endocrinology & Metabolism, 2003. 88(12): p. 5747-5752. 

40. Soni, A.C., et al., Ghrelin, leptin, adiponectin, and insulin levels and concurrent 
and future weight change in overweight, postmenopausal women. Menopause, 
2011. 18(3): p. 296-301. 

41 . Beaumont, N.J., et al., Ghrelin Can Bind to a Species of High Density Lipoprotein 
Associated with Paraoxonase. Journal of Biological Chemistry, 2003. 278(11): p. 
8877-8880. 

73 



Chapter 3 

Beneficial association of serum ghrelin and peptide YY with bone mineral density in 

the Newfoundland population 

I. Richy, F. and L. Chant, Osteoporosis in the Workplace: The social, economic and 
human costs of osteoporosis on employees, employers and governments. 2002: 
International Osteoporosis Foundation (IOF). 

2. Khosla, S., L.J. Melton, and B.L. Riggs, The unitary mode/for estrogen deficiency 
and the pathogenesis of osteoporosis: Is a revision needed? Journal of Bone and 
Mineral Research, 2011. 26(3): p. 441-451. 

3. Bonnick, S.L., Bone densitometry in clinical practice: application and 
interpretation. 2009: Springer. 

4. Kojima, M. and K. Kangawa, Ghrelin: Structure and Function. Physiological 
Reviews, 2005. 85(2): p. 495-522. 

5. Hazelwood, R.L. The pancreatic polypeptide (PP-fold) family: gastrointestinal, 
vascular, and feeding behavioral implications. in Proceedings of the Society for 
Experimental Biology and Medicine. Society for Experimental Biology and 
Medicine (New York, NY). 1993: Royal Society of Medicine. 

6. Batterham, R.L., et al., Inhibition of food intake in obese subjects by peptide YY3-
36. New England Journal ofMedicine, 2003. 349(10): p. 941-948. 

7. Kim, S.W., et al., Ghrelin stimulates proliferation and differentiation and inhibits 
apoptosis in osteoblastic MC3T3-El cells. Bone, 2005. 37(3): p. 359-369. 

8. Maccarinelli, G., et al., Ghrelin regulates proliferation and differentiation of 
osteoblastic cells. Journal of Endocrinology, 2005 . 184(1): p. 249-256. 

9. Fukushima, N ., et al. , Ghrelin directly regulates bone formation. J Bone Miner 
Res, 2005. 20(5): p. 790-8. 

10. Gonnelli, S ., et al., The relationship of ghrelin and adiponectin with bone mineral 
density and bone turnover markers in elderly men. Calc if Tissue Int, 2008. 83(1 ): 
p. 55-60. 

74 



11. Coates, P.S., et al., Gastric Bypass Surgery for Morbid Obesity Leads to an 
Increase in Bone Turnover and a Decrease in Bone Mass. Journal of Clinical 
Endocrinology & Metabolism, 2004. 89(3): p. 1061-1065. 

12. Oh, K.W., et al., The relationship between serum resistin, leptin, adiponectin, 
ghrelin levels and bone mineral density in middle-aged men. Clin Endocrinol 
(Oxf), 2005. 63(2): p. 131 -8. 

13. Makovey, J., et al., Gender differences in plasma ghrelin and its relations to body 
composition and bone - an opposite-sex twin study. Clin Endocrinol (Oxf), 2007. 
66(4): p. 530-7. 

14. Weiss, L.A., C. Langenberg, and E. Barrett-Connor, Ghrelin and bone: is there an 
association in older adults?: the Rancho Bernardo study. J Bone Miner Res, 
2006. 21(5): p. 752-7. 

15. Baldock, P.A., et al., Hypothalamic Y2 receptors regulate bone formation. Journal 
ofClinicallnvestigation, 2002. 109(7): p. 915-922. 

16. Wortley, K.E., et al., Peptide YY regulates bone turnover in rodents. 
Gastroenterology, 2007. 133(5): p. 1534-1543. 

17. Misra, M., et al. , Elevated Peptide YY Levels in Adolescent Girls with Anorexia 
Nervosa. Journal of Clinical Endocrinology & Metabolism, 2006. 91(3): p. 1027-
1033. 

18. Stock, S., et al., Ghrelin, Peptide YY, Glucose-Dependent Insulinotropic 
Polypeptide, and Hunger Responses to a Mixed Meal in Anorexic, Obese, and 
Control Female Adolescents. Journal of Clinical Endocrinology & Metabolism, 
2005. 90(4): p. 2 161-2168. 

19. Misra, M., Bone density in the adolescent athlete. Rev Endocr Metab Disord, 
2008. 9(2): p. 139-44. 

20. Russell, M., et al., Peptide YY in adolescent athletes with amenorrhea, 
eumenorrheic athletes and non-athletic controls. Bone, 2009. 45(1): p. 104-9. 

21. Kanis, J., Assessment of fracture risk and its application to screening for 
postmenopausal osteoporosis: synopsis of a WHO report. Osteoporosis 
International, 1994. 4(6): p. 368-381 . 

22. Baecke, J.A., J . Burema, and J.E. Frijters, A short questionnaire for the 
measurement of habitual physical activity in epidemiological studies. The 
American Journal of Clinical Nutrition, 1982. 36(5): p. 936-42. 

75 



23. Cahill, F., et al., Serum peptide YY in response to short-term overfeeding in young 
men. The American Journal of Clinical Nutrition, 2011. 93(4): p. 741-747. 

24. Dornonville de Ia Cour, C., et al., Ghrelin treatment reverses the reduction in 
weight gain and body fat in gastrectomised mice. Gut, 2005. 54(7): p. 907- 13. 

25. Delhanty, P.J.D., et al., Ghrelin and unacylated ghrelin stimulate human 
osteoblast growth via mitogen-activated protein kinase (MAPK)/phosphoinositide 
3-kinase (PI3K) pathways in the absence ofGHS-Rla. Journal of Endocrinology, 
2006. 188(1): p. 37-47. 

26. van der Velde, M., et al., An age-dependent interaction with leptin unmasks 
ghrelin's bone-protective effects. Endocrinology, 2012. 153(8): p. 3593-3602. 

27. Sun, Y., S. Ahmed, and R.G. Smith, Deletion of ghrelin impairs neither growth 
nor appetite. Molecular and cellular biology, 2003. 23(22): p. 7973-7981. 

28. Adams, K., P. O'Shea, and K.L. O'Shea, Aging: its effects on strength, power, 
flexibility, and bone density. Strength & Conditioning Journal, 1999. 21(2): p. 65 . 

29. Whalen, R.T., D.R. Carter, and C.R. Steele, Influence of physical activity on the 
regulation of bone density. Journal ofBiomechanics, 1988. 21(10): p. 825-837. 

30. Wishart, J .M., et al., Effect of age on bone density and bone turnover in men. 
Clinical Endocrinology, 1995. 42(2): p. 141-146. 

31. Baron, C., Using the gradient of human cortical bone properties to determine age
related bone changes via ultrasonic guided waves. Ultrasound Med Bioi, 2012. 
38(6): p. 972-81. 

32. Camhi, S.M. and P.T. Katzmarzyk, Total and f emoral neck bone mineral density 
and physical activity in a sample of men and women. Appl Physiol Nutr Metab, 
2012.37(5): p.947-54. 

33. Sampson, H. W., Alcohol's harmful effects on bone. Alcohol Health and Research 
World, 1998.22: p. 190-194. 

34. Nouh, 0., M.M. Abd Elfattah, and A.A. Hassouna, Association between ghrelin 
levels and BMD: a cross sectional trial. Gynecol Endocrinol, 201 2. 28(7): p. 570-
2. 

35. Purnell, J.Q., et al. , Ghrelin Levels Correlate with Insulin Levels, Insulin 
Resistance, and High-Density Lipoprotein Cholesterol, But Not with Gender, 
Menopausal Status, or Cortisol Levels in Humans. Journal of Clinical 
Endocrinology & Metabolism, 2003. 88(1 2): p. 5747-5752. 

76 



36. Utz, A.L., et al., Peptide YY (PYY) levels and bone mineral density (BMD) in 
women with anorexia nervosa. Bone, 2008. 43(1): p. 135-9. 

37. Bachrach, L.K., et al., Decreased Bone Density in Adolescent Girls With Anorexia 
Nervosa. Pediatrics, 1990. 86(3): p. 440-447. 

77 



Chapter4 

Summary 

1. Strom, 0., et al., Osteoporosis: burden, health care provision and opportunities in 
the EU: a report prepared in collaboration with the International Osteoporosis 
Foundation (!OF) and the European Federation of Pharmaceutical Industry 
Associations (EFPIA). Arch Osteoporos, 2011. 6(1-2): p. 59-155. 

2. Boyle, J.P., et al., Projection of Diabetes Burden Through 2050 Impact of 
changing demography and disease prevalence in the US. Diabetes Care, 2001. 
24(11): p. 1936-1940. 

3. Stern, M.P., et al., Genetic and environmental determinants of type II diabetes in 
Mexico City and San Antonio. Diabetes, 1992. 41( 4): p. 484-492. 

4. Hamman, R.F ., Genetic and environmental determinants of non -insulin -dependent 
diabetes mellitus (NIDDM). Diabetes/metabolism reviews, 1992. 8(4): p. 287-338. 

5. Kelly, P., J. Eisman, and P. Sambrook, Interaction of genetic and environmental 
influences on peak bone density. Osteoporosis International, 1990. 1(1 ): p. 56-60. 

6. Qader, S.S., et al., Ghrelin activates neuronal constitutive nitric oxide synthase in 
pancreatic islet cells while inhibiting insulin release and stimulating glucagon 
release. Regulatory peptides, 2005. 128(1): p. 51-56. 

7. Kim, S.W., et al., Ghrelin stimulates proliferation and differentiation and inhibits 
apoptosis in osteoblastic MC3T3-El cells. Bone, 2005. 37(3): p. 359-369. 

8. Fukushima, N., et al., Ghrelin directly regulates bone formation. Journal of Bone 
and Mineral Research, 2005. 20(5): p. 790-798. 

9. Baldock, P.A., et al., Hypothalamic Y2 receptors regulate bone formation. Journal 
ofCiinical Investigation, 2002. 109(7): p. 915-921. 

10. Hosoda, H., M. Kojima, and K. Kangawa, Ghrelin and the regulation of food 
intake and energy balance. Mol Interv, 2002. 2(8): p. 494-503. 

11. Fagerberg, B., L.M. Hulten, and J. Hulthe, Plasma ghrelin, body fat, insulin 
resistance, and smoking in clinically healthy men: the atherosclerosis and insulin 
resistance study. Metabolism: clinical and experimental, 2003. 52(11): p. 1460. 

78 



12. Ozgen, 1., et a!., Characteristics of polycystic ovarian syndrome and relationship 
with ghrelin in adolescents. Journal of pediatric and adolescent gynecology, 2010. 
23(5): p. 285-289. 

13. Gonnelli, S., et a!., The Relationship of Ghrelin and Adiponectin with Bone 
Mineral Density and Bone Turnover Markers in Elderly Men. Calcified Tissue 
International, 2008. 83(1): p. 55-60. 

14. Oh, K .W., et a!., The relationship between serum resistin, leptin, adiponectin, 
ghrelin levels and bone mineral density in middle-aged men. Clinical 
Endocrinology, 2005. 63(2): p. 131 -138. 

15. Batterham, R .L., eta!., Inhibition of food intake in obese subjects by peptide YY3-
36. New England Journal of Medicine, 2003 . 349( 1 0): p. 941 -948. 

16. Konturek, S., et a!., Brain-gut axis and its role in the control of food intake. 
Journal of physiology and pharmacology, 2004. 55(2): p. 137-154. 

17. Wortley, K.E., et a!., Peptide YY regulates bone turnover in rodents. 
Gastroenterology, 2007. 133(5): p. 1534-1543. 

79 










