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Exploring hormonal dynamics in obesity:
Leptin, ghrelin, and nesfatin-1
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ABSTRACT

Obesity is a disease that develops as a result of multifactorial causes such as genetic, environmental, biological, psychosocial, and economic
factors, leading to excessive fat accumulation and a body mass index exceeding 30 kg/m>. In our bodies, there are appetite-stimulating and
suppressing hormones that regulate nutrient intake and control energy metabolism, either directly secreted or via the hypothalamus. This
review examines the relationships between obesity and major appetite-suppressing hormones, including the protein-based leptin hormone
synthesized from adipose tissue and nesfatin-1, a neurohormone expressed from adipose tissue, pancreas, and brain, as well as ghrelin, a peptide

hormone also known as an appetite stimulant.
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Obesity is a multifactorial disease
characterized by an excess accumulation of fat in
the body. According to body mass index (BMI):
25.0-299 kg/m? is classified as overweight,
30 kg/m? as obesity, and those exceeding
30 kg/m? are termed morbidly obese and super
morbidly obese. The number of obese individuals
is increasing day by day in many developed
countries.!!

Although the exact cause of obesity is
unknown, biological, psychosocial, behavioral,
genetic factors, socioeconomic status, and
cultural influences appear to be associated
with obesity.?! In obesity, excessive intake
of calorie-rich foods increases body weight,
and excess energy is stored as fat, leading
to adiposity. One of the contributing factors
to obesity is an increase in fat tissue due
to decreased physical activity. Psychological
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factors can also contribute to obesity. For
example, situations such as the death of a
close relative, severe illness, exposure to stress,
or experiencing psychological distress may
encourage individuals to view eating as a means
of escaping emotional tension. When children
are pressured by their parents to overeat during
childhood, the number of newly formed fat cells
increases, leading to increased fat storage. The
fat cells of obese children are three times more
numerous than those of children with normal
weight. Neurogenic disorders are among the
factors contributing to obesity. In studies, it
has been observed that lesions occurring in
the ventromedial nuclei of the hypothalamus
lead to obesity in animals due to overeating.
In individuals with pituitary tumors extending
towards the hypothalamus, obesity can develop
by damaging the hypothalamus. Another
factor contributing to obesity is genetic factors.
Obesity genes can result from the disruption
of pathways regulating feeding centers, fat
storage, and energy consumption. There are
three reasons why obesity may be monogenic:
mutations in the melanocortin receptor 4
(MCR-4), congenital absence of the leptin gene,
and mutations in the leptin receptor, which
trigger obesity through the combination of
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environmental factors.®! According to scientific
research, genetic diseases such as Bardet-Biedl
syndrome and Prader-Willi syndrome can
contribute to obesity.

THE ROLE OF THE HYPOTHALAMUS
IN FOOD INTAKE

The hypothalamus, a central region in the
brain, plays a key role in regulating feeding
behavior and controlling food intake (including
enjoyment of food, food quality, and taste)
through signals received from peripheral
organs. It also regulates energy metabolism. By
integrating central information to regulate energy
balance, it maintains body homeostasis. Within
the hypothalamus, the arcuate nucleus (ARC),
ventromedial, dorsomedial, periventricular, and
lateral hypothalamic areas play important roles
in regulating energy metabolism."!

The neurons in the ventromedial and
lateral regions serve to control food intake
by acting as sensitive glucose receptors to the
arteriovenous glucose difference. Neurons in
the ventromedial region are stimulated by food
intake, leading to the creation of a feeling of
satiety through alpha (o)-adrenergic receptors,
thereby halting food intake. Lesions occurring
in the ventromedial area result in excessive
food cravings and a lack of satiety, leading
to obesity. Neurons in the lateral region
induce hunger through the stimulation of
beta-adrenergic and dopaminergic receptors.
Ventral and lateral neurons mutually inhibit
each other’s food intake, thus regulating
control. Through these reciprocal relationships,
they maintain balance.®

The ARC located in the hypothalamus
contains two distinct types of neurons that
control appetite and energy expenditure:
proopiomelanocortin ~ (POMC) neurons,
which produce alpha-melanocyte stimulating
hormone (0-MSH) along with cocaine- and
amphetamine-regulated transcript, and neurons
produce appetite-stimulating substances, such
as neuropeptide Y (NPY) and agouti-related
peptide (AgRP). The o-MSH secreted by POMC
neurons reduces food intake and increases
energy expenditure by stimulating melanocortin
receptors (MCRs) found in neurons of the
paraventricular nucleus. At least five types
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of MCRs exist. Melanocortin receptor 3 and
MCR-4 play a particularly important role in
regulating food intake and energy balance.
Activation of MCR-3 and MCR-4 reduces food
intake and energy expenditure. Activation of
AgRP neurons suppresses MCR-3 and MCR-4,
leading to increased food intake and energy
expenditure. When energy stores in the body are
depleted, appetite-stimulating NPY is activated,
inhibiting MCR-4 and increasing appetite to
enhance food intake.!”

There are many peptide and protein
hormones that affect or directly act on food
intake through the hypothalamus. These
hormones are classified into two groups based
on their duration of action, short-term or
long-term. Short-term regulation is concerned
with preventing overeating during meals.
Short-term regulators include ghrelin (appetite
stimulant), nesfatin-1 (appetite suppressant),
and cholecystokinin (appetite and energy intake
suppressant). Long-term regulation, on the
other hand, aims to maintain normal levels of
body energy stores for an extended period.
Long-term regulators include NPY and AgRP
as appetite stimulants, and insulin, leptin,
obestatin, POMC, and MCR-4 as appetite
suppressants.!®!

LEPTIN

Leptin was first discovered by Zhang et al.”!
in 1994, a 167-amino acid protein hormone
named after the Greek word 'leptos' (thin). It is
located on the long arm of chromosome 7 (7q31)
in humans and is primarily produced in adipose
tissue by the ob gene (human obese gene),
encoded into messenger ribonucleic acid (mnRNA).
Hence, another name for the leptin hormone is
Ob protein.

Leptin plays an important role in regulating
body weight homeostasis. Levels of leptin are
proportional to body fat mass. Leptin secretion
is regulated by circadian rhythm, with leptin
secretion being highest from midnight to the
early hours of the morning. Leptin secretion is at
its lowest levels in the afternoon.!'%! The nerves
and neurohormonal components in the brain
regulate leptin secretion in accordance with
circadian rhythm, and it is synthesized primarily
in adipose tissue but also in wvarious tissues
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throughout the body. Leptin is also secreted
by the stomach, placenta, mammary glands,
ovarian follicles, heart, bone/cartilage tissue,
some fetal organs, and the brain.!?

Mechanisms of leptin action

In the hypothalamus, ventromedial,
paraventricular nuclei, arcuate nuclei, amygdaloid
nuclei, and choroid plexus contain five different
receptors for leptin: ObRa, ObRb, ObRc, ObRe,
and ObRf forms. Protein-based molecules such
as Janus kinase 2 (JAK-2), and signal transducers
and activators of transcription (STAT) play roles
in leptin receptor signaling. The most important
and longest form, ObRb, directly participates in
initiating signaling with its intracellular extension.
ObRa and ObRc forms allow leptin to cross the
blood-brain barrier (BBB).[!3!

As mentioned earlier, the ARC in the
hypothalamus contains the appetite-stimulating
NPY. Neuropeptide Y becomes active when
energy stores are depleted, inhibiting MCR-4
and increasing food intake. Leptin binds to the
ObRa receptor in the hypothalamus, leading to
phosphorylation of the receptor's intracellular
extension by JAK-2. The phosphorylated
intracellular domain then associates with the STAT
protein, detaches from the cell membrane, and
enters the cell.™ It reduces the amount of NPY
mRNA and inhibits its secretion. Simultaneously,
it stimulates the production of o-MSH, reducing
food intake.!®!

Leptin deficiency and resistance

Leptin deficiency can be congenital or
acquired. Congenital leptin deficiency results
from leptin mutations leading to obesity and
dysregulation of hypothalamic pathways,
which can be corrected with leptin hormone
replacement therapy.'®17  Acquired leptin
deficiency, on the other hand, is associated with
hypothalamic-pituitary-gonadal axis dysfunction
due to prolonged decreases in exercise, stress,
or food intake, especially in cases of low body
weight, resulting in menstrual irregularities.!18!

Leptin resistance can occur due to
impairment in leptin's passage through the BBB
or dysfunction of leptin receptors.'”! The leptin
hormone exerts its effects by crossing the BBB
through carriers. Dysfunction in these carrier
functions can lead to leptin resistance.!?"
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The relationship between obesity and
leptin

The levels of leptin hormone, which has
the effect of increasing energy expenditure and
reducing appetite, convey information about
the accumulated energy in fat tissue to the
hypothalamus. Accordingly, an increase in leptin
levels leads to decreased appetite and increased
energy expenditure, while conversely, when
leptin levels are low, appetite increases while
energy expenditure decreases.?!! When serum
leptin levels of obese individuals are examined,
they are found to be higher compared to
normal individuals.?? Due to leptin resistance
in hypothalamic receptors in obese individuals,
high levels of leptin fail to control body weight
effectively.’?324 In obese individuals, differences
in serum leptin levels between genders are
observed. Female obese individuals tend to
have higher leptin levels compared to male
obese individuals, and a positive correlation has
been identified between BMI and serum leptin
levels. 129!

Obesity in humans does not solely arise from
leptin deficiency; obese individuals also exhibit
resistance to leptin. When examining the reasons
for leptin resistance, it can stem from dysfunction
in carriers at the BBB or at the level of receptors
in the central nervous system.?” According to
the findings of the study, the primary cause of
obesity stems from abnormalities in the transport
of leptin across the BBB.2°!

GHRELIN

In 1976, Banks?” found that opioid peptide
derivatives did not exhibit opioid activity but
rather showed a weak growth hormone-releasing
effect. Therefore, they termed them as growth
hormone secretagogues (GHS). Attempts were
made to isolate the endogenous GHS receptor
ligand from regions where growth hormone-
releasing substance receptor synthesis occurs,
such as the brain, pituitary, and hypothalamus,
but these efforts were unsuccessful.28-3% [n 1999,
Kojima et al.B! isolated the endogenous ligand
of the growth hormone secretagogue receptor
(GHS-R) from the stomach and named it ghrelin,
combining the root of the word 'grow, which
signifies development, with 'relin,” which denotes
secretion. Ghrelin exists in two forms in the body,
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acylated and desacylated, with a half-life of 15-20
minutes. An eight-carbon fatty acid is attached
to the third amino acid, serine, at the N-terminal
end of ghrelin. This attached fatty acid is called
an octanoyl group and forms the acylated part,
or the active part, of ghrelin. Desacyl ghrelin,
which constitutes the majority of circulating
ghrelin, lacks the octanoyl group. Ghrelin is the
only hormone activated by a fatty acid molecule.
When bound to a fatty acid molecule, ghrelin
becomes hydrophobic, allowing it to easily pass
through the BBB and reach the hypothalamus
and pituitary. The precursor molecule of ghrelin,
proghrelin, consists of 117 amino acids.3233]

Ghrelin is primarily produced by X/A-like cells
located in the oxyntic glands of the submucosal
layer of the stomach.®¥ Ghrelin is released from
tissues such as the hypothalamus, pituitary gland,
salivary gland, thyroid gland, small intestine,
kidney, heart, pancreas, lungs, placenta, gonads,
immune system, and breast.3>38!

The ghrelin hormone is involved in the
synthesis of growth hormone and plays a role
in increasing appetite and regulating satiety by
affecting fat tissue and serum levels of cortisol,
catecholamines, adrenocorticotropic hormone
(ACTH), prolactin, and aldosterone. Ghrelin
hormone functions in the opposite way to leptin
hormone, increasing appetite, raising food
intake, and disrupting energy balance, leading
to excessive weight gain.® In humans, plasma
ghrelin levels increase with feelings of hunger and
decrease with feelings of satiety.!*%

The mechanism of action of ghrelin

The GHS-R is a G protein-coupled receptor
with seven transmembrane regions.*!! The
mRNA of GHS-R is synthesized in the arcuate
and ventromedial nuclei as well as in the
hippocampus.*? The mRNA of GHS-R is found in
various tissues and organs including hypothalamic
nuclei, pituitary gland, heart, lungs, liver, kidneys,
pancreas, stomach, small and large intestines,
adipose tissue, and immune cells.%

The growth hormone secretagogue receptor is
encoded by two different mRNAs. The GHS-R1a
is involved in the regulation of appetite and
energy balance in the central nervous system,
and it is found in hypothalamic nuclei, the dorsal
vagal complex, and the mesolimbic dopaminergic
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system."3 The GHS-R1b is not active because it
lacks certain specific transmembrane domains.*4

As we mentioned, for ghrelin to be active, it
needs to be in its functional form called acylated
ghrelin, which occurs when the eight-carbon fatty
acid binds to the third amino acid, serine. The
enzyme responsible for facilitating the binding of
this fatty acid is ghrelin O-acyltransferase, which
plays a role in the activation of ghrelin.[334%

The relationship between obesity and
ghrelin

Ghrelin exerts its effects on appetite through
three pathways. Firstly, the ghrelin hormone
synthesized in the stomach reaches the ARC
through active transport via the bloodstream,
thereby stimulating the appetite center. Secondly,
the ghrelin hormone synthesized peripherally
stimulates vagal afferent nerve terminals and
activates the hypothalamus by inducing GHS-R
expression. Thirdly, the ghrelin hormone
synthesized in the hypothalamus increases the
production of NPY and AgRP in the ARC while
suppressing POMC production. The ghrelin
hormone stimulates appetite by increasing its
serum levels in response to the depletion of energy
stores.16471 The levels of ghrelin in lean individuals
are higher compared to obese individuals, and an
increase in ghrelin levels has been observed in
obese individuals following weight loss due to
diet and exercise.*® When comparing plasma
ghrelin levels between individuals with anorexia
nervosa and obese individuals, individuals with
anorexia nervosa tend to have higher plasma
leptin levels compared to obese individuals.™*”!

NESFATIN-1

Discovered by Oh-I et al.P% in 2006,
nesfatin-1 is an anorexigenic (appetite-reducing)
neurohormone derived from nucleobindin 2
(NUCB2) protein expressed in the hypothalamus,
adipose tissue, pancreas, gastric mucosa, and the
brain. The NUCB2 consists of 396 amino acids,
with the N-terminal nesfatin-1 spanning amino
acids 1-82, nesfatin-2 spanning amino acids
85-163, and nesfatin-3 spanning amino acids
166-396. The first 23 amino acids of nesfatin-1,
which comprise 82 amino acids in total, exhibit
activity in inhibiting food intake. However,
definitive data regarding the activity of nesfatin-2
and nesfatin-3 are yet to be obtained.®!52
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The mechanism of action of nesfatin-1

The nesfatin-l hormone activates neurons
containing POMC, which is a precursor to ACTH,
in the ARC of the hypothalamus or in the nucleus
tractus solitarius in the brainstem. It crosses the
BBB through neural network interactions to reach
central brain centers, both endogenously and
exogenously regulated.®®3 The expression of
nesfatin-1 is associated with the satiety hormone
o-MSH. Alpha-melanocyte stimulating hormone
increases the expression of the NUCB2 gene
and nesfatin-1 expression in the paraventricular
nucleus.®¥ The NUCB2/nesfatin-1 in the brain
suppresses food intake by exerting its secretory
effects through receptors such as oxytocin,
POMC/MSH, corticotropin-releasing factor,
histamine, serotonin, and thyrotropin-releasing
hormone.!

The relationship between obesity and
nesfatin-1

Studies investigating the relationship
between plasma nesfatin-1 levels and obesity are
contradictory. Nesfatin-1 levels are inversely related
to total body fat levels.® In obese individuals, as
nesfatin-1 levels increase, the percentage of body
fat decreases. It has been observed that obese
individuals with low nesfatin-1 levels have an
increase in carbohydrate, protein, and energy
intake.®® In obese children, serum nesfatin-1
levels are lower compared to normal-weight
children./®”

Contrary to these results, in a study, serum
nesfatin-1 levels in obese individuals were higher
compared to normal-weight individuals.®®
Supporting this, another study found a positive
correlation between nesfatin-1 and BMI.154.55.59

Congenital nesfatin-1  deficiency has
been associated with early-onset obesity,
characterized by the deficiency of prohormone
convertase 1, which converts NUCBZ2 into
nesfatin-1, 2, and 3.9 The research identified
the first genetic variation of nesfatin-1 in obese
individuals, revealing seven different sections
of the NUCB2 gene. These variations did not
affect circulating levels, but it is speculated that
these diverse variations may trigger obesity in
the brain through nesfatin-1. Further scientific
studies are needed to investigate this possibility.
01 Further studies are expected to investigate the
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roles of gender differences, age, body weight,
and different assessment methods.®¥ Long-term
studies providing conclusive evidence on the
effect of nesfatin-1, known to cross the BBB
and reduce food intake, in obese individuals are
needed.[63631

In conclusion, obesity is a multifactorial
condition characterized by an excess
accumulation of body fat, where energy
intake exceeds energy expenditure, and the
BMI exceeds 30 kg/m?. Factors contributing
to obesity can be attributed to genetic,
environmental, psychosocial, and economic
factors. Reduced physical activity, overeating,
particularly during childhood leading to
excessive fat accumulation, and lesions in
the ventromedial nuclei of the hypothalamus
triggering overeating desires can lead to
obesity. Another contributing factor is genetics,
where mutations in MCR-4, deficiency of
the leptin gene, or mutations in the leptin
receptor, combined with environmental factors,
can trigger obesity. There are many factors
contributing to obesity. The hypothalamus
is a region in the brain that plays a role in
controlling food intake and regulating energy
metabolism There are hormones that affect
or directly affect nutrient intake through the
hypothalamus, including appetite-stimulating
and appetite-suppressing hormones.
Appetite-suppressing hormones such as leptin
and nesfatin-1, as well as appetite-stimulating
hormones such as ghrelin, are associated
with obesity. The leptin hormone restricts
food intake and regulates energy metabolism
by providing negative feedback to the
hypothalamus. In obese individuals, higher
levels of leptin are found compared to normal
individuals. However, leptin resistance may
occur due to abnormalities in carriers at the
blood-brain barrier or disruptions in receptors.
Ghrelin hormone, unlike leptin hormone, is an
appetite-stimulating hormone and is known as
a growth hormone-releasing peptide Ghrelin
hormone stimulates appetite in three different
ways: Firstly, ghrelin hormone synthesized in
the stomach stimulates appetite by actively
circulating through the bloodstream. Secondly,
the ghrelin hormone synthesized peripherally
stimulates the hypothalamus by increasing
the expression of ghrelin hormone receptors.
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Thirdly, the ghrelin hormone synthesized in the
hypothalamus suppresses POMC production.
However, studies on the relationship between
appetite-suppressing hormones such as
nesfatin-1 and obesity are contradictory.
Therefore, more scientific research is needed
to better understand the relationship between
hormones and obesity.

Data Sharing Statement: The data that support
the findings of this study are available from the
corresponding author upon reasonable request.

Author Contributions: Writer of article: M.AY.;
Supervisor: O.E.

Conflict of Interest: The authors declared no
conflicts of interest with respect to the authorship and/
or publication of this article.

Funding: The authors received no financial support
for the research and/or authorship of this article.

REFERENCES

1. Mendez MA, Monteiro CA, Popkin BM. Overweight
exceeds underweight among women in most
developing countries. Am J Clin Nutr 2005;81:714-
21. doi: 10.1093/ajcn/81.3.714.

2. Skelton JA, Irby MB, Grzywacz JG, Miller G. Etiologies
of obesity in children: Nature and nurture. Pediatr
Clin North Am 2011;58:1333-54, ix. doi: 10.1016/j.
pcl.2011.09.006.

3. Guyton AC, Hall JE. Textbook of medical physiology.
[stanbul: Nobel Kitabevi; 2001.

4. Farooqi IS, O'Rahilly S. Monogenic human obesity
syndromes. Recent Prog Horm Res 2004;59:409-24.
doi: 10.1210/rp.59.1.4009.

5. Al Massadi O, Lopez M, Tschép M, Diéeguez C,
Nogueiras R. Current understanding of the
hypothalamic ghrelin pathways inducing appetite
and adiposity. Trends Neurosci 2017;40:167-80. doi:
10.1016/j.tins.2016.12.003.

6. Pala HG, Pala EE, Artunc Ulkumen B, Aktug H,
Yavasoglu A, Korkmaz HA, et al. The protective
effect of granulocyte colony-stimulating factor on
endometrium and ovary in a rat model of diabetes
mellitus. Gynecol Obstet Invest 2014;78:94-100. doi:
10.1159/000363239.

7. Mizuno TM, Makimura H, Silverstein J, Roberts
JL, Lopingco T, Mobbs CV. Fasting regulates
hypothalamic neuropeptide Y, agouti-related
peptide, and proopiomelanocortin in diabetic
mice independent of changes in leptin or insulin.
Endocrinology 1999;140:4551-7. doi: 10.1210/
endo.140.10.6966.

8. ShimizuH, Oh-IS, Hashimoto K, Nakata M, Yamamoto
S, Yoshida N, et al. Peripheral administration

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

31

of nesfatin-1 reduces food intake in mice: The
leptin-independent mechanism. Endocrinology
2009;150:662-71. doi: 10.1210/en.2008-0598.
Zhang Y, Proenca R, Maffei M, Barone M, Leopold
L, Friedman JM. Positional cloning of the mouse
obese gene and its human homologue. Nature
1994,372:425-32. doi: 10.1038/372425a0.

Fietta P. Focus on leptin, a pleiotropic hormone.
Minerva Med 2005;96:65-75.

Licinio J, Mantzoros C, Negrao AB, Cizza G, Wong ML,
Bongiorno PB, et al. Human leptin levels are pulsatile
and inversely related to pituitary-adrenal function. Nat
Med 1997;3:575-9. doi: 10.1038/nm0597-575.

Cui H, Lépez M, Rahmouni K. The cellular and
molecular bases of leptin and ghrelin resistance in
obesity. Nat Rev Endocrinol 2017;13:338-51. doi:
10.1038/nrendo.2016.222.

Calabro P, Limongelli G, Pacileo G, Di Salvo G,
Golino P, Calabro R. The role of adiposity as a
determinant of an inflammatory milieu. J Cardiovasc
Med (Hagerstown) 2008;9:450-60. doi: 10.2459/
JCM.0b013e3282¢eee9a8.

Myers MG Jr, Leibel RL, Seeley RJ, Schwartz MW.
Obesity and leptin resistance: Distinguishing cause
from effect. Trends Endocrinol Metab 2010;21:643-
51. doi: 10.1016/j.tem.2010.08.002.

Auwerx J, Staels B. Leptin. Lancet 1998;351:737-42.
doi: 10.1016/S0140-6736(97)06348-4.

Farr OM, Gavrieli A, Mantzoros CS. Leptin applications
in 2015: What have we learned about leptin and obesity?
Curr Opin Endocrinol Diabetes Obes 2015;22:353-9.
doi: 10.1097/MED.0000000000000184.

Blither S, Shah S, Mantzoros CS. Leptin deficiency:
Clinical implications and opportunities for therapeutic
interventions. J Investig Med 2009;57:784-8. doi:
10.2310/JIM.0b013e3181b9163d.

Jimerson DC, Mantzoros C, Wolfe BE, Metzger ED.
Decreased serum leptin in bulimia nervosa. J Clin
Endocrinol Metab 2000;85:4511-4. doi: 10.1210/
jcem.85.12.7051.

Oswal A, Yeo G. Leptin and the control of body
weight: A review of its diverse central targets, signaling
mechanisms, and role in the pathogenesis of obesity.
Obesity (Silver Spring) 2010;18:221-9. doi: 10.1038/
oby.2009.228.

Banks WA, Coon AB, Robinson SM, Moinuddin
A, Shultz JM, Nakaoke R, et al. Triglycerides
induce leptin resistance at the blood-brain barrier.
Diabetes 2004;53:1253-60. doi: 10.2337/
diabetes.53.5.1253.

Kayabasi Y, Erbas O. Ghrelin: A link between food
reward and motivation. JEB Med Sci 2022;3:62-7.
doi: 10.5606/jebms.2022.1010.

Considine RV, Sinha MK, Heiman ML, Kriauciunas A,
Stephens TW, Nyce MR, et al. Serum immunoreactive-
leptin concentrations in normal-weight and obese
humans. N Engl J Med 1996;334:292-5. doi:
10.1056/NEJM199602013340503.



32

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Seufert J, Kieffer TJ, Leech CA, Holz GG,
Moritz W, Ricordi C, et al. Leptin suppression of
insulin secretion and gene expression in human
pancreatic islets: Implications for the development of
adipogenic diabetes mellitus. J Clin Endocrinol Metab
1999;84:670-6. doi: 10.1210/jcem.84.2.5460.
Sainz N, Barrenetxe J, Moreno-Aliaga MJ,
Martinez JA. Leptin resistance and diet-induced
obesity: Central and peripheral actions of leptin.
Metabolism 2015;64:35-46. doi: 10.1016/j.
metabol.2014.10.015.

McConway MG, Johnson D, Kelly A, Griffin D, Smith J,
Wiallace AM. Differences in circulating concentrations
of total, free and bound leptin relate to gender and
body composition in adult humans. Ann Clin Biochem
2000;37:717-23. doi: 10.1258/0004563001899771.
Bademci R, Erdogan MA, Eroglu E, Meral A, Erdogan
A, Atasoy O, et al. Demonstration of the protective
effect of ghrelin in the livers of rats with cisplatin
toxicity. Hum Exp Toxicol 2021;40:2178-87. doi:
10.1177/09603271211026722.

Banks WA. Leptin transport across the blood-brain
barrier: Implications for the cause and treatment
of obesity. Curr Pharm Des 2001;7:125-33. doi:
10.2174/1381612013398310.

Bowers CY, Momany FA, Reynolds GA, Hong A.
On the in vitro and in vivo activity of a new
synthetic hexapeptide that acts on the pituitary to
specifically release growth hormone. Endocrinology
1984,114:1537-45. doi: 10.1210/endo-114-5-1537.
Igbal J, Kurose Y, Canny B, Clarke 1J. Effects of central
infusion of ghrelin on food intake and plasma levels
of growth hormone, luteinizing hormone, prolactin,
and cortisol secretion in sheep. Endocrinology
2006;147:510-9. doi: 10.1210/en.2005-1048.

Guan XM, Yu H, Palyha OC, McKee KK, Feighner
SD, Sirinathsinghji DJ, et al. Distribution of mRNA
encoding the growth hormone secretagogue receptor
in brain and peripheral tissues. Brain Res Mol Brain Res
1997;48:23-9. doi: 10.1016/50169-328x(97)00071-5.
Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo
H, Kangawa K. Ghrelin is a growth-hormone-
releasing acylated peptide from stomach. Nature
1999;402:656-60. doi: 10.1038/45230.

Achike FI, ToNH, Wang H, Kwan CY. Obesity, metabolic
syndrome, adipocytes and vascular function: A holistic
viewpoint. Clin Exp Pharmacol Physiol 2011;38:1-10.
doi: 10.1111/j.1440-1681.2010.05460.x.
Gutierrez-Grobe Y, Villalobos-Blasquez I, Sanchez-
Lara K, Villa AR, Ponciano-Rodriguez G, Ramos MH,
et al. High ghrelin and obestatin levels and low risk of
developing fatty liver. Ann Hepatol 2010;9:52-7.
Sakata I, Nakamura K, Yamazaki M, Matsubara M,
Hayashi Y, Kangawa K, et al. Ghrelin-producing
cells exist as two types of cells, closed- and
opened-type cells, in the rat gastrointestinal tract.
Peptides 2002;23:531-6. doi: 10.1016/s0196-
9781(01)00633-7.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

D J Med Sci

Date Y, Nakazato M, Hashiguchi S, Dezaki K, Mondal
MS, Hosoda H, et al. Ghrelin is present in pancreatic
alpha-cells of humans and rats and stimulates insulin
secretion. Diabetes 2002;51:124-9. doi: 10.2337/
diabetes.51.1.124.

Gnanapavan S, Kola B, Bustin SA, Morris DG, McGee
P, Fairclough P, et al. The tissue distribution of the
mRNA of ghrelin and subtypes of its receptor, GHS-R,
in humans. J Clin Endocrinol Metab 2002;87:2988.
doi: 10.1210/jcem.87.6.8739.

Hosoda H, Kojima M, Matsuo H, Kangawa K. Ghrelin
and des-acyl ghrelin: Two major forms of rat ghrelin
peptide in gastrointestinal tissue. Biochem Biophys
Res Commun 2000;279:909-13. doi: 10.1006/
bbrc.2000.4039.

Hortu I, Ozceltik G, Sahin C, Akman L, Yildirim
N, Erbas O. Granulocyte colony-stimulating factor
prevents ischemia/reperfusion-induced ovarian injury
in rats: Evaluation of histological and biochemical
parameters. Reprod Sci 2019;26:1389-94. doi:
10.1177/19337191188168309.

Hagemann D, Meier JJ, Gallwitz B, Schmidt WE.
Appetite regulation by ghrelin - a novel neuro-
endocrine gastric peptide hormone in the gut-brain-
axis. Z Gastroenterol 2003;41:929-36. doi: 10.1055/
s-2003-41853.

Solmaz V, Tekatas A, ErdoGan MA, Erbas O. Exenatide,
a GLP-1 analog, has healing effects on LPS-induced
autism model: Inflammation, oxidative stress, gliosis,
cerebral GABA, and serotonin interactions. Int J Dev
Neurosci 2020;80:601-12. doi: 10.1002/jdn.10056.
Howard AD, Feighner SD, Cully DF, Arena JP,
Liberator PA, Rosenblum CI, et al. A receptor
in pituitary and hypothalamus that functions in
growth hormone release. Science 1996;273:974-7.
doi: 10.1126/science.273.5277.974.

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo
H, Kangawa K, et al. A role for ghrelin in the central
regulation of feeding. Nature 2001;409:194-8. doi:
10.1038/35051587.

Miiller TD, Nogueiras R, Andermann ML, Andrews
ZB, Anker SD, Argente J, et al. Ghrelin. Mol Metab
2015;4:437-60. doi: 10.1016/j.molmet.2015.03.005.
Sato T, Nakamura Y, Shiimura Y, Ohgusu H, Kangawa
K, Kojima M. Structure, regulation and function of
ghrelin. J Biochem 2012;151:119-28. doi: 10.1093/
jb/mvrl34.

Ohgusu H, Shirouzu K, Nakamura Y, Nakashima Y,
Ida T, Sato T, et al. Ghrelin O-acyltransferase (GOAT)
has a preference for n-hexanoyl-CoA over n-octanoyl-
CoA as an acyl donor. Biochem Biophys Res Commun
2009;386:153-8. doi: 10.1016/5.bbrc.2009.06.001.
Cowley MA, Smith RG, Diano S, Tschop M, Pronchuk
N, Grove KL, et al. The distribution and mechanism
of action of ghrelin in the CNS demonstrates a novel
hypothalamic circuit regulating energy homeostasis.
Neuron 2003;37:649-61. doi: 10.1016/s0896-
6273(03)00063-1.



Leptin, ghrelin, and nesfatin-1 in obesity

47.

48.

49.

50.

51.

52.

53.

54.

55.

Inui A, Asakawa A, Bowers CY, Mantovani G,
Laviano A, Meguid MM, et al. Ghrelin, appetite, and
gastric motility: The emerging role of the stomach as
an endocrine organ. FASEB J 2004,18:439-56. doi:
10.1096/1j.03-0641rev.

Cummings DE. Ghrelin and the short- and long-
term regulation of appetite and body weight.

Physiol Behav 2006;89:71-84. doi: 10.1016/j.
physbeh.2006.05.022.

Baranowska B, Wasilewska-Dziubinska E,
Radzikowska M, Ptonowski A, Roguski K.

Neuropeptide Y, galanin, and leptin release in
obese women and in women with anorexia nervosa.
Metabolism 1997;46:1384-9. doi: 10.1016/s0026-
0495(97)90136-0.

Oh-1 S, Shimizu H, Satoh T, Okada S, Adachi S,
Inoue K, et al. Identification of nesfatin-1 as a satiety
molecule in the hypothalamus. Nature 2006;443:709-
12. doi: 10.1038/nature05162.

Stengel A, Mori M, Taché Y. The role of nesfatin-1
in the regulation of food intake and body weight:
Recent developments and future endeavors. Obes Rev
2013;14:859-70. doi: 10.1111/0br.12063.

Chen X, Dong J, Jiang ZY. Nesfatin-1 influences
the excitability of glucosensing neurons in the
hypothalamic nuclei and inhibits the food intake.
Regul Pept 2012;177:21-6. doi: 10.1016/j.
regpep.2012.04.003.

SchwartzMW, Woods SC, Porte D Jr, Seeley RJ, Baskin
DG. Central nervous system control of food intake.
Nature 2000;404:661-71. doi: 10.1038/35007534.
Stengel A. Nesfatin-1 - More than a food intake
regulatory peptide. Peptides 2015;72:175-83. doi:
10.1016/j.peptides.2015.06.002.

Tan BK, Hallschmid M, Kern W, Lehnert H, Randeva
HS. Decreased cerebrospinal fluid/plasma ratio of
the novel satiety molecule, nesfatin-1/NUCB-2, in
obese humans: Evidence of nesfatin-1/NUCB-2
resistance and implications for obesity treatment.
J Clin Endocrinol Metab 2011;96:E669-73. doi:
10.1210/jc.2010-1782.

56.

57.

58.

59.

60.

61.

62.

63.

33

Mirzaei K, Hossein-nezhad A, Keshavarz SA,
Koohdani F, Eshraghian MR, Saboor-Yaraghi AA,
et al. Association of nesfatin-1 level with body
composition, dietary intake and resting metabolic rate
in obese and morbid obese subjects. Diabetes Metab
Syndr 2015;9:292-8. doi: 10.1016/j.dsx.2014.04.010.
Abaci A, Catli G, Anik A, Kume T, Bober E. The relation
of serum nesfatin-1 level with metabolic and clinical
parameters in obese and healthy children. Pediatr
Diabetes 2013;14:189-95. doi: 10.1111/pedi.12009.
Ogiso K, Asakawa A, Amitani H, Nakahara T,
Ushikai M, Haruta I, et al. Plasma nesfatin-1
concentrations in restricting-type anorexia
nervosa. Peptides 2011;32:150-3. doi: 10.1016/j.
peptides.2010.10.004.

Kabiri A, Hosseinzadeh-Attar MJ, Haghighatdoost F,
Eshraghian M, Esmaillzadeh A. Impact of olive oil-
rich diet on serum omentin and adiponectin levels: A
randomized cross-over clinical trial among overweight
women. Int J Food Sci Nutr 2017,68:560-8. doi:
10.1080/09637486.2016.1261808.

Catli G, Abaci A, Anik A, Béber E. Low serum
nesfatin-1 levels may be a contributing factor for
monogenic obesity due to prohormone convertase
1 deficiency. Med Hypotheses 2013;81:172-4. doi:
10.1016/j.mehy.2013.05.013.

Zegers D, Beckers S, de Freitas F, Jennes K, Van
Camp JK, Mertens IL, et al. Identification of mutations
in the NUCB2/nesfatin gene in children with severe
obesity. Mol Genet Metab 2012;107:729-34. doi:
10.1016/5.ymgme.2012.10.014.

Tsuchiya T, Shimizu H, Yamada M, Osaki A, Oh-1 S,
Ariyama Y, et al. Fasting concentrations of nesfatin-1
are negatively correlated with body mass index in non-
obese males. Clin Endocrinol (Oxf) 2010,73:484-90.
doi: 10.1111/j.1365-2265.2010.03835.x.

Pan W, Hsuchou H, Kastin AJ. Nesfatin-1
crosses the blood-brain barrier without saturation.
Peptides 2007;28:2223-8. doi:  10.1016/j.
peptides.2007.09.005.



