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Abstract

Introduction: Ghrelin and glucagon-like peptide-1 (GLP-1) are peripherally secreted
hormones from the gut. GLP-1 is secreted from the distal gastrointestinal tract in
response to a meal and is involved in the insulin response and energy homeostasis.
Ghrelin is secreted mainly from the fundus of the stomach and has been shown to
increase appetite. Although both hormones have been linked to the development of
obesity and diabetes, data is lacking as to how GLP-1 and ghrelin respond to a positive
energy challenge (PEC) and whether the response differs according to obesity status.
Thus the present study was designed to investigate the response of these functionally-
related gut hormones to a period of energy surplus (overfeeding).

Methods: A total range of 68-72 young men (68 in the ghrelin study, 72 for GLP-1)
were overfed 70% more calories than baseline requirements for 7 days. Fasting blood
samples, anthropometric measures and body composition utilizing dual-energy X-ray
absorptiometry (DXA) were taken pre- and post- overfeeding. Biochemical markers
measured included glucose, insulin, cholesterol, HDL-C, LDL-C, and triglycerols. Serum
total GLP-1 and acylated ghrelin were measured using enzyme-linked immunosorbent
assays (ELISA) and enzyme immune assays (EIA), respectively.

Results: As expected, serum GLP-1 increased in response to the energy surplus, however
unexpectingly, circulating acylated ghrelin also increased. The increase in both GLP-1
and ghrelin were independent of adiposity status. At baseline, there was no difference in
fasting GLP-1 and ghrelin between the normal weight, overweight, and obese groups. In

the overweight/obese cohort, baseline GLP-1 concentration was negatively associated
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with HDL-cholesterol and positively associated with triacylglycerols and markers of
insulin resistance. Also in the overweight/obese subjects, a negative relationship was
present between baseline GLP-1 concentration and change in percent gynoid fat. Baseline
acylated ghrelin was inversely correlated with weight and BMI in the normal weight
group and inversely correlated with BMI in the overweight group. Additionally, baseline
acylated ghrelin was negatively associated with change in weight and BMI in the
overweight group and positively associated with the same variables in the obese group.
Percentage change in GLP-1 was positively associated with percentage change in
triacylglycerols in both the normal weight and overweight/obese groups. Percent change
in GLP-1 was negatively correlated with percent change in gynoid fat in the normal
weight group and positively correlated with percent change in cholesterol in the

overweight/obese group.

Conclusion: Serum GLP-1 and ghrelin increased in response to a 7-day overfeeding
period in young Newfoundland men, regardless of obesity status. Our results suggest a
protective role for GLP-1, increasing to counteract the energy surplus. We also suggest

that the increase in ghrelin is attempting to offset the rise in insulin resistance.
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CHAPTER 1: INTRODUCTION
INTRODUCTION TO OBESITY
Prevalence and health consequences

The World Health Organization (WHO) estimates that more than 200 million men
and 300 million women are obese, globally [1]. Additionally, the organization has
predicted that by 2015, approximately 2.3 billion and 700 million adults will be classified
as overweight and obese, respectively [1]. Not only is the current obesity epidemic
present in adult populations, but childhood rates of obesity have drastically increased [2].
Once thought to be a problem of only developed nations, obesity has now become
prevalent in developing nations [3]. This is evident as about 65% of the global population
reside in countries in which carrying excess body fat results in greater mortality than
being underweight [1]. Obesity, or the excessive accumulation of adipose (fat) tissue, is a
major health concern as it is associated with a number of health complications including
type-1I diabetes, hypertension, cardiovascular diseases, and certain forms of cancer [4].
This is of great interest to Newfoundland and Labrador as the province has one of the
highest rates of obesity in Canada [S]. Moreover, diabetes places immense stress on the
health care system. The Canadian Diabetes Association has projected that by 2020, more
than 15% of Newfoundlanders and Labradoreans will be classified as diabetic with an
estimated health care cost exceeding $360 million dollars, annually [6].

Currently, there are many methods to define obesity status; in other words,
classifying an individual as underweight, normal weight, overweight or obese. The most
widely used method to determine obesity status has been utilizing body mass index

(BMI): dividing a person’s weight in kilograms by the square of his/her height in metres



(kg/m?). According to the WHO, a BMI of 25 kg/m? or greater is classified as overweight,
while a BMI of 30 kg/m? or greater is classified as obese. BMI has been criticized for
inaccurately representing body composition but many large population based studies use
the method for its simplicity [7]. Additionally waist circumference measurements and the
ratio of waist to hip circumferences have been utilized to estimate central adiposity. Skin
fold measures using caliper [8], bioelectrical impedance analysis (BIA) [9] and air
displacement plethysmography (ADP) [10] have also been used to estimate body fat. The
gold standard for quantifying body fat was originally hydrodensitometry (underwater
weighing) [11] but now greater precision and simplicity is found using dual-energy X-ray
absorptiometry (DXA) [12]. DXA works on the principle that adipose tissue is less dense
than muscle (and bone) and can differentiate between the three tissues based on the
different densities. Still more accurate measures are evident when using MRIs [13] and
CT scans [14], but due to the expensive operative costs, these are not usually employed in
large-scale studies.
Aetiology

Recently, the American Association of Clinical Endocrinologists (AACE) has
declared obesity as a disease [15]. In general, obesity results from a chronic positive
caloric balance: energy intake (caloric intake) is greater than energy expenditure (basal
metabolic rate, thermic effect of food/adaptive thermogenesis, and physical activity) [16].
The easy accessibility/overconsumption of calorically dense foods and the lower physical
activity requirements contribute to the chronic energy imbalance. However, obesity is a
multifaceted condition and thus, factors including genetic predisposition and the

environment do influence one’s susceptibility to gain weight (or lose weight). Various



environmental cues including the weather, culture, industry marketing, portion size, price
of food and potential food addictions have been thought to have a role in the increasing
prevalence of obesity [17]. Currently, walkability scores of communities have been
calculated, and used to assess relationships with obesity [18, 19]. However, strong
evidence that environmental factors have an influence on body weight and adiposity are
found in populations which have a common genetic background but due to a changing
environment, weight gain has ensued. For example, Pima Indians who reside in the
United States carry 25 kg more body weight as compared to Pima Indians residing in
Mexico [20].

Moreover, genetics factors are theorized to play a pertinent role in obesity as
variants in many candidate genes have been associated with human obesity, and rare
monogenic forms of obesity have also been observed [21, 22]. Twin studies have
estimated the heritability (how much is genetics playing a role in differences of a given
trait) of obesity ranges from 64-84% (based on BMI) [23-25]. Interestingly, studies have
found strong relationships between individuals who were adopted and their biological
parents [23]. Various linkage studies have found evidence for quantitative trait loci (QTL)
affecting obesity-related traits [26, 27]. Additionally, several polymorphisms have been
found in association studies to be linked with obesity-phenotypes [28, 29]. For example,
FTO (fat mass and obesity-associated gene) was found to be associated with obesity in
both a genome-wide association study (GWAS) and a genetic association study [30, 31].
Interestingly, a polymorphism in the MC4R receptor gene (V103I) has been associated
with protection against weight gain and obesity [32]. Many monogenic obesity syndromes

exist with mental retardation and/or the developmental anomalies including Prader-Willi



Syndrome [33, 34], Bardet-Biedl Syndrome [35, 36], and TRKB deficiency [37]. As well,
monogenic forms of obesity have been observed without the presence of the stated
developmental issues. Congenital leptin deficiency (ob/ob mice) [38], leptin receptor
deficiency (db/db mice) [39, 40], POMC deficiency [41] and melanocortin 4 receptor
deficiency are all examples of rare monogenic forms of obesity [42, 43].

It must be noted however, that physiological mediators of the endocrine system
(hormones) influence energy equilibria and thus, obesity status [44]. Various hormones
play an important role in energy homeostasis, appetite regulation, adipose distribution and
therefore, human obesity and related health complications. Hormones secreted into the
circulation from peripheral tissues interact with complex metabolic pathways including
regulation in the central (CNS) [45]. For example, the adipokine leptin, is secreted in
proportion to fat mass and inhibits food intake [46]. The ob/ob mouse model, first
discovered in the 1950s, lacks the ability to code for the functional leptin protein, and
thus ob/ob mice become severely obese [38, 47]. Furthermore, hormones secreted from
endocrine cells of the gastrointestinal (GI) tract also play a role in energy homeostasis
[48, 49]. Peripheral secreted signals from the GI tract are referred to as gut hormones, and
have a wide range of functions including: decreasing (or increasing) appetite, modulation
of glucose and lipid metabolism or insulin sensitivity, and GI motility. The hormones are
secreted into circulation from specific locations through the GI tract (i.e. stomach,
duodenum) and bind to receptors in various tissues and as mentioned, the CNS [48, 49].
Ghrelin, glucagon-like peptide-1 (GLP-1), peptide YY (PYY), pancreatic polypeptide
(PP), cholecystokinin (CCK), and amylin are all examples of hormones released into the

blood from the gut. In all there are over 20 gut hormones present in humans. However,



the remainder of this thesis manuscript will focus on the gut hormones ghrelin and GLP-

1.

INTRODUCTION TO GHRELIN

Ghrelin is 28-amino acid peptide secreted mainly from the endocrine cells (X/A-
like cells) of the fundus (stomach) but is also found in the central nervous system (CNS)
[50-52]. It was discovered in 1999, and is the only endogenous ligand of the growth
hormone secretagogue receptor (GHS-R) [53]. The ghrelin gene (GHRL) is found on
human chromosome six which encodes a preproghrelin molecule, that when cleaved,
forms ghrelin [54]. The active ghrelin molecule contains a posttranslational acylation
modification: its 3" amino acid (serine) is n-octanoylated [52, 55]. Ghrelin rises in
response to lack of nutrients in the gut; its circulating concentration rises during fasting,
and peaks just before consumption of a meal [56, 57]. The concentration then decreases in
proportion to the food intake and drops to a minimum value roughly one hour post meal.
Because of this, ghrelin is thought to be a hunger signal, increasing appetite and thus
inducing food intake [58, 59]. Circulating active ghrelin binds to its receptor in various
tissues including the central nervous system and has a half-life of about 30 minutes [60].
Ghrelin can act directly in the CNS, specifically at the arcuate nucleus of the
hypothalamus, to increase appetite [61]. Injections of ghrelin (ICV) increase the level of
the orexigenic hormone neuropeptide Y’s (NPY) mRNA in the arcuate nucleus [62, 63].
It is interesting to note that most cross-sectional studies have found a negative association
between adiposity and ghrelin: lean individuals have higher levels of circulating ghrelin

as compared to their obese counterparts [64-69]. However other studies have found



dissimilar findings: both positive and lack of association between ghrelin and increased
adiposity [70, 71]. Moreover, high ghrelin concentrations are found in the inherited
disease of Prader-Willi [72-74], which is characterized by uncontrollable appetite, and
also in cases of anorexia nervosa, where there is little appetite [75, 76]. Administration of
ghrelin in animal models and humans increases appetite and food intake [77-80].
Interestingly, it has been shown that, when ghrelin receptor knockout mice (GHSR-null)
are fed high fat diets, they consume less food and have less body fat as compared to
controls [81]. When ghrelin receptor knock-out mice are administered ghrelin, the
signature enhancement of appetite is absent (as well as the increase in growth hormone)
[82]. Additionally nutritional factors could influence ghrelin concentration as high-fat
meals decrease circulating levels of the hormone [83, 84]. Therefore ghrelin is thought to
be involved in energy homeostasis regulation and related conditions (i.e. human obesity)

and has even been ascribed in the newly investigated concept of ‘food addiction’ [85].

INTRODUCTION TO GLP-1

Glucagon-like peptide-1 (GLP-1) is a 30 amino acid peptide secreted into
circulation by the L-cells of the distal GI tract in response to nutrients in the gut [86].
GLP-1 is encoded from same gene as glucagon (GCG) which is located on human
chromosome two. Due to tissue-specific posttranslational modification, the gene product
proglucagon, is cleaved by prohormone convertase forming active GLP-1 [87]. The half-
life of GLP-1 is extremely short; it is degraded in circulation within ~2 minutes by
dipeptidyl peptidase-1V (DPP-1V) [87, 88]. There is one known receptor for GLP-1

(GLPIR) which has been found both centrally and peripherally [89-91]. Once bound to its



receptor, GLP-1 elicits a number of responses which in general, helps to establish a more
favourable insulin response. GLP-1 is considered an incretin hormone, as it facilitates the
glucose-dependent insulin secretion [92, 93]. In fact, it has been suggested that GLP-1
and related incretin hormones are responsible for about 2/3 of the insulin response once
food is ingested [94]. Additionally, GLP-1 has been shown to decrease the secretion of
glucagon from the alpha cells of the pancreas [95-97]. A study on type-I diabetics, who
have little or no B-cell activity, observed that GLP-1 could lower fasting blood glucose,
independent of influencing insulin secretion [95]. GLP-1 also acts to inhibit gastric
motility and GI secretions [98, 99]. Satiation has also been shown to be influenced by
GLP-1 as the hormone has been observed to decrease appetite [100-102]. It is of interest
to note GLP-1 receptor knockout (GLP1R -/-) mice are deemed glucose intolerant though
they do not become obese [103]. Holst et al. credits this phenomena to the redundancies
present in appetite regulation pathways [86]. In regards to adiposity status, GLP-1
secretion is greater in lean individuals as compared to their obese counterparts [104]. Also
type-1I diabetics who are insulin resistant, have a blunted GLP-1 response [105] and
therefore, treatment with GLP-1 or GLP-1 receptor agonists have resulted in an improved
insulin response [106, 107]. In addition, DPP-IV inhibitors have been utilized in the
condition as they act to increase the half-life of GLP-1 [108]. Recently, both GLP-1

agonists and DPP-1V inhibitors have been studied in regards to human obesity [109, 110].

OVERFEEDING AS A METHOD TO STUDY OBESITY: ENDOCRINE

INVOVLEMENT



Aforementioned, obesity is caused by a chronic energy surplus (positive energy
balance) in which energy intake exceeds energy expenditure [4]. Individuals overfed
more calories than they expend, will store this excess fuel in the form of triglycerides in
adipose tissue, consequently causing increased fat mass. In the study of obesity, the
positive energy challenge is of great interest to researchers as metabolic and physiological
changes induced during a period of overfeeding aid in further understanding human
obesity. Many animal models have been used in overfeeding intervention studies.
Specifically in rat and mice models, high fat diets have been utilized to induce
overfeeding as fat is the most calorically dense macronutrient [111]. Studies in the past
have provided rats/mice with diets containing 30-78% of calories from fat [112], through
feeding of a cafeteria style diet or by simply adding a portion of lard to food [113-116].
Moreover, researchers have implemented overfeeding studies on humans, as due to
underlying physiological differences, animal model intervention-based research does not
always translate into similar results in humans. In fact, a number of overfeeding studies in
human have been completed, however they differ in various aspects including: length of
overfeeding period, macronutrient composition of overfeeding, degree of overfeeding,
participant demographics and number of participants. One of the earlier human
overfeeding studies was completed between 1964 and 1970 by Ethan Sims, a researcher
at the University of Vermont [117]. This study named “The Vermont Prison
Experiments”, took place through a 10-week period in which inmates were overfed nearly
three times the amount of calories they would normally intake [117-119]. On average, the
subjects’ caloric intakes ranged from about 8,000-10,000 kilocalories per day. After the

10-weeks of overfeeding, the men gained 15-25% of their originally weight (average



weight gain of 36 pounds) and most of the gain due to an increase in total body fat. The
study was used for many investigations including: 1) observing adipose tissue changes
through the duration of overfeeding (adipose tissue biopsies) and 2) observing changes in
various hormones (i.e. thyroid hormone) through the duration of obesity [119-121].
Another human overfeeding study was completed by Claude Bouchard’s research group
and published in the New England Journal of Medicine in 1990 [122]. In this study
twelve pairs of male twins (monozygotic) were fed an energy surplus of 1000 kcal per
day, for six days out of a seven-day week. The duration of the study was 100-days so
each subject was overfed for 84 days totalling an excess of 84,000 kcalories. The weight
gain ranged from 4.3 — 13.3 kilograms with a mean weight gain of 8.1 kg [122]. The
group theorized that similarity in weight gain found between twins was due to genetic
influences. Therefore as indicated through the previously mentioned studies, human
overfeeding studies have been utilized to study obesity in the past.

From overfeeding studies in both our lab and others, it has been observed that an
energy surplus can change anthropometrics, body composition, genetic expression and
circulating hormones [123-127]. However human positive energy challenge studies
investigating the response of various gastrointestinal hormones, specifically peptides
(ghrelin, GLP-1, etc) released from the gut involved in energy homeostasis are few in
number [128]. Therefore the current research goal of this thesis was to investigate the
potential role of circulating ghrelin and GLP-1 on the development of human obesity by
examining: 1) the response of fasting circulating acylated ghrelin and GLP-1
concentrations in normal weight, overweight, and obese males to short-term overfeeding;

2) fasting circulating acylated ghrelin and GLP-1 concentrations in each adiposity group
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before/after overfeeding; and 3) the relationships of fasting circulating acylated ghrelin
and GLP-1 concentrations with anthropometrics, body composition, fasting glucose,
insulin, and blood lipids concentrations, and insulin resistance state, before and after

overfeeding.



11

CHAPTER 1 REFERENCES

1. Organization, W.H. Obesity and Overweight. 2013 March 2013 [cited 2013 June 1];
Available from: http://www.who.int/mediacentre/factsheets/fs311/en/.

2. CDC. Childhood Overweight and Obesity. 2012 October 22, 2012 [cited 2013 June 1];
Available from: http://www.cdc.gov/obesity/childhood/index.html.

3. Doll, S., et al., Body mass index, abdominal adiposity and blood pressure: consistency of
their association across developing and developed countries. Int J Obes Relat Metab
Disord, 2002. 26(1): p. 48-57.

4. Kopelman, P.G., Obesity as a medical problem. Nature, 2000. 404(6778): p. 635-43.

5. Canada, H.R.a.S.D. Health - Obesity. 2013 June 1, 2013 [cited 2013 June 1]; Available
from: http://www4.hrsdc.gc.ca/.3ndic.1t.4r@-eng.jsp?iid=6.

6. Association, C.D. The Cost of Diabetes in Newfoundland and Labrador. 2010 [cited
2013 June 1]; Available from: http://www.diabetes.ca/documents/get-involved/NL-
dcm.pdf.

7. Kennedy, A.P., J.L. Shea, and G. Sun, Comparison of the classification of obesity by BMI
vs. dual-energy X-ray absorptiometry in the Newfoundland population. Obesity (Silver
Spring), 2009. 17(11): p. 2094-9.

8. Demura, S. and S. Sato, Suprailiac or abdominal skinfold thickness measured with a
skinfold caliper as a predictor of body density in Japanese adults. Tohoku J Exp Med,
2007. 213(1): p. 51-61.

9. Gray, D.S., et al., Effect of obesity on bioelectrical impedance. Am J Clin Nutr, 1989.
50(2): p. 255-60.

10. Ginde, S.R., et al., Air displacement plethysmography: validation in overweight and
obese subjects. Obes Res, 2005. 13(7): p. 1232-7.

11. Tataranni, P.A. and E. Ravussin, Use of dual-energy X-ray absorptiometry in obese
individuals. Am J Clin Nutr, 1995. 62(4): p. 730-4.

12. Willett, W.C., W.H. Dietz, and G.A. Colditz, Guidelines for healthy weight. N Engl J
Med, 1999. 341(6): p. 427-34.

13. Brambilla, P., et al., Peripheral and abdominal adiposity in childhood obesity. Int J] Obes
Relat Metab Disord, 1994. 18(12): p. 795-800.

14. Uppot, R.N., et al., Impact of obesity on medical imaging and image-guided intervention.
AJR Am J Roentgenol, 2007. 188(2): p. 433-40.

15. Mechanick, J.1., et al., American Association of Clinical Endocrinologists' position
statement on obesity and obesity medicine. Endocr Pract, 2012. 18(5): p. 642-8.

16. Barness, L.A., J.M. Opitz, and E. Gilbert-Barness, Obesity: genetic, molecular, and
environmental aspects. Am J Med Genet A, 2007. 143A(24): p. 3016-34.

17. Papas, M. A, et al., The built environment and obesity. Epidemiol Rev, 2007. 29: p. 129-
43.

18. Hoehner, C.M., et al., Association between neighborhood walkability, cardiorespiratory
fitness and body-mass index. Soc Sci Med, 2011. 73(12): p. 1707-16.

19. Berke, E.M., et al., Association of the built environment with physical activity and obesity
in older persons. Am J Public Health, 2007. 97(3): p. 486-92.

20. Ravussin, E., Metabolic differences and the development of obesity. Metabolism, 1995.

44(9 Suppl 3): p. 12-4.



12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

Rankinen, T., et al., The human obesity gene map: the 2005 update. Obesity (Silver
Spring), 2006. 14(4): p. 529-644.

Barsh, G.S., LS. Farooqi, and S. O'Rahilly, Genetics of body-weight regulation. Nature,
2000. 404(6778): p. 644-51.

Stunkard, A.J., T.T. Foch, and Z. Hrubec, A twin study of human obesity. JAMA, 1986.
256(1): p. 51-4.

Maes, H.H., M.C. Neale, and L.J. Eaves, Genetic and environmental factors in relative
body weight and human adiposity. Behav Genet, 1997. 27(4): p. 325-51.

O'Rahilly, S. and L.S. Farooqi, Genetics of obesity. Philos Trans R Soc Lond B Biol Sci,
2006. 361(1471): p. 1095-105.

Comuzzie, A.G., et al., A major quantitative trait locus determining serum leptin levels
and fat mass is located on human chromosome 2. Nat Genet, 1997. 15(3): p. 273-6.
Hixson, J.E., et al., Normal variation in leptin levels in associated with polymorphisms in
the proopiomelanocortin gene, POMC. J Clin Endocrinol Metab, 1999. 84(9): p. 3187-
91.

Le Stunff, C., D. Fallin, and P. Bougneres, Paternal transmission of the very common
class I INS VNTR alleles predisposes to childhood obesity. Nat Genet, 2001. 29(1): p. 96-
9.

t Hart, L.M., et al., Genetic factors and insulin secretion: gene variants in the IGF genes.
Diabetes, 2004. 53 Suppl 1: p. S26-30.

Scuteri, A., et al., Genome-wide association scan shows genetic variants in the FTO gene
are associated with obesity-related traits. PLoS Genet, 2007. 3(7): p. el15.

Dina, C., et al., Variation in FTO contributes to childhood obesity and severe adult
obesity. Nat Genet, 2007. 39(6): p. 724-6.

Geller, F., et al., Melanocortin-4 receptor gene variant 1103 is negatively associated with
obesity. Am J Hum Genet, 2004. 74(3): p. 572-81.

Amos-Landgraf, J.M., et al., Chromosome breakage in the Prader-Willi and Angelman
syndromes involves recombination between large, transcribed repeats at proximal and
distal breakpoints. Am J Hum Genet, 1999. 65(2): p. 370-86.

Swaab, D.F., J.S. Purba, and M.A. Hofman, Alterations in the hypothalamic
paraventricular nucleus and its oxytocin neurons (putative satiety cells) in Prader-Willi
syndrome: a study of five cases. J Clin Endocrinol Metab, 1995. 80(2): p. 573-9.
Katsanis, N., et al., Triallelic inheritance in Bardet-Biedl syndrome, a Mendelian
recessive disorder. Science, 2001. 293(5538): p. 2256-9.

Katsanis, N., J.R. Lupski, and P.L. Beales, Exploring the molecular basis of Bardet-Bied|
syndrome. Hum Mol Genet, 2001. 10(20): p. 2293-9.

Yeo, G.S., et al., A de novo mutation affecting human TrkB associated with severe obesity
and developmental delay. Nat Neurosci, 2004. 7(11): p. 1187-9.

Ingalls, A.M., M.M. Dickie, and G.D. Snell, Obese, a new mutation in the house mouse. J
Hered, 1950. 41(12): p. 317-8.

Tartaglia, L.A., The leptin receptor. J Biol Chem, 1997. 272(10): p. 6093-6.

Clement, K., et al., A mutation in the human leptin receptor gene causes obesity and
pituitary dysfunction. Nature, 1998. 392(6674): p. 398-401.

Krude, H., et al., Severe early-onset obesity, adrenal insufficiency and red hair
pigmentation caused by POMC mutations in humans. Nat Genet, 1998. 19(2): p. 155-7.



13

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

Farooqi, L.S., et al., Clinical spectrum of obesity and mutations in the melanocortin 4
receptor gene. N Engl J Med, 2003. 348(12): p. 1085-95.

Larsen, L.H., et al., Prevalence of mutations and functional analyses of melanocortin 4
receptor variants identified among 750 men with juvenile-onset obesity. J Clin
Endocrinol Metab, 2005. 90(1): p. 219-24.

Bray, G.A., Autonomic and endocrine factors in the regulation of energy balance. Fed
Proc, 1986. 45(5): p. 1404-10.

Konturek, P.C., et al., Neuro-hormonal control of food intake: basic mechanisms and
clinical implications. J Physiol Pharmacol, 2005. 56 Suppl 6: p. 5-25.

Halaas, J.L., et al., Weight-reducing effects of the plasma protein encoded by the obese
gene. Science, 1995. 269(5223): p. 543-6.

Zhang, Y., et al., Positional cloning of the mouse obese gene and its human homologue.
Nature, 1994. 372(6505): p. 425-32.

Wren, A.M., Gut and hormones and obesity. Front Horm Res, 2008. 36: p. 165-81.
Naslund, E. and P.M. Hellstrom, Appetite signaling: from gut peptides and enteric nerves
to brain. Physiol Behav, 2007. 92(1-2): p. 256-62.

Ariyasu, H., et al., Stomach is a major source of circulating ghrelin, and feeding state
determines plasma ghrelin-like immunoreactivity levels in humans. J Clin Endocrinol
Metab, 2001. 86(10): p. 4753-8.

Gnanapavan, S., et al., The tissue distribution of the mRNA of ghrelin and subtypes of its
receptor, GHS-R, in humans. J Clin Endocrinol Metab, 2002. 87(6): p. 2988.

Korbonits, M. and A.B. Grossman, Ghrelin: update on a novel hormonal system. Eur J
Endocrinol, 2004. 151 Suppl 1: p. S67-70.

Kojima, M., et al., Ghrelin is a growth-hormone-releasing acylated peptide from
stomach. Nature, 1999. 402(6762): p. 656-60.

Chen, C.Y., et al., Ghrelin gene products and the regulation of food intake and gut
motility. Pharmacol Rev, 2009. 61(4): p. 430-81.

Hosoda, H., et al., Structural divergence of human ghrelin. Identification of multiple
ghrelin-derived molecules produced by post-translational processing. J Biol Chem, 2003.
278(1): p. 64-70.

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. 1714-9.

Tschop, M., et al., Post-prandial decrease of circulating human ghrelin levels. J
Endocrinol Invest, 2001. 24(6): p. RC19-21.

Nakazato, M., et al., A role for ghrelin in the central regulation of feeding. Nature, 2001.
409(6817): p. 194-8.

Takaya, K., et al., Ghrelin strongly stimulates growth hormone release in humans. J Clin
Endocrinol Metab, 2000. 85(12): p. 4908-11.

Hillman, J.B., J. Tong, and M. Tschop, Ghrelin biology and its role in weight-related
disorders. Discov Med, 2011. 11(61): p. 521-8.

Kojima, M. and K. Kangawa, Ghrelin, an orexigenic signaling molecule from the
gastrointestinal tract. Curr Opin Pharmacol, 2002. 2(6): p. 665-8.

Lawrence, C.B., et al., Acute central ghrelin and GH secretagogues induce feeding and
activate brain appetite centers. Endocrinology, 2002. 143(1): p. 155-62.



14

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Kamegai, J., et al., 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. 2438-43.

Cummings, D.E., et al., Plasma ghrelin levels after diet-induced weight loss or gastric
bypass surgery. N Engl J Med, 2002. 346(21): p. 1623-30.

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. 1460-3.

Hansen, T.K., et al., Weight loss increases circulating levels of ghrelin in human obesity.
Clin Endocrinol (Oxf), 2002. 56(2): p. 203-6.

Rosicka, M., et al., Serum ghrelin levels in obese patients: the relationship to serum
leptin levels and soluble leptin receptors levels. Physiol Res, 2003. 52(1): p. 61-6.
Tschop, M., et al., Circulating ghrelin levels are decreased in human obesity. Diabetes,
2001. 50(4): p. 707-9.

Zwirska-Korczala, K., et al., Basal and postprandial plasma levels of PYY, ghrelin,
cholecystokinin, gastrin and insulin in women with moderate and morbid obesity and
metabolic syndrome. J Physiol Pharmacol, 2007. 58 Suppl 1: p. 13-35.

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. J Clin Endocrinol Metab, 2003. 88(12): p. 5747-52.

Rodriguez, A., et al., Acylated and desacyl ghrelin stimulate lipid accumulation in human
visceral adipocytes. Int J Obes (Lond), 2009. 33(5): p. 541-52.

Cummings, D.E., et al., Elevated plasma ghrelin levels in Prader Willi syndrome. Nat
Med, 2002. 8(7): p. 643-4.

DelParigi, A., et al., High circulating ghrelin: a potential cause for hyperphagia and
obesity in prader-willi syndrome. J Clin Endocrinol Metab, 2002. 87(12): p. 5461-4.
Haqq, A.M., et al., Serum ghrelin levels are inversely correlated with body mass index,
age, and insulin concentrations in normal children and are markedly increased in
Prader-Willi syndrome. J Clin Endocrinol Metab, 2003. 88(1): p. 174-8.

Misra, M., et al., Secretory dynamics of ghrelin in adolescent girls with anorexia nervosa
and healthy adolescents. Am J Physiol Endocrinol Metab, 2005. 289(2): p. E347-56.
Prince, A.C., et al., Systematic review and meta-analysis of the baseline concentrations
and physiologic responses of gut hormones to food in eating disorders. Am J Clin Nutr,
2009. 89(3): p. 755-65.

Druce, M.R., et al., Ghrelin increases food intake in obese as well as lean subjects. Int J
Obes (Lond), 2005. 29(9): p. 1130-6.

Tschop, M., D.L. Smiley, and M.L. Heiman, Ghrelin induces adiposity in rodents.
Nature, 2000. 407(6806): p. 908-13.

Wren, A.M., et al., Ghrelin enhances appetite and increases food intake in humans. J
Clin Endocrinol Metab, 2001. 86(12): p. 5992.

Wren, A.M., et al., Ghrelin causes hyperphagia and obesity in rats. Diabetes, 2001.
50(11): p. 2540-7.

Zigman, J.M., et al., Mice lacking ghrelin receptors resist the development of diet-
induced obesity. J Clin Invest, 2005. 115(12): p. 3564-72.



15

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Sun, Y., et al., Ghrelin stimulation of growth hormone release and appetite is mediated
through the growth hormone secretagogue receptor. Proc Natl Acad Sci U S A, 2004.
101(13): p. 4679-84.

Erdmann, J., F. Lippl, and V. Schusdziarra, Differential effect of protein and fat on
plasma ghrelin levels in man. Regul Pept, 2003. 116(1-3): p. 101-7.

Greenman, Y., et al., Ghrelin secretion is modulated in a nutrient- and gender-specific
manner. Clin Endocrinol (Oxf), 2004. 60(3): p. 382-8.

Schellekens, H., T.G. Dinan, and J.F. Cryan, Ghrelin at the interface of obesity and
reward. Vitam Horm, 2013. 91: p. 285-323.

Holst, J.J., The physiology of glucagon-like peptide 1. Physiol Rev, 2007. 87(4): p. 1409-
39.

Deacon, C.F., A.H. Johnsen, and J.J. Holst, Degradation of glucagon-like peptide-1 by
human plasma in vitro yields an N-terminally truncated peptide that is a major
endogenous metabolite in vivo. J Clin Endocrinol Metab, 1995. 80(3): p. 952-7.

Hansen, L., et al., Glucagon-like peptide-1-(7-36)amide is transformed to glucagon-like
peptide-1-(9-36 )Jamide by dipeptidyl peptidase IV in the capillaries supplying the L cells
of the porcine intestine. Endocrinology, 1999. 140(11): p. 5356-63.

Mayo, K.E., et al., International Union of Pharmacology. XXXV. The glucagon receptor
family. Pharmacol Rev, 2003. 55(1): p. 167-94.

Hayes, M.R., B.C. De Jonghe, and S.E. Kanoski, Role of the glucagon-like-peptide-1
receptor in the control of energy balance. Physiol Behav, 2010. 100(5): p. 503-10.
Bullock, B.P., R.S. Heller, and J.F. Habener, Tissue distribution of messenger ribonucleic
acid encoding the rat glucagon-like peptide-1 receptor. Endocrinology, 1996. 137(7): p.
2968-78.

Kazakos, K.A., P.A. Sarafidis, and J.G. Yovos, The impact of diabetic autonomic
neuropathy on the incretin effect. Med Sci Monit, 2008. 14(4): p. CR213-20.

Meier, J.J., et al., Suppression of glucagon secretion is lower after oral glucose
administration than during intravenous glucose administration in human subjects.
Diabetologia, 2007. 50(4): p. 806-13.

Kazafeos, K., Incretin effect: GLP-1, GIP, DPP4. Diabetes Res Clin Pract, 2011. 93
Suppl 1: p. S32-6.

Creutzfeldt, W.O., et al., Glucagonostatic actions and reduction of fasting hyperglycemia
by exogenous glucagon-like peptide 1(7-36) amide in type I diabetic patients. Diabetes
Care, 1996. 19(6): p. 580-6.

de Heer, J., et al., Glucagon-like peptide-1, but not glucose-dependent insulinotropic
peptide, inhibits glucagon secretion via somatostatin (receptor subtype 2) in the perfused
rat pancreas. Diabetologia, 2008. 51(12): p. 2263-70.

Orskov, C., J.J. Holst, and O.V. Nielsen, Effect of truncated glucagon-like peptide-1
[proglucagon-(78-107) amide] on endocrine secretion from pig pancreas, antrum, and
nonantral stomach. Endocrinology, 1988. 123(4): p. 2009-13.

Nauck, M.A., et al., Glucagon-like peptide 1 inhibition of gastric emptying outweighs its
insulinotropic effects in healthy humans. Am J Physiol, 1997. 273(5 Pt 1): p. E981-8.
Wettergren, A., et al., Truncated GLP-1 (proglucagon 78-107-amide) inhibits gastric and
pancreatic functions in man. Dig Dis Sci, 1993. 38(4): p. 665-73.

Flint, A., et al., Glucagon-like peptide 1 promotes satiety and suppresses energy intake in
humans. J Clin Invest, 1998. 101(3): p. 515-20.



16

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Larsen, P.J., N. Vrang, and M. Tang-Christensen, Central pre-proglucagon derived
peptides: opportunities for treatment of obesity. Curr Pharm Des, 2003. 9(17): p. 1373-
82.

Naslund, E., et al., Energy intake and appetite are suppressed by glucagon-like peptide-1
(GLP-1) in obese men. Int J Obes Relat Metab Disord, 1999. 23(3): p. 304-11.

Scrocchi, L.A., et al., Glucose intolerance but normal satiety in mice with a null mutation
in the glucagon-like peptide 1 receptor gene. Nat Med, 1996. 2(11): p. 1254-8.

Holst, J.J., et al., Diurnal profile of pancreatic polypeptide, pancreatic glucagon, gut
glucagon and insulin in human morbid obesity. Int J Obes, 1983. 7(6): p. 529-38.
Nauck, M., et al., Reduced incretin effect in type 2 (non-insulin-dependent) diabetes.
Diabetologia, 1986. 29(1): p. 46-52.

Holst, 1.J., Therapy of type 2 diabetes mellitus based on the actions of glucagon-like
peptide-1. Diabetes Metab Res Rev, 2002. 18(6): p. 430-41.

Holz, G.G. and O.G. Chepurny, Glucagon-like peptide-1 synthetic analogs: new
therapeutic agents for use in the treatment of diabetes mellitus. Curr Med Chem, 2003.
10(22): p. 2471-83.

Arulmozhi, D.K. and B. Portha, GLP-1 based therapy for type 2 diabetes. Eur J] Pharm
Sci, 2006. 28(1-2): p. 96-108.

Hayes, M.R., et al., Comparative effects of the long-acting GLP-1 receptor ligands,
liraglutide and exendin-4, on food intake and body weight suppression in rats. Obesity
(Silver Spring), 2011. 19(7): p. 1342-9.

Torekov, S.S., S. Madsbad, and J.J. Holst, Obesity - an indication for GLP-1 treatment?
Obesity pathophysiology and GLP-1 treatment potential. Obes Rev, 2011. 12(8): p. 593-
601.

Hariri, N. and L. Thibault, High-fat diet-induced obesity in animal models. Nutr Res Rev,
2010. 23(2): p. 270-99.

Buettner, R., J. Scholmerich, and L.C. Bollheimer, High-fat diets: modeling the
metabolic disorders of human obesity in rodents. Obesity (Silver Spring), 2007. 15(4): p.
798-808.

Ghibaudi, L., et al., Fat intake affects adiposity, comorbidity factors, and energy
metabolism of sprague-dawley rats. Obes Res, 2002. 10(9): p. 956-63.

Ainslie, D.A., et al., Short-term, high-fat diets lower circulating leptin concentrations in
rats. Am J Clin Nutr, 2000. 71(2): p. 438-42.

Woods, S.C., et al., A controlled high-fat diet induces an obese syndrome in rats. J Nutr,
2003. 133(4): p. 1081-7.

Muntzel, M.S., et al., Cafeteria diet increases fat mass and chronically elevates lumbar
sympathetic nerve activity in rats. Hypertension, 2012. 60(6): p. 1498-502.

Sims, E.A. and E.S. Horton, Endocrine and metabolic adaptation to obesity and
starvation. Am J Clin Nutr, 1968. 21(12): p. 1455-70.

Sims, E.A. and L.B. Weed, 1987 Herman award lecture. A plea for an integrated
approach to characterization and management of obesity, type Il diabetes,
hyperlipidemias, and hypertension: a role for the personal computer? Am J Clin Nutr,
1987. 46(5): p. 726-33.

Salans, L.B., E.S. Horton, and E.A. Sims, Experimental obesity in man: cellular
character of the adipose tissue. J Clin Invest, 1971. 50(5): p. 1005-11.



17

120.

121.

122.

123.

124.

125.

126.

127.

128.

Danforth, E., Jr., et al., Dietary-induced alterations in thyroid hormone metabolism
during overnutrition. J Clin Invest, 1979. 64(5): p. 1336-47.

Katzeff, H.L. and E. Danforth, Jr., Decreased thermic effect of a mixed meal during
overnutrition in human obesity. Am J Clin Nutr, 1989. 50(5): p. 915-21.

Bouchard, C., et al., The response to long-term overfeeding in identical twins. N Engl J
Med, 1990. 322(21): p. 1477-82.

Cahill, F., et al., Serum peptide YY in response to short-term overfeeding in young men.
Am J Clin Nutr, 2011. 93(4): p. 741-7.

Shea, J., et al., Changes in the transcriptome of abdominal subcutaneous adipose tissue
in response to short-term overfeeding in lean and obese men. Am J Clin Nutr, 2009.
89(1): p. 407-15.

Shea, J., et al., Serum retinol-binding protein 4 concentrations in response to short-term
overfeeding in normal-weight, overweight, and obese men. Am J Clin Nutr, 2007. 86(5):
p. 1310-5.

Sun, G., et al., Serum visfatin concentrations are positively correlated with serum
triacylglycerols and down-regulated by overfeeding in healthy young men. Am J Clin
Nutr, 2007. 85(2): p. 399-404.

Mauriege, P., et al., Adipose tissue lipolysis after long-term overfeeding in identical
twins. Int J Obes Relat Metab Disord, 1992. 16(3): p. 219-25.

Brons, C., et al., Impact of short-term high-fat feeding on glucose and insulin metabolism
in young healthy men. J Physiol, 2009. 587(Pt 10): p. 2387-97.



18

CHAPTER 2: Serum acylated ghrelin concentrations in response to short-term

overfeeding in normal weight, overweight, and obese men

Danny Wadden, Farrell Cahill, Peyvand Amini, Edward Randell, Sudesh Vasdev, Yanqing Yi,

Weizhen Zhang, Guang Sun

Division of Medicine, Faculty of Medicine (DW, FC, PA, SV, YY, GS) and Discipline of
Laboratory Medicine (ER), Memorial University of Newfoundland, St. John’s, NL, Canada
Department of Physiology and Pathophysiology, School of Basic Medical Sciences, Peking

University; Beijing 100191, China (WZ)

This manuscript was published in PLOS One in September 2012

DOI: 10.1371/journal.pone.0045748

Address for Correspondence

Dr. Guang Sun, MD, PhD

300 Prince Philip Drive

Memorial University of Newfoundland
St John’s, Newfoundland, Canada
Al1B 3V6

Telephone: (709) 777 - 6454
Facsimile: (709) 777 - 8455

E-mail: gsun@mun.ca



19

ABSTRACT

Background: Ghrelin, an orexigenic gut hormone secreted primarily from the stomach, is
involved in energy homeostasis. However, little data is available regarding its response to energy
surplus and the development of human obesity.

Objective: The present study investigated the response of circulating acylated ghrelin to a 7-day
positive energy challenge.

Design: A total of 68 healthy young men were overfed 70% more calories than required, for 1-
week. Subjects were classified based on percent body fat (measured by dual-energy X-ray
absorptiometry) as normal weight, overweight, and obese. Serum acylated ghrelin concentration
was measured before and after the positive energy challenge. Additionally, the relationship
between acylated ghrelin and obesity-related phenotypes including weight, body mass index,
percent body fat, cholesterol, HDL-c, LDL-c, glucose, insulin and homeostasis model assessment
of insulin resistance and B-cell function at baseline and change due to overfeeding, were
assessed.

Results: Contrary to our expectations, serum acylated ghrelin was significantly increased in
response to overfeeding and the increase was independent of obesity status. There was no
significant difference in fasting acylated ghrelin between normal weight, overweight, and obese
men at baseline. Acylated ghrelin was negatively correlated with weight and BMI for normal
weight and with BMI in overweight men. Also ghrelin was correlated with change in weight and
BMI in overweight (negative relationship) and obese (positive relationship) groups.
Conclusion: Our results showed that circulating acylated ghrelin was increased after a 7-day

positive energy challenge regardless of adiposity status. However, acylated ghrelin was
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correlated with change in weight and BMI in opposing directions, in overweight and obese

subjects respectively, thus dependent on obesity status.
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INTRODUCTION

Although it has been well-established that appetite is controlled through complex
mechanisms mainly in the central nervous system (CNS), appetite-regulating hormones secreted
from the periphery, including the gastrointestinal tract (gut), communicate with the CNS to play
an important role in energy homeostasis [1-3]. Ghrelin, an endogenous ligand of the growth
hormone secretagogue receptor (GHS-R), is the only known orexigenic gut hormone, which
increases appetite and food intake [4-6]. Ghrelin is found in both the gastrointestinal tract and
hypothalamus, though it is primarily synthesized and released from X/A like cells of the gastric
mucosa of the stomach [4, 7-9]. Both acylated and non-acylated forms of ghrelin exist, however
the active form is n-octanoylated on the third amino acid (serine) residue [4, 10, 11]. Ghrelin is
thought to be a meal initiator: concentration rises prior to feeding, and continually decreases to a
minimum one-hour after the meal [12, 13]. The postprandial suppression of circulating ghrelin is
proportional to the caloric content of the consumed meal [14].

Many studies have investigated ghrelin’s role in the regulation of appetite and energy
homeostasis. Administration of ghrelin in both rats and humans has been shown to increase
appetite and food intake [6, 15-18]. However in humans, most studies have found a negative
relationship between ghrelin and adiposity: higher circulating ghrelin concentrations in lean
individuals as compared to obese [19-24]. In contrast, other studies have found positive
relationships between acylated ghrelin concentrations and markers of adiposity [25] or a negative
relationship with BMI and no relationship to body fat [26]. Additionally, a growing body of
evidence shows that ghrelin might have a role in insulin resistance and development of type-II
diabetes. Animal studies have shown that ghrelin can inhibit insulin secretion, but increases

glucagon secretion from pancreatic islet cells [27]. Moreover human studies reveal that patients



22

with insulin resistance have lower ghrelin concentrations compared with insulin-sensitive
patients [28].

Circulating ghrelin concentration seems to be influenced through dietary regulation and
specific nutrient intakes. For example, a high-fat meal has been shown to decrease circulating
ghrelin concentration in humans [29, 30]. Moreover, our laboratory and others have revealed
changes in nutritional status, such as overfeeding influence adipokine and gut hormone
concentrations [31, 32], adipose tissue metabolism [33, 34] and genomic expression [35].
Intervention based studies, observing nutritional regulation via a positive energy challenge, are
also important in understanding the role of ghrelin in the development of human obesity where
energy surplus is the major driving factor [36-40]. Currently, data is missing in this aspect.

Our current research goal was to investigate the potential role of acylated ghrelin on the
development of human obesity by examining: 1) the response of fasting serum acylated ghrelin
concentrations in normal weight, overweight, and obese males to short-term overfeeding; 2)
fasting serum acylated ghrelin concentrations in each adiposity group before and after
overfeeding; and 3) the relationships of fasting serum acylated ghrelin concentrations with
fasting glucose and insulin concentrations, blood lipids, and insulin resistance state, before and

after overfeeding.

MATERIALS AND METHODS
Ethics Statement

All participants provided informed and written consent. The current study received
ethical approval from the Human Investigations Committee for the Faculty of Medicine,

Memorial University of Newfoundland, St. John’s, Newfoundland and Labrador, Canada.
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Subjects

A total of 68 young males from the Canadian province of Newfoundland and Labrador
were recruited to study the effects of an acute positive energy balance on metabolism and various
endocrine factors (original study contained 72, underweight participants were eliminated from
analyses). Participation criteria included: 1) age 19-29 years; 2) at least of 3rd—generation
Newfoundland descent; 3) no serious cardiovascular, metabolic, or endocrine diseases; 4) no
medications intended for lipid metabolism change; and 5) a stable 6-month reported body weight
value (+2.5 kg). Recruited subjects were asked to refrain from 1) consuming alcoholic or
additional calorie-containing beverages and from 2) taking any drugs or medication, throughout

the duration of the research study.

Serum Measurements

Blood samples were collected from all subjects both before and after completion of the
positive energy challenge (explained below). Serum was prepared from clotted samples collected
after a 12 hour fast which were stored at -80 ° C until time of further analysis. Serum acylated
ghrelin concentrations were measured in duplicate with enzymeimmunosorbent assay (EIA) kits
(Bertin Pharma; Montigny le Bretonneux, France). Acylated ghrelin analyses were performed on
ice. The concentrations of serum total cholesterol, high-density lipoprotein (HDL) cholesterol,
triacylglycerols (TG), and glucose were analyzed using Synchron reagents by an L.x20 clinical
chemistry analyzer (Beckman Coulter Inc., CA, USA). Low-density lipoprotein (LDL)
cholesterol was calculated by the Friedwald equation: total cholesterol — HDL — TG/2.2 (which

is a reliable estimate in the absence of severe hypertriglyceridemia >4.6 mmol/L). Serum insulin
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was evaluated using an Immulite 2500 immunoassay analyzer (Siemens, Los Angeles, CA).
Insulin resistance and pancreatic -cell function were assessed using the homeostasis model
assessment (HOMA). Insulin resistance was quantified using HOMA-IR [insulin (mU/L) x
glucose (mmol/L)/22.5)] while B-cell function was measured using HOMA-f [20 x insulin

(mU/L/(glucose (mmol/L) - 3.5)].

Body composition assessment

Dual-energy X-ray absorptiometry (DXA Lunar Prodigy; GE Medical Systems, Madison,
WI) was used to measure body composition (lean tissue, body fat, and bone mineral
composition). Following a method previously described by us [41] the participant was scanned in
a supine position after a 12-hour fast and the following parameters were determined from the
DXA scan: total percent body fat (%BF), percent trunk fat (%TF), percent android fat (%AF),
and percent gynoid fat (%GF). All measurements were performed before overfeeding and on the

day after overfeeding.

Anthropometric measurements

Measurements of body weight, height, waist circumference, and hip circumference were
performed after a 12-hour fasting period. Body weight was measured to the nearest 0.1 kilogram
on a platform manual scale balance (Health O Meter, Bridgeview, IL) with subjects wearing a
standardized hospital gown. A fixed stadiometer was used to measure height to the nearest 0.1
centimeters (shoes removed). A flexible measuring tape was employed to measure waist
circumference to the nearest 0.1 centimeters at the level of the umbilicus. The same procedure

was used to measure hip circumference at the level of largest circumference between the waist
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and thighs. Body mass index (BMI) was calculated by dividing participants’ weight in kilograms

by the square of height in centimeters [(Weight—kg)/(height—m)z].

Overfeeding protocol

Participants enrolled into a 7-day positive energy challenge and were required to
consume 70% more calories than their normal food intake. Throughout the challenge period,
subjects followed a diet consisting of 15% protein, 35% fat, and 50% carbohydrates, thus
mimicking typical North American dietary patterns. A 7-day positive energy challenge was
selected to ensure that metabolic changes were induced throughout its duration. Individual
energy requirements were recorded and estimated before commencing the overfeeding protocol
by the use of three 24-hour recalls and a 30-day dietary inventory. For one week at time 0900,
1200, and 1700, participants were offered meals of which caloric and macronutrient content was
assessed using FOOD PROCESSOR SQL software (version 9.5.0.0; ESHA Research, Salem,
OR). The average baseline energy intake before and during overfeeding were 2969 kcal and
5471 kcal, respectively. A detailed overfeeding protocol has been described in our previously

published papers [33, 34].

Statistical analysis

Data are presented as means + SE unless otherwise stated. Prior to analysis, data that
showed a skewed distribution was logarithmically transformed to approximate a normal
distribution. Concentration data for serum acylated ghrelin, triacylglycerols, insulin, and HOMA-
IR and HOMA-B, all at baseline, after, and change during overfeeding were log transformed

prior to analysis. Using criteria suggested by Bray [42] subjects were classified as either normal
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weight, overweight or obese based upon %BF (8-20.9, 21-25.9 and >26%, respectively).
Subjects were also classified using the World Health Organization BMI-based classification
(BMIs of <24.9, 25.0-29.9, and >30 kg/m2 for normal weight, overweight, and obese
respectively). Because of its more accurate classification of obesity status, Bray Criteria was
used for subsequent analyses.

Using a two-factor analysis of variance (ANOVA) with repeated measures before and
after overfeeding, differences in physical and biochemical variables in response to overfeeding
were assessed between the three groups. One-factor analysis of variance was used to compare
baseline values between the three adiposity groups. Variables which showed a significant
overfeeding-adiposity interaction underwent within-group analysis of the response to
overfeeding using a paired t-test. In both one factor and two-factor ANOV A analyses,
Bonferroni post hoc tests were employed.

Initial Pearson’s correlation analyses were performed to assess relationships between
fasting acylated ghrelin concentration and physical/biochemical variables of interest. Next we
performed two correlation analyses: 1) baseline acylated ghrelin concentration was compared
with all variables at baseline and 2) baseline acylated ghrelin concentration was compared with
changes in all variables in response to overfeeding thus examining if baseline acylated ghrelin
could predict the changes in related physical and biochemical markers. All statistical analyses
were completed using SPSS, version 19.0 (SPSS Inc, Chicago) in which: 1) all tests were two-

sided; and 2) a P value < 0.05 was deemed statistically significant.

RESULTS

Descriptive Statistics
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Basal physical and biochemical characteristics of subjects are shown in Table 1.
Differences in body composition and glucose, and lipid metabolism between normal-weight,
overweight, and obese (based on %BF) young healthy men were previously described by us [31,
33-35].

Baseline fasting acylated ghrelin concentrations (mean + S.E.) for normal weight,
overweight, and obese individuals were 222.19 + 41.60, 274.91 £ 92.4, and 352.03 + 112.4 ng/L,
respectively. There was no statistically significant difference between adiposity groups for
acylated ghrelin concentration at baseline. Similar results were obtained when participants were
divided into normal weight, overweight and obese groups based on the World Health
Organization’s BMI classification (data not shown).

Changes in body composition and phenotypes of glycemic control and lipid metabolism
in response to the 7-day overfeeding challenge are also described in Table 1. Within all adiposity
groups, the positive energy challenge increased body composition, serum lipids, insulin
resistance, and pancreatic beta cell function, which was previously described by us [31, 33-35].
In response to the 7-day overfeeding challenge, circulating acylated ghrelin concentration
significantly increased by 62.14 ng/L in the entire cohort (P=0.042). However, no adiposity-
overfeeding interaction was present; the response of acylated ghrelin to overfeeding was not

significantly different between normal weight, overweight, and obese groups (P=0.523).

Correlations of acylated ghrelin with adiposity and phenotypes of glucose and lipid
metabolism
Partial correlation analyses, controlling for age, were used to assess the relationships

between baseline fasting acylated ghrelin concentration and baseline phenotypes of adiposity,
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and serum glucose and lipid concentrations (Table 2). For normal weight subjects, acylated
ghrelin was negatively correlated with weight and BMI (P < 0.05). Furthermore, fasting glucose
concentration was positively correlated with acylated ghrelin concentrations. The significant
negative correlation between acylated ghrelin and BMI was also observed in overweight
subjects, but not in obese subjects. LDL cholesterol was negatively correlated with acylated
ghrelin concentration only in obese subjects.

Additionally, partial correlation analyses examining the relationship between baseline
acylated ghrelin concentration and changes in variables after the overfeeding period were used to
examine if acylated ghrelin concentration could predict variable change under a positive energy
challenge (Table 3). Significant negative relationships were found for the overweight group,
between baseline acylated ghrelin concentration and change in body weight and BMI. However,
the relationship between baseline acylated ghrelin and change in body weight and BMI, were

positive for obese subjects.

Acylated ghrelin Tertiles: Correlations of acylated ghrelin with phenotypes of adiposity
and concentrations of glucose and lipids

We repeated all of the above analyses after participants were divided into acylated
ghrelin tertile subgroups (low, medium, and high ghrelin; data not shown). Only one baseline
correlation existed within the analysis. For the high ghrelin subgroup, baseline acylated ghrelin
was positively correlated with baseline fasting triacylglycerols. No significant relationships were
found when partial correlation analyses were performed examining baseline acylated ghrelin

concentrations and changes in the aforementioned variables.
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DISCUSSION

The most important finding from the present study was the discovery of the significant
increase in serum acylated ghrelin concentration after the 7-day positive energy challenge.
Conventional knowledge would lead us to expect that to counteract a positive energy balance
(thus limiting caloric intake) during overfeeding, secretion of ghrelin would be diminished to
decrease appetite. However, the results from our study was surprisingly the opposite; acylated
ghrelin concentration significantly increased after the 7-day overfeeding challenge regardless of
adiposity status. Pathologically high circulating concentrations of ghrelin are known to occur in
the inherited disease of Prader-Willi Syndrome, which is characterized by uncontrollable appetite
[43-45], but also in cases of anorexia nervosa, where there is little appetite [46, 47].

At the present time, results are not clear based on limited studies examining the
responsiveness of ghrelin to a positive energy challenge. Moreover, the few available studies
with positive energy challenge interventions differ in many aspects including length of
overfeeding, macronutrient composition, amount of food consumed above daily caloric
requirements, and also the physical and demographic characteristics of the study participants.
Hagobian et al. overfed 9 healthy subjects (6 men and 3 women) 25% more calories than
required for weight maintenance for 3 days, retaining a macronutrient composition of 56%
carbohydrate, 29% fat, and 15% protein, and found no significant change in circulating ghrelin
concentration [38]. Votruba et al. overfed 69 non-diabetic, mainly obese individuals (40 men and
29 women) 60% more calories than required at baseline from a “vending machine diet” over a 3-
day period [37]. Circulating ghrelin concentration did not change through the 3-day duration. A
5-day high fat (60% fat, 32.5% carbohydrates and 7.5% protein) overfeeding study (50% more

calories than required) found a non-significant increase in circulating ghrelin in a cohort of 26
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healthy young men [36]. Robertson et al. overfed 6 healthy lean male subjects by ~692.7
kcal/day with a high fat diet ranging from 29-45% calories from fat. This study detected no
significant change in fasting ghrelin, however, postprandial ghrelin was suppressed to a greater
extent following the oral fat tolerance test [39]. Finally, a long-term overfeeding study of 100-
day in which twelve pairs of identical twins consumed an excess of 84,000 kilocalories (50%
carbohydrates, 35% fat, and 15% protein) revealed a non-significant decrease in plasma ghrelin
concentration [40]. Our current study using a typical North American diet (15% protein, 35% fat,
and 50% carbohydrates) and a homogenous large sample size consisting of only young male
university students, detected a significant increase in circulating acylated ghrelin after 7 days of
overfeeding. The reason for the increased acylated ghrelin concentration after the positive energy
challenge is not clear. In animal studies, the infusion of ghrelin has been shown to result in
inhibition of beta-cell function and insulin secretion, but also an increase in insulin sensitivity
[27, 48, 49]. Additionally in cross-sectional human studies, fasting ghrelin is negatively
associated with insulin resistance [50]. It is therefore possible that the increased ghrelin secretion
due to overfeeding was a counteractive response to the rising insulin resistance after the 7-day
overfeeding, though this is purely speculative as multiple factors must be in play. However, the
role of this increased response by ghrelin in long-term energy homeostasis, including the
development of human obesity, warrants further study.

Although it has been reported that circulating ghrelin is higher in lean individuals than
overweight and obese individuals [19-24], our cohort showed no significant difference in
circulating acylated ghrelin among the three adiposity groups. However, when subjects were
divided according to adiposity status, BMI was negatively correlated with acylated ghrelin

concentration in both normal weight and overweight subjects. This is in line with the observation
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that ghrelin may help maintain healthy body weight and BMI. The reason why such correlation
was not observed in obese subjects is unclear. It is possible that the normal hormonal mechanism
of ghrelin was dysfunctional in the obese state, as seen for many other hormones [51, 52]. This
was further demonstrated by the differences in correlations found in overweight and obese
subjects, between baseline acylated ghrelin and change in weight and BMI. Overweight subjects
showed a negative relationship, while obese subjects showed a positive relationship, between
fasting baseline acylated ghrelin and change in body weight and BMI. Thus higher baseline
acylated ghrelin predicts low weight gain and BMI in the overweight group, but the opposite is
true of the obese group. This may predispose to further weight gain in obese people.

Additionally, we sought to examine the association of acylated ghrelin with serum
indices of lipid and glucose metabolism. The associations between ghrelin and circulating
lipids/glucose seem to be affected by obesity status. We observed that only baseline acylated
ghrelin concentration was positively associated with fasting glucose concentration in normal
weight subjects. Additionally in obese subjects, acylated ghrelin was negatively related to
circulating LDL cholesterol concentration. Why these relationships were found in specific
adiposity groups is unknown. Evidently, more studies are warranted to further grasp the
physiological association of ghrelin with glucose and lipid metabolism.

The present study is not without limitations. We only studied young men of the same
ethnicity thus limiting its potential application to other ethnic, age, or female groups. Future
large scale studies including females and a wider age range are needed to further understand the
response of ghrelin to a positive energy challenge. Additionally, it must be noted that ghrelin

concentrations are affected by meals [53]. However in our investigation, the relationship between
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ghrelin and aforementioned physiological measurements were completed in a fasting state. Data
of area under the curve after a standardized meal may provide additional useful information.

In summary, the response of acylated ghrelin to a short-term positive energy challenge
was studied in 68 young healthy men. Serum acylated ghrelin was measured before and after a 7-
day overfeeding challenge in 68 young men. Surprisingly, fasting ghrelin concentration was
significantly increased in response to the positive energy challenge in the entire cohort. Based on
our finding and the literature, we hypothesize that this increase may counteract the rising insulin
resistance. At baseline, there were no significant differences in circulating acylated ghrelin
concentration between normal weight, overweight, and obese men. However negative
correlations were observed between ghrelin and BMI, in normal weight and overweight subjects.
The baseline acylated ghrelin concentration correlated with change in weight and BMI in
opposite directions in overweight and obese subjects. Thus future studies are warranted to
understand the mechanistic pathway of ghrelin to further elucidate its role in energy homeostasis

and human obesity.
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ABSTRACT

Background: Glucagon-like Peptide-1 (GLP-1) is an incretin hormone secreted from the
gastrointestinal tract that facilitates the glucose-dependent insulin response. Additionally, GLP-1
is thought to be involved in energy homeostasis. Currently little is known about GLP-1’s
responsiveness to an energy surplus, a fundamental cause of obesity and diabetes. Our objective
was to examine the response of serum GLP-1 to short-term (7 day) overfeeding in young men.
Methods: Seventy-two young men from the Canadian province of Newfoundland were recruited
for the study. For 7-days, the subjects consumed 70% more calories than required at baseline.
Various measurements including: anthropometrics, body composition, markers of glucose/lipid
metabolism and serum total GLP-1, were taken at a fasted state before (day 1) and after (day 8)
the challenge. Paired t-test analyses were used to assess the change in variables after the
overfeeding period. Additionally, the relationship between serum GLP-1 and the measured
variables at baseline and change due to overfeeding were analyzed.

Results: Serum GLP-1 was significantly increased in all groups in response to the 7-day energy
surplus, indicating the increase was independent of adiposity status. There was no significant
difference in fasting GLP-1 at baseline between the normal weight and overweight/obese groups.
At baseline, GLP-1 concentration negatively correlated with HDL-cholesterol and positively
correlated with triacylglycerols and markers of insulin resistance in the overweight/obese group.
Also GLP-1 was negatively correlated with change in percent gynoid fat in the overweight/obese
subjects. Percent change in GLP-1 was negatively associated with percent change in gynoid fat
in the normal weight group and positively associated with percent change in cholesterol in the
overweight/obese group. Percentage change of circulating triacylglycerols was positively

associated with percent change in GLP-1 in both adiposity groups.
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Conclusion: Our findings showed that GLP-1 serum concentration is not a significant factor in
determining obesity status. The increase of GLP-1 in all subjects regardless of obesity status,

suggest GLP-1 serves as a protective role, counteracting energy surplus.

KEY WORDS

overfeeding, GLP-1, nutritional regulation, obesity, and diabetes
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INTRODUCTION

Hormones secreted from the gastrointestinal (GI) tract play an important role as
peripheral signals of energy homeostasis and are thought to be involved in the development of
obesity and diabetes [1]. Glucagon-like peptide-1 (GLP-1) is a 30-amino acid peptide hormone
secreted from the L-cells of the distal ileum, but is also present in the central nervous system [2].
GLP-1 is a product of the GCG gene and is formed due to tissue-specific post-translational
modification of proglucagon. The hormone is released into circulation in response to food intake;
the larger the meal size, the greater the GLP-1 response. [3, 4]. Therefore during the fasted state,
GLP-1 is low (but still detectable) however the concentration rises postprandially. Active GLP-1
has a very short half-life of ~2 minutes as it is degraded by dipeptidyl peptidase-IV (DPP-IV) [5,
6].

GLP-1 binds to its receptors present in a variety of tissues and elicits a number of
responses. For one, GLP-1 is designated an incretin hormone, facilitating the glucose-dependent
release of insulin from the pancreatic beta-cells [7, 8]. Also it has been shown to decrease the
secretion of glucagon in patients with type-I diabetes who have no beta-cell function but still
exhibit the lowered plasma glucose via GLP-1 [9-11]. Other effects include, decreased appetite
[12-14] and decreased gastric motility and secretion [15, 16].

Due to its many metabolic-related effects, GLP-1 has been implicated in many chronic
metabolic diseases. For example, both its incretin effect and suppression of glucagon secretion
action are disrupted in type-II diabetes [17]. It has also been shown that intravenous (IV)
infusion of GLP-1 acts to lower blood glucose concentration in type-II diabetic patients [18, 19].
GLP-1 is also suggested to be involved in obesity as morbidly obese subjects show a decreased

diurnal L-cell secretion [20]. Fasting GLP-1 has been found to be lower in diabetic and obese
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diabetic patients as compared to healthy controls [21, 22] however, not all studies have
consistent findings [23]. Additionally, the postprandial secretion of GLP-1 is inhibited in
morbidly obese subjects, which is improved after weight loss [24, 25]. It has been found that
GLP-1 infusions reduce food intake in normal weight and obese subjects, regardless of diabetic
status [13, 14, 26-28].

Recognizing that obesity is a result of a chronic positive energy imbalance, it has been
shown that modification of food intake, including overfeeding, influence various gut hormone
concentrations [29-32]. However, most human studies on GLP-1 have been performed using a
cross sectional study design which may not reflect biological and clinical relevance. The
dynamic process of an energy surplus will provide insights of the role of GLP-1 in the
development of obesity and diabetes [33-35].The objectives of the present study were therefore
to investigate: a) the GLP-1 response to short-term overfeeding in young men; b) the difference
in serum GLP-1 concentration in pre- and post- overfeeding between various adiposity groups;

and c) the relationship of fasting GLP-1 with various obesity-related markers.

METHODS

Subjects

Seventy-two healthy men (age 19-29) from Newfoundland and Labrador, Canada, participated in
the present study. All subjects were of at least 34 generation Newfoundland descent and reported
a stable body weight over the last six months. Participants had no serious endocrine, metabolic or
cardiovascular diseases, nor were taking any medications affecting lipid/cholesterol metabolism.

Informed and written consent were provided by each subject. Ethical approval was received from
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the Human Investigations Committee for the Faculty of Medicine, Memorial University, St.

John’s, NL, Canada.

Overfeeding

Overfeeding was completed following a protocol previously described by us [31, 32, 36]. To
assess the metabolic and endocrine effects of a short-term energy surplus, participants were
overfed, for one week (7 days), 70% more calories than what they would normally consume. A
7-day overfeeding period was chosen to ensure changes in metabolic parameters. To estimate
daily energy requirements, three 24-hour recall interviews (2 on weekdays, 1 on weekend) and a
30-day dietary inventory were administered to the subjects. A food recall kit containing standard
portion sizes was used in a face-to-face interview, assessing the food intake of the previous 24-
hours. An average of the questionnaires was utilized to determine daily caloric requirements. The
positive energy challenge was consistent with the typical North American diet: 50%
carbohydrates, 35% fat, and 15% protein. Throughout 7-days at time 0900, 1200, and 1700,
subjects consumed meals with caloric and nutritional content calculated using Food Processor
SQL (version 9.5.0.0; ESHA Research, Salem, OR). A laboratory member was present through
the duration of all meals. Average caloric content was 2969 kcal pre-overfeeding and 5471 kcal
during overfeeding [29]. While participating in the study, subjects were requested to refrain from
consuming additional calorie-containing beverages, drinking alcohol, or taking

drugs/medications.

Measured Variables
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Various physical, anthropometric and biochemical markers were assessed after a 12-hr fasting

period, before and after the 7-day overfeeding period. These are outlined below:

Anthropometric measurements

During all anthropometric measurements subjects wore a light standardized hospital gown. Total
body weight was assessed on a platform scale balance (Health O Meter, IL) and height was
measured using a fixed stadiometer, to the nearest 0.1 kilogram and centimeter, respectively.
Body mass index (BMI) was calculated by dividing the participant’s weight in kilograms by
height in meters squared (kg/m?). Both waist and hip circumference were evaluated using a

measuring tape to the nearest 0.1 centimeter.

Body composition measurements

Body composition was assessed using dual-energy X-ray absorptiometry (DXA Lunar Prodigy;
GE Medical Systems, Madison, WI). The scan can differentiate between fat, lean, and bone
mass, and can therefore determine percent body fat (%BF), trunk fat (%TF), android fat (%AF),
and gynoid fat (%GF) [37] (Method previously described by us [38]). Study subjects were
classified as underweight, normal weight, overweight, and obese based on percentage body fat
recommendations by Bray (for males aged 20-39: underweight= <8.0%, normal weight= 8-

20.9%, overweight= 21-25.9%, or obese= >26.0%) [39].

Serum measurements
Venous blood was collected from subjects and after processing, serum was stored at -80°C.

Serum total cholesterol, high-density lipoprotein cholesterol (HDL-c), triacylglycerols (TGs),
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and glucose concentrations were determined by Synchron reagents using an L.x20 clinical
chemistry analyzer (Beckman Coulter Inc., CA, USA). The concentration of serum insulin was
measured utilizing the Immulite 2500 immunoassay analyzer (Siemens, Los Angeles, CA). The
homeostasis model assessment (HOMA) was used to estimate indices of pancreatic 3-cell
function (HOMA-B: [20 x insulin (mU/L)/(glucose (mmol/L) - 3.5)]) and insulin resistance
(HOMA-IR: [insulin (mU/L) x glucose (mmol/L)/22.5)]). The Friedwald equation (total
cholesterol — HDL-c — TG/2.2) was used to calculate low-density lipoprotein cholesterol (LDL-
¢). Serum total GLP-1 was measured in duplicate using enzyme-linked immunosorbent assay
(ELISA) kits (EMD Millipore, St. Charles, MO). The intra-assay variation ranged from 3.4% to

4.2%, and the inter-assay variation (n = 4) was 5.7%.

Statistical Analysis

All data are presented as mean + S.E. unless stated otherwise. Data not normally distributed were
log-transformed (concentrations of fasting: serum GLP-1, triacylglycerols, insulin, HOMA-IR
and HOMA-f) where appropriate. As well, all data was analyzed using SPSS (Version 19) and
statistical tests were two-sided with significance set at a P-value of 0.05. Because of the small
sample size (n=3) underweight subjects were combined with normal weight subjects (total
n=30). Additionally, as there were a small number of overweight individuals (n=14), these
subjects were combined with obese subjects (total n=42).

The differences between various markers of adiposity, insulin resistance, and lipid metabolism,
and fasting GLP-1 concentration before and after the overfeeding protocol, were assessed
utilizing paired t-test analysis. Additionally a two-factor ANOVA (repeated measures) was used

to examine the overfeeding-adiposity interaction of measured variables. One-way ANOVA (with
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Bonferroni post hoc tests) was utilized to assess the differences of variables between adiposity
groups at baseline.

Spearman correlation analysis was completed to assess the relationship between a) baseline
GLP-1 serum concentration and aforementioned variables at baseline, b) baseline GLP-1 serum
concentration and change in the variables; c) change in serum GLP-1 and change in the
variables; and d) baseline variables and change in serum GLP-1. Additionally partial correlative

analysis was completed controlling for potential confounding factors.

RESULTS
Pre- and Post- Overfeeding Descriptive Statistics

Biochemical and physical measurements prior-to and after the overfeeding challenge are
presented in Table 1. Changes in anthropometrics, body composition and measures of glucose
and lipid metabolism were previously described by us [31, 32, 40]; nevertheless, it was evident
that the one-week overfeeding challenge increased body weight, adiposity, serum lipids, insulin
and insulin resistance. After a one week energy surplus, circulating GLP-1 concentration rose in
the cohort. The pre- and post- overfeeding fasting concentrations of GLP-1 were increased from
36.84+3.16 pmol/L at baseline to 42.39+3.18 pmol/L, after overfeeding. The average percent
change in GLP-1 through the overfeeding study was 24.10+5.85 %. However based on 2-way
ANOVA repeated measure analysis, there was no significant difference between normal weight
and overweight/obese subjects for the increase in serum GLP-1 (P=0.590). Furthermore, there
was no significant difference between the normal weight and overweight/obese group for fasting

GLP-1 concentration at baseline (t-test: P=0.876).
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Baseline correlations of GLP-1 with body composition and markers of lipid/glucose
metabolism

Table 2 characterizes the baseline relationships between GLP-1 and the markers of
adiposity, and lipid/glucose metabolism, utilizing Spearman correlation analysis. In the entire
cohort, fasting GLP-1 concentration was negatively associated with HDL-c concentration and
positively associated with triacylglycerol concentration. Also a positive relationship was evident
between GLP-1 and the ratio of total cholesterol to HDL-c. When the cohort was grouped based
on adiposity status (based on Bray recommendations), no relationships were found between
GLP-1 concentration and the measured variables in the normal weight group. However, in the
overweight/obese group, GLP-1 concentration remained significantly correlated with HDL-c,
triacylglycerol concentration, and the ratio of total cholesterol to HDL-c. Interestingly, in the
overweight/obese, a positive relationship was found between GLP-1 concentration and insulin,
HOMA-IR, HOMA-B, and percent gynoid fat.

Due to the possible confounding effect of gynoid fat on HDL-cholesterol,
triacylglycerols, and markers of insulin metabolism, partial correlations were performed
controlling for gynoid fat and all analyses were repeated (data not shown). All of the
aforementioned relationships remained significant except for the relationship between GLP-1

and HOMA-J in the overweight/obese group (r = 0.300, P = 0.053).

Correlations between baseline GLP-1 with percent change in body composition and
markers of lipid/glucose metabolism
The correlative data between fasting baseline GLP-1 concentration and percent changes in the

markers of adiposity, and lipid and glucose metabolism were also observed. In the entire cohort,
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no relationships were present between circulating GLP-1 and changes in any of the
measurements. However when subjects were grouped according to adiposity, a negative
correlation was revealed between GLP-1 concentration and change in percent gynoid fat (r = -

0.349, P=0.025) in the overweight/obese group.

Correlations between percent change in GLP-1 with percent change in body composition
and markers of lipid/glucose metabolism

Presented in Table 3 is the correlative data between percent change in GLP-1 concentration and
percent change in markers of adiposity, and markers of lipid/glucose metabolism. In the entire
cohort, change in GLP-1 was significantly positively associated with percent change in HDL-c,
and triacylglycerols. When split based on adiposity status, percent change in GLP-1 was
positively correlated with percent change in triacylglycerols and negatively correlated with
percent change in gynoid fat in the normal weight group. However, in the overweight/obese
percent change in serum GLP-1 was significantly positively associated with percent change in

total cholesterol and triacylglycerols.

Correlations between percent change in GLP-1 with baseline body composition and
lipid/glucose metabolism variables

Additionally we wanted to assess the relationship between baseline variables and percent change
in GLP-1 (Table 4). In the entire cohort, baseline weight and BMI were positively correlated
with percent change in GLP-1 while baseline GLP-1 was negatively correlated with percent

change in GLP-1. The same relationships were found significant in the normal weight group,
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when the cohort was grouped based on adiposity. However, only the negative relationship with

baseline GLP-1 remained significant in the overweight/obese group.

DISCUSSION

In the current investigation we examined the response of circulating GLP-1 to a 7-day
energy surplus in 72 young men of Newfoundland descent. The most notable finding was that
GLP-1 concentration significantly increased in response to the overfeeding challenge. The rise in
GLP-1 concentration was independent of adiposity status as the increase of GLP-1 was present in
normal weight and overweight/obese groups. GLP-1 has been shown to have beneficial effects as
it facilitates the glucose-dependent insulin response, lowers glucagon secretion, and induces
satiation [7-14]. Thus current literature suggests GLP-1 secretion would increase in response to a
positive energy challenge, counteracting the response and potentially acting as a protective
mechanism (cessation of appetite/regulation of insulin secretion). Though this may be the case,
studies regarding circulating GLP-1 and overfeeding in humans are few in number, and vary
largely in terms of overfeeding time, degree of overfeeding and macronutrient composition. A 3-
day overfeeding study in which 21 subjects (15 males, 6 females) consumed 50% more calories
than baseline requirements (energy breakdown: 20% protein, 30% fat, 50% carbohydrate)
showed GLP-1 was unchanged over the duration of the study [35]. Similarly, Brons et al.
overfed 26 healthy Danish young men 50% more calories than required (60% fat, 32.5%
carbohydrates and 7.5% protein) utilizing a 5-day high fat diet and found no significant change
in fasting circulating GLP-1 [33]. A small study on nine lean Caucasian males also found no
significant difference in GLP-1 concentration after an overfeeding period which ceased when 5%

of body weight was gained (average of 35 days, range of 28-43; composition: ~ 50%

51



52

carbohydrates, 35% fat, 15% protein) [34]. The excess calories were provided by a liquid drink
which was used to bring total caloric intake to a value of 1.4 times the eucaloric diet. Evidently
these studies differ in regards to subject homogeneity, length and amount of energy surplus. The
negative results from all three studies could be due to the small sample size and/or shorter period
of overfeeding (first two studies). The present investigation, utilizing a fairly homogenous
sample population of young healthy men from the Newfoundland population, observed a
significant increase in serum GLP-1 after a 7-day overfeeding challenge consistent with a typical
North American diet (50% carbohydrates, 35% fat, and 15% protein). We suggest that the
increase in GLP-1 was a homeostatic protective mechanism to offset the metabolic disturbance
caused by the energy surplus.

Previous studies have suggested that obese individuals have a lower GLP-1 secretion as
compared to lean individuals [20, 24, 25, 41]. In our cohort, we found no significant difference
in fasting GLP-1 concentration between overweight/obese and normal weight subjects. In the
entire cohort we found no significant relationship between baseline GLP-1 concentration and
markers of adiposity including BMI and percent body fat. However, in the overweight/obese
group we found baseline GLP-1 correlated with percent gynoid fat. In general, women are more
likely to have greater gynoid fat distribution, and having this distribution is thought to oppose
cardiovascular diseases through more efficient fat storage/lipoprotein lipase functionality [42,
43]. Additionally in the overweight/obese group baseline GLP-1 concentrations correlated with a
negative change in percent gynoid fat. In other words, individuals with higher GLP-1
concentration had a smaller change in percent gynoid fat after the positive energy challenge;
therefore the finding suggests higher baseline GLP-1 predicted a reduced gain in percent gynoid

fat. Moreover, change in GLP-1 was negatively associated with a change in gynoid fat within the
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normal weight group, again proposing a protective effect of GLP-1. Nevertheless, with lack of
large-scale studies assessing GLP-1 and overfeeding we cannot fully elucidate the predictor
ability of baseline/change in GLP-1 on change in metabolic variables.

In this study we also observed the relationships between GLP-1 and markers of lipid
metabolism and insulin resistance. At baseline when controlling for percent gynoid fat, GLP-1
was positively correlated with triacylglycerols and markers of insulin resistance and negatively
correlated with HDL cholesterol, in the overweight/obese group. Thus taken together,
overweight/obese subjects with higher circulating baseline GLP-1 have a less favourable lipid
profile (higher triacylglycerols, lower HDL cholesterol) and higher insulin resistance (increased
HOMA-IR, HOMA-B, and insulin). This being said, studies have shown administration of GLP-
1 receptor agonists to be associated with a beneficial change in lipid profile and insulin
resistance [44-47]. Still however, a study by de Luis et al. [48] found that after biliopancreatic
diversion surgery in morbidly obese patients, basal GLP-1 was negatively associated with HDL-
¢, consistent with our findings. Additionally it has been found that higher circulating GLP-1 in
subjects with metabolic syndrome, are at greater risk for cardiovascular disease [49]. When we
observed the relationship between percent change in GLP-1 and percent change in
triacylglycerols, a positive association was found in both the normal weight and
overweight/obese cohorts (also change in cholesterol was positively correlated with change in
GLP-1 in the overweight/obese cohort). We theorize that the increased GLP-1 is trying to
compensate for the increase in both triacylglycerols and total cholesterol. However, because our
study is a forced overfeeding intervention (subjects ate 70% more calories than required a day)

the metabolic disturbance caused by overfeeding potentially overwhelmed GLP-1’s potential
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effect. Nevertheless more studies are necessary to elucidate the role of GLP-1 in lipid/glucose
metabolism.

A limitation of this investigation is that only young men (age 19-29) of Newfoundland
descent were studied for one week; therefore similar studies are needed in females, and subjects
of different age ranges and ethnic groups. Further large-scale overfeeding studies assessing such
cohorts are warranted to fully elucidate the role of GLP-1 during a positive energy surplus.
Additionally, only total human GLP-1 was measured rather than the suggested active form, GLP-
1 (7-36 amide). Active GLP-1 has a very short half-life and is found in low concentrations,
before it is degraded by DPP-1V, while total GLP-1 gives an indication of the secretion from
intestinal L-cells. However, total GLP-1 has been shown to positively correlate with active GLP-
1 (7-36amide) concentration [50]. Furthermore, although macronutrient composition was
relatively constant, we did not account for the composition of fat (polyunsaturated, saturated, etc)

or carbohydrate (complex vs. simple sugars).

CONCLUSION

Overall, our study investigated the response of fasting GLP-1 concentration to a 7-day
overfeeding protocol in a total of 72 young men from the Canadian province of Newfoundland.
In response to the short term energy surplus, circulating GLP-1 significantly increased in the
entire cohort, regardless of adiposity. We suggest that the increased GLP-1 may act as a
protective mechanism to counteract the positive energy challenge. Additionally at baseline, there
was no significant difference in fasting GLP-1 concentration between the lean and
overweight/obese groups. However at baseline, GLP-1 was positively correlated with

triacylglycerols and markers of insulin resistance, and negatively associated with HDL-c in
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overweight/obese individuals. Also in this group, baseline GLP-1 was negatively associated with
percent change in percent gynoid fat. Percent change in GLP-1 was associated with percent
change in specific variables of lipid metabolism (triacylglycerols, total cholesterol) in the
overweight/obese group. Although the positive relationship between percent change in
triacylglycerols and percent change in GLP-1 was present in the normal weight group, a negative
relationship existed between percent change in gynoid fat and percent change in GLP-1. Our
results suggest that GLP-1 can potentially serve as a protective factor in obesity and it is

involved in lipid/glucose metabolism and fat distribution.
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CHAPTER 4: SUMMARY

The current global obesity epidemic puts more of the population at a greater risk
of diabetes, cardiovascular complications, and certain forms of cancer. Although
increased caloric intake and decreased energy expenditure are fundamental roots of
increased adiposity, obesity is a multi-faceted condition and is therefore influenced by
environmental and genetic factors. Moreover, various circulating peripheral hormones act
as signals to the central nervous system (and other peripheral tissues) influencing energy
homeostasis, metabolism, appetite and therefore, body composition. Hormones secreted
from the GI tract, the largest endocrine organ in the body, are no exception as they are
involved in energy homeostasis, influencing appetite, metabolism, and GI motility [1, 2].
For example ghrelin, secreted mainly from the fundus of the stomach before meals, has
been shown to increase appetite in animal and humans [3-5]. Additionally, the gut
hormone glucagon-like peptide-1 (GLP-1) has been described as an incretin hormone:
helping to facilitate the glucose-dependent insulin response [6-8]. The hormone also
decreases glucagon secretion, slows gastric secretions/motility and is suggested to
increase satiety [9, 10]. Though studies have assessed the hormones ghrelin and GLP-1 in
respect to human obesity, few studies exist assessing the change of gut hormones through
a positive energy challenge. The positive energy balance, or energy surplus (calories
consumed > calories expended) is the primary cause of weight gain and obesity, thus
understanding metabolic and biochemical changes during such periods of overfeeding is
of immense importance. Therefore our research goal was to investigate the response of
two functionally related gut hormones, ghrelin and GLP-1 to a short-term overfeeding

period involving young men. The specific research objectives were as follows: 1) to
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observe the change of GLP-1 and ghrelin to a 7-day overfeeding intervention (70% more
calories than required at baseline); 2) to assess the difference in circulating GLP-1 and
ghrelin at pre and post-overfeeding between adiposity (normal weight, overweight, obese)
groups; and 3) to examine the relationships of GLP-1 and ghrelin with body composition,

physical and biochemical markers.

Seventy-two healthy young men aged 19-29 from Newfoundland were overfed
70% more calories than each required for one week. The diet consisted of 50%
carbohydrates, 35% fat, and 15% protein which is typical of North America dietary
consumption patterns. Aforementioned physical and biochemical measurements were
taken at fasting before (morning Day 1) and after (morning Day 8) the overfeeding
protocol. Serum ghrelin was measured using an EIA method, and GLP-1 was measured

using an ELISA method, before and after the positive energy challenge.

As expected, circulating GLP-1 increased due to the overfeeding challenge.
However to our surprise, circulating ghrelin also increased. After subjects were split into
adiposity groups of normal weight, overweight and obese, there were no differences
found for baseline ghrelin and GLP-1 between these groups. Additionally, there was no
difference for the change in ghrelin and GLP-1 due to overfeeding between normal
weight, overweight and obese cohorts. At baseline, circulating ghrelin was negatively
associated with weight and BMI in the normal weight group, and negatively associated
with BMI in the overweight group. Also at baseline, circulating GLP-1 was inversely

correlated with HDL-cholesterol and positively correlated with triacylglycerols and
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markers of insulin resistance in the overweight/obese group. Moreover, baseline ghrelin
was negatively correlated with change in weight and BMI in the overweight group, and
positively correlated with change in BMI in the obese group. Interestingly, baseline GLP-
1 was negatively associated with change in percent gynoid fat in overweight/obese
subjects. However, change in circulating GLP-1 was positively associated with percent
change in triacylglycerol in normal weight and overweight/obese groups. When observing
the normal weight group, percent change of GLP-1 was inversely correlated with percent
change in gynoid fat. Furthermore in the overweight/obese subjects, percent change in

GLP-1 was positively associated with percent change in total cholesterol.

The present study only investigated a homogenous population of young
Newfoundland men aged 19-29. Future overfeeding studies observing larger-scale
populations are needed to fully elucidate the role of ghrelin and GLP-1 during a positive
energy challenge. Specifically populations including females and subjects of varying
ethnic groups and age ranges are needed for further investigations. Also as mentioned,
there are over 20 gut hormones secreted from the gastrointestinal tract [11]. However due
to various limitations, only the functionally related hormones of ghrelin and GLP-1 were

assessed in this study.

Overall, our results showed that circulating GLP-1 and ghrelin increased in a
cohort of young Newfoundland men due to a 7-day positive energy challenge regardless
of adiposity status. We propose the increase in GLP-1 is likely a protective role,

counteracting the energy surplus. We also theorize that the rise in ghrelin could
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potentially be attempting to offset the rising insulin resistance present during the
overfeeding protocol. Hence the gut hormones ghrelin, and GLP-1 are involved in the

regulation of body composition and lipid/glucose metabolism.
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