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Hunger & satiety signals:
another key mechanism
involved in the NAFLD pathway
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Hepatology and Transplants Unit, Medica Sur Clinic & Foundation, Mexico City, Mexico,
?Translational Research Unit, Medica Sur Clinic & Foundation, Mexico City, Mexico,
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Non-alcoholic fatty liver disease (NAFLD) is a highly prevalent metabolic disease,
although prevalence could change according to region, nowadays is considered
a public health problem whose real impact on the health system is unknown.
NAFLD has a multifactorial and complex pathophysiology, due to this, developing
a unique and effective pharmacological treatment has not been successful in
reverting or avoiding the progression of this liver disease. Even though NAFLD
pathophysiology is known, all actual treatments are focused on modifying or
regulating the metabolic pathways, some of which interplay with obesity. It has
been known that impairments in hunger and satiety signals are associated with
obesity, however, abnormalities in these signals in patients with NAFLD and
obesity are not fully elucidated. To describe these mechanisms opens an
additional option as a therapeutic target sharing metabolic pathways with
NAFLD, therefore, this review aims to describe the hormones and peptides
implicated in both hunger-satiety in NAFLD. It has been established that
NAFLD pharmacological treatment cannot be focused on a single purpose;
hence, identifying interplays that lead to adding or modifying current
treatment options could also have an impact on another related outcome
such as hunger or satiety signals.
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD) has become one of the most common
chronic liver diseases in the world and its prevalence has increased along with the obesity
pandemic (1). Current data indicates that NAFLD prevalence in the world population is
around 25%, yet it might vary according to age, sex, and ethnicity (2).

NAFLD is associated with various metabolic comorbidities including obesity (51.34%;
95% CI: 41.38 - 61.20), type 2 diabetes (DM) (22.51%; 95% CI: 17.92 - 27.89),
hyperlipidemia (69.16%; 95% CI: 49.91 - 83.46), hypertension (39.34%; 95% CI: 33.15 -
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45.88), and metabolic syndrome (MetS) (42.54%; 95% CI: 30.06 -
56.05). Due to these complex associations, performing clinical trials
in NAFLD patients without metabolic comorbidities is practically
impossible; therefore, treatment options need to be effective for
more than one metabolic outcome. Clinically, most NAFLD
patients tend to be obese, with other characteristics of MetS,
which are all risk factors for cardiovascular diseases, one of the
leading causes of death in these patients (3). However, NAFLD can
also be found in lean people, which has been characterized as the
non-obese NAFLD or lean NAFLD (4). The presence of liver
steatosis in these patients is more related to epigenetic regulation,
environmental and genetic factors; however, fibrosis and
cardiovascular mortality seem to be higher than in overweight
patients; therefore, lean NAFLD patients are not completely
benefited by weight loss. Strategies focused on physical activity
and body composition have been associated with an improvement
in clinical outcomes in lean NAFLD patients; however,
pharmacological clinical trials do not include these group of
patients (5).

The ingestion of the appropriate amount of each nutrient factor
is essential for maintaining body homeostasis. Improper nutritional
balance has been linked to a wide spectrum of disorders; for
example, overeating leads to obesity (6). Since NAFLD is majorly
associated with obesity and its complications, one of the
mechanisms implicated in the development of this liver disease is
the imbalance between hunger and satiety. Hunger and satiety
sensations are modulated by an interplay between the
gastrointestinal tract and the brain, which control the amount of
food ingested during a meal, and the hunger or satiety sensations
related to alterations of energy balance and expenditure (7).

Hunger and satiety are modulated majorly by hormones and
peptides. Ghrelin (Ghr), thyroid hormones (TH), glucocorticoids
(GC), and melanin-concentrating hormone (MCH) are the
hormones implicated in hunger, while orexin, neuropeptide Y
(NPY), and opioid peptide are the peptides that have been
associated with this process. On the other hand, glucagon like
peptide-1 (GLP-1) and peptide YY (PPY) have been associated with
satiety; cholecystokinin (CCK), somatostatin (SST), and leptin are
the hormones involved in this sensation (6, 8). The aim of this
review is to expose the mechanisms of action of the most important
hormones and peptides involved in hunger and satiety, as well as
their role in NAFLD development.

2 Hunger

Food intake control is regulated by peptidergic regulators
stimulating hunger to initiate food intake. In patients with
metabolic or weight abnormalities, alterations in the interaction
of peripheral and central signals could be related to impaired energy
homeostasis and food intake regulation (9). Hunger is defined as a
craving or urgent need for food (10). Most perceived hunger signals
originate in the stomach, where the vagus nerve generates an
electric signal when there is a state of emptiness, reinforced by
Ghr secretion and by the metabolic signal of hypoglycemia. The
accumulation of excess body fat results when energy intake exceeds
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energy expenditure; despite the fact that energy balance and food
intake are controlled by hypothalamic responses, it has been
observed that these can be overridden by hedonic reward brain
systems, leading to food consumption beyond homeostatic
needs (11).

There are several hormones and peptides affecting brain centers
involved in the central control of hunger and satiety. Peptides act in
two pathways that are intertwined by neural networks: one in the
arcuate nucleus of the hypothalamus and the other one in the
solitary tract (9). On the other hand, hormones are involved in
pathways of obesity, but it has been observed that there are specific
effects of hormones in NAFLD itself; however, this role is complex
and needs to be differentiated from the pathways involved in obesity
(12). Regarding hunger regulation, the involvement of a wide
variety of hormones and peptides related to obesity and NAFLD
could be implicated in NAFLD pathophysiology in obese patients.

2.1 Ghrelin

Ghr is produced by gut endocrine cells mostly located in the
gastric oxyntic glands, in the fundus of the stomach (13). The Ghr
effect on feeding regulation occurs in the hypothalamus; growth
hormone-releasing peptides and growth hormone secretagogues
stimulate food intake by activating hypothalamic neurons involved
in homeostatic feeding regulation (14). The most prominent effect
of Ghr is its ability to stimulate food intake through an increase in
the activity of neurons expressing neuropeptide and agouti-related
protein (AgRP) (15). Also, Ghr is involved in the regulation of lipid
metabolism; therefore, alterations in its expression have an effect in
fat distribution and mobilization, leading patients with Ghr
deficiency to present increased lipid levels and body weight (BW),
as well as body composition abnormalities (16).

Ghr level increases during dieting and this could explain the
difficulty for achieving long-term results from dieting (17). In liver
disease associated with obesity, the liver damage signal is sent to the
brain and stomach via autonomic nerve connections, which causes
an increased Ghr release. These signals could slow down the
progression of NAFLD (18), which makes the Ghr o-
acyltransferase an interesting pharmacological target (19). A
hypothesis that Ghr might be involved in NAFLD was proposed
by Liu et al. using a murine NAFLD model divided into control and
NAFLD groups; they observed that a plasma decrease in Unacylated
Ghr/Acylated Ghr ratio in combination with the hypothalamic
over-expression of Acylated Ghr and its receptor could be
associated with NAFLD due to their positive correlations
(R2 = 0.56 - 0.85, p <0.05) with homeostatic model assessment
insulin resistance (HOMA-IR) (20).

A cross-sectional study with 91 DM patients with and without
NAFLD found the serum acyl-Ghr as a diagnostic marker for NAFLD
(21). The results showed 1.5 (p = 0.016) and 2.5 (p <0.001) fold
increase of serum acyl-Ghr levels in patients with NAFLD and normal
or elevated transaminases compared with control groups (OR 1.791;
95% CI 1.162 - 2.759; p = 0.008). Therefore, serum acyl-Ghr was
evaluated as a non-invasive marker for NAFLD detection with
diagnostic accuracy of AUROC 0.835 (95% CI 0.752 - 0.918,
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p <0.001), with a cut-off value of >0.52 ng/ml. Acyl-Ghr was less
effective for distinguishing between patients with NAFLD and elevated
transaminases and patients with NAFLD and normal values.

The effects of Ghr and its receptor antagonist on BW loss,
reducing food intake, and adiposity through the reduction of
appetite and augmentation of energy expenditure and fat
catabolism have been studied and proposed as a therapeutic
option (22). Pegvisomant is a Ghr antagonist that has been
observed to bind to the Ghr at the cell surface and hence to block
this process; yet further investigation is needed to conclude if this
molecule is able to change the course of NAFLD (23).

2.2 Thyroid hormones

It has been observed that the thyroid axis regulates feeding and
responds to changes in the nutritional status. Hypothalamic
thyrotropin-releasing hormone expression has been related to
effects of fasting, down-regulating the hypothalamic-pituitary-
thyroid axis and in with the effect of decreasing energy
expenditure; on the other hand, the direct anorectic effect of this
hormone may regulate food intake, independently of its effects on
the hypothalamic-pituitary-thyroid axis (24).

The relationship between thyroid status and obesity is likely to
be bidirectional, with hypothyroidism affecting weight and body
mass index and obesity also influencing thyroid function (25). On
the other hand, the liver and the thyroid are intimately linked, with
TH playing important roles in de novo lipogenesis, B-oxidation,
cholesterol metabolism, and carbohydrate metabolism (26). TH
stimulates lipolysis from fat stores in the white adipose tissue and
from dietary fat sources to generate circulating free fatty acids
(FFA), whereas hypothyroidism increases triglyceride-derived fatty
acid uptake in the white adipose tissue and decreases its uptake in
the liver (27).

Regarding patients with thyroid dysfunction, a negative
relationship with Ghr and THs has been proposed due to their
effects on the hypothalamic-pituitary-adrenal axis. In a large-scale
study with 1012 patients, no associations were found between
serum levels of Ghr and thyroid stimulating hormone (28).
Recent studies in rodents and patients further support this inverse
relationship between physiological thyroid status and NAFLD.
Triiodothyronine administration significantly decreases liver
steatosis and inflammation, also restoring the mitochondrial
function in non-alcoholic steatohepatitis (NASH) (29).

THs and their metabolites, along with the TH receptor-§
agonist and other liver specific analogs, have been tested in the
last few years as a potential NAFLD therapy (30). The most
promising is Resmetirom, a selective TH Receptor-f3 agonist;
Harrison et al. (31) reported beneficial effects of this molecule in
a randomized clinical trial controlled with placebo in patients with
NASH; they observed a significant reduction of hepatic fat after 12
(-32:9% Resmetirom vs —10-4% placebo) and 36 (-37-3%
Resmetirom [n = 74] vs —8-5 placebo [n = 34]) weeks of
treatment with Resmetirom compared with placebo. Despite these
positive results, more studies that evaluate histological effects or
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changes in non-invasive markers are needed to recommend TH
Receptor-P agonists as treatment for NAFLD patients.

2.3 Glucocorticoids

Glucocorticoids (GC) are endogenous adrenal steroid
hormones produced in the adrenal glands in response to stress.
The excessive production of GC leads to a severe metabolic
dysfunction characterized by obesity, insulin resistance (IR),
hyperglycemia, muscle wasting, and liver steatosis (32). Most of
the effects of this high production occur upon binding to the GC
receptor, so a partial or generalized GC resistance syndrome may
result from a reduced level of functional activity of the GC receptor
and a decreased hormone affinity and binding (33).

Specifically, cortisol, the principal GC in humans that increases
in response to stress, has been related to appetite ratings and energy
intake; salivary cortisol has been associated with increased hunger
and energy intake, as well as modulation of leptin, NPY, and
cytokines in response to stress. Thereby, cortisol has been
proposed as a biomarker of appetite (34, 35).

Even if GC have been associated as regulators in food intake and
energy expenditure strongly related with obesity, the mechanism
that contributes to GC inducing NAFLD has not been explored in
detail in clinical studies. However, GC have been observed to play a
key role in fatty acids increase and lipogenesis decrease, in absence
of insulin, both in in vitro and animal s models (36). On the other
hand, the loss of GC receptor signaling is associated with alterations
in adiponectin and leptin expressions (37). This loss has been
observed in high fat diets (HFD) and high adipose tissue, but its
impact on NAFLD was not assessed. Increased circulating GC levels
have been suggested to be an important driver of the disease (38).

In a study in mice, Koorneef et al. observed the efficacy of
CORT118335, a selective glucocorticoid receptor modulator, in the
reduction of hepatic lipid accumulation, in animal models; after
HED, a prevented and reversed hepatic lipid accumulation was
observed in those animals treated with COT118335. The authors
concluded that this effect could be explained by the stimulation
efflux of very low-density lipoproteins and the lack of stimulation of
fatty acids uptake, both dependent of GC receptors. These results
suggest that CORT118335 could be a potential treatment for
NAFLD (39).

2.4 Orexin

Orexin peptides (also known as hypocretins), comprised by two
isoforms named orexin-A/hypocretin 1 and orexin-B/hypocretin 2,
are produced in the lateral hypothalamus and adjacent regions, and
then released widely in the central nervous system (40). These two
neuropeptides regulate BW, glucose homeostasis, insulin sensitivity,
and the hunger-satiety cycle (41). Orexin-A and its receptor have
been implicated more strongly in the regulation of feeding behavior;
this peptide is released in the brain and the gut, increasing food
intake and energy expenditure simultaneously (42).
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The role of orexin in non-alcoholic steatohepatitis (NASH)
development has been studied by Tsuneki et al; they observed a
severe obesity, with NASH and fibrosis progression, in orexin-
deficient mice; additionally, when mice were long-term fed with
HFD, they showed a progression to hepatocellular carcinoma
(HCC). After an intervention with daily supplementation of
orexin A, through intracerebroventricular injection, an
attenuation of inflammation and hepatic endoplasmic stress was
observed, concluding that adequate levels of orexin A could prevent
NASH and HCC progression (43). However, this research was
carried out in mice and current literature shows no studies in
humans. Further research in clinical trials with humans is needed to
determine if orexin is an adequate preventative therapy for NASH.

2.5 Neuropeptide Y

NPY is expressed in many neuron types, promoting attraction
to food through olfactory cues (44, 45). NPY is known as an
orexigenic peptide with effect in adipocytes; Park et al. observed
in a deficient NPY mice model, fed with HFD, a significant decrease
in BW, adiposity, liver steatosis, and adipose inflammation
compared to NPY +/+ mice with a standard diet (46). On the
other hand, in a rat model injected with NPY in the hepatic portal
vein, Chen et al. observed that hepatic cholesterol content increased
after NPY injection within just 1 h of treatment. An effect of NPY
seems to occur in the activation of the cholesterogenic pathway in
hepatocytes (47). Even though NPY has been related with lipid and
adiposity abnormalities, which have a key role in NAFLD
development, the mechanism of the regulatory effects of NPY is
still unknown; however, an NPY antagonist could be a novel target
in pharmacological options for obesity and NAFLD.

2.6 Melanin-concentrating hormone

MCH is a neuropeptide produced in the hypothalamic area
implicated in food intake and BW gain (48). It has been observed
that the lack of an MCH or MCHI receptor could have anti-obesity
effects; therefore, it has been suggested as a potential target in
obesity and NAFLD (49). Kawata et al. showed that the
administration of an MCHI receptor antagonist decreased BW
and had an anorectic effect in a murine model; it also reduced lipid
content and the expression level of genes implicated in lipogenesis,
inflammation, and fibrosis (50).

Despite the HFD, MCH-deficient mice are lean, hypophagic, and
do not develop liver steatosis; in contrast, NAFLD is promoted when
MCH receptors are activated, with increasing fat deposition
independent of food intake and energy expenditure. MCH controls
lipid accumulation, hepatic lipid uptake, lipid storage, and the
decrease in lipid mobilization in adipocytes (51), being an
interesting target for appetite suppression treatments; however,
developing an MCH-receptor 1 antagonist is challenging due to its
risk of cardiotoxicity. Lim et al. identified KRX-104130, which has a
potent MCH-receptor 1 antagonistic activity and no cardiotoxicity. In
a NASH model, the administration of this antagonist showed a
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significant decrease in liver triglycerides (TG) levels, as well as in
serum concentrations of aspartate amino transferase (AST) and
alanine aminotransferase (ALT); additionally, they observed an
improvement in steatosis and fibrosis in histopathological analysis
(49). These results support the potential therapeutic effect of MCH-
receptor 1 antagonists as a future option for NAFLD patients.

There is evidence about the relationship of hunger modulators
with NAFLD pathways, therefore, some adds, or modifications of
these agents have been proposed as a treatment, majorly in animal
models (Figure 1).

3 Satiety

Further eating inhibited by “fullness” is termed satiety (11).
Peptide signals act to optimize the digestive process and as short-
term satiety signals. Their main actions include delaying gastric
emptying, stimulating pancreatic enzyme secretion, and stimulating
gall bladder contraction (52). The satiety cascade can be explained
on three related levels: 1) physiological and behavioral patterns, 2)
peripheral physiological and metabolic events, 3) neural and
metabolic interactions in the brain. Sensory information derived
from the cephalic phase of digestion and the afferent vagal signaling
elicited by the presence of food in the stomach provides early
information to the brain concerning the amount and nutrient
content of the food consumed (53).

The disruption in the balance of satiety signals induces an
imbalance between energy intake and energy expenditure, leading
to either weight gain or weight loss (7); therefore, we will discuss the
role of anorexigenic hormones that increase satiety and are involved
in several physiological processes in the body, such as regulation of
energy homeostasis, body fat accumulation, regulation of appetite,
energy balance, and BW, since reduced satiation can lead to obesity,
which brings along its complications including hypertension, DM,
obstructive sleep apnea, and NAFLD (54). Understanding the role
of satiety in NAFLD pathophysiology could provide strategies or
treatment options for these patients, based on improving the satiety
sensation and preventing those trigger factors of NAFLD, such as
obesity and body fat accumulation.

3.1 Cholecystokinin

Cholecystokinin (CCK) is a “gut-brain” peptide hormone,
secreted by enteroendocrine cells which are sensors of nutrients
and with a key role as metabolic signal transduction units. Eight
subsets of enteroendocrine cells have been observed and CCK is
expressed in five of them; therefore, there are different types of CKK
classified according to molecular size, and it could be found in
plasma (CCK-33) and brain (CCK-8) (55-57). High secretion of
CCK depends on macronutrient (faster and longer in fats and
proteins) and fiber content of meals. Proteins are also involved in
the stimulation of CCK release via the inhibition of trypsin-
mediated digestion of intestinal CCK releasing peptides (52).

The effect of CCK on appetite is mediated by CCK receptors
type 1, which are present on vagal afferent neurons within the upper
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gut wall, controlling appetite in peripheric manner, and CCK
receptors type 2, which are present in parietal cells and regulate
gastric acid secretion together with gastrin (58). The CCK
stimulation mediated by these receptors reduces food intake and
gastric emptying by acting in a paracrine manner. Additionally,
CCK controls the expression of two G-protein coupled receptors:
GPR40 (FFAR1) and calcium-sensing receptors (CASR); therefore,
at low plasma concentrations of CCK, vagal afferent neurons show
an increased capacity for appetite-stimulation, while post-prandial
concentrations of CCK lead to an increased capacity for satiety
signaling (59, 60).

In a NASH prevention study and a reversal study, mice were
supplemented with proglumide, a CCK receptor antagonist.
Treatment with proglumide has been observed to prevent NASH
and reverse altered liver transaminases with significant cellular
changes: inflammation was reduced by 42% (p = 0.023), fibrosis
was reduced by 28.6% (p = 0.037), and steatosis was reduced by 57%
(p = 0.016) (61).

CCK has an apparent potential as adjunct therapy of GLP-1
based drugs, as well as with leptin and amylin inhibitors (62). This
synergy could represent a beneficial strategy in the treatment of
obesity and DM; however, more evidence, specifically in liver
markers, is necessary to elucidate if this strategy is effective for
NAFLD as well.

3.2 Glucagon-like peptide 1

GLP-1 is synthesized in L cells in the intestinal mucosa, a-cells
in the pancreatic islet, and neurons in the nucleus of the solitary
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tract. Its plasma concentrations increase after food intake, acting as
a hormone with different metabolic effects such as insulin secretion
and decrease of gastric emptying (63, 64). GLP-1 in the
gastrointestinal tract slows gastric emptying after a meal,
promoting a feeling of fullness and a reduction of appetite; also
its receptors on hypothalamic neurons stimulate satiety (65). It has
been seen that the mechanism of satiety of GPL-1 is due to its effects
on the central nervous system; GLP-1 receptors are present in the
nucleus of the solitary tract and arcuate region, where they receive
afferent input from the vagus and glossopharyngeal nerves and
integrate both neural and humoral factors (66).

GLP-1 receptor agonists have a role in the activation of cyclic
adenosine monophosphate, which stimulates the epidermal growth
factor receptor, guiding to the activation of the PI3K/Akt signaling
pathway that leads to suppress the expression of genes that have a
role in the stimulation of insulin secretion, having an impact on the
repression of hepatic gluconeogenesis and lipogenesis (67). They
improve metabolic inflammation in the liver by suppressing the
expression of profibrotic mediators, such as tumor growth factor-f3,
through the stimulation of cyclic adenosine monophosphate and
inflammatory genes like TNF-o, IL-6, and nuclear factor NF-
kappa-B (67-69). Also, the increased secretion of insulin and the
improvement in glucose tolerance by GLP-1 agonist lead to a
decreased lipogenesis de novo and enhance hepatic fatty acids
oxidation and lipid export (18).

In Verdich et al. meta-analysis about the effect of GLP-1
infusion in human subjects, an average reduction of 11.7% in
calorie intake was demonstrated. This reduction is dose-
dependent and is not different between obese and lean patients
(70). GLP-1 agonists and analogs can be integrated into the
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management of patients with DM, obesity, and NAFLD. Their
effects appear to be largely mediated by delayed gastric
emptying (71).

Liraglutide and semaglutide are the most studied GLP-1
receptor agonists R1-C14 for the treatment of metabolic
abnormalities. Liraglutide has been studied as adjuvant therapy in
weight regain for patients who underwent bariatric surgery (BS)
(72); specifically in NAFLD patients, in the LEAN study, liraglutide
showed resolution of steatosis, as well as metabolic improvement
when it was compared with placebo (73). Semaglutide is the GLP-1
receptor agonist that has shown a clinically relevant reduction of
BW in overweight or obese patients treated with a once-weekly 2.4
mg dose of Semaglutide in combination with lifestyle interventions
(74). When Semaglutide was evaluated in NASH patients, Newsome
et al. observed a significantly higher percentage of patients with
NASH resolution than placebo (p <0.001 for Semaglutide 0.4 mg vs.
placebo) (75, 76).

Both drugs have demonstrated to improve weight loss and
metabolic markers in different types of patients, such as MetS
patients and overweight/obese patients with and without DM,
showing good tolerance; however, neither is free of adverse
effects, majorly gastrointestinal symptoms (diarrhea, nausea,
vomiting) and reactions in the application area (when injections
are required). Although these symptoms are classified as mild to
moderate and transitory, they could difficult patient adherence to
these pharmacotherapies (77, 78).

Nowadays, Tirzepatide, a molecule with combined agonist
action on GLP1 and glucose-dependent insulinotropic peptide,
has demonstrated effectiveness in weight loss and improvement in
metabolic parameters (especially glucose control), as well as in
NAFLD markers. This molecule could be a new therapeutic option;
however, the effects of Tirzepatide in satiety mechanisms are still
unknown (79).

Obesity and DM are closely related with NAFLD. Due to the
heterogeneity of NAFLD pathophysiology, the benefits of the GLP-
1 receptor agonist on metabolic markers have an important impact
in liver outcomes, such as liver function test, steatosis, and NASH
improvement; nonetheless, more evidence is necessary to assess the
effects of these drugs in fibrosis resolution (80, 81).

3.3 Peptide YY

Many peptides are synthesized and released by the
gastrointestinal tract; one of them is PYY. There are two types of
PPY: PPY 1-36 is postprandially released for intestinal L cells; once
released, PPY 1-36 is cleaved at PPY3-36, which is a Y2 receptor
agonist (82). Its role in gastrointestinal function regulation has been
known for some time and it also influences eating behavior (66).
Higher fasting PYY and greater postprandial secretion are noted in
non-obese individuals compared with obese individuals, suggesting
that a reduced feedback from PYY might be a key mechanism for
obesity (83). In general, PYY is released into the circulation in
response to a meal, in proportion to the calories ingested. Its
secretion significantly delays gastric emptying and pancreatic
secretion; it also has direct effects on adipocytes, reducing
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lipolysis in vitro (84). After PYY plasma levels are higher
compared with meals consisting of protein and carbohydrates
(66, 85).

There are many hypotheses about the action of PYY, but the
most important is that it acts at the hypothalamus via vagal
pathways afferent to the nucleus of the solitary tract, having its
effect by the excitement of the arcuate pro-opiomelanocortin
neurons and anorexigenic circuits activation (86). It has been
seen that patients with reduced postprandial PYY release have
lower satiety rates; the lack of PYY in mice results in hyperphagia
and obesity (85). Finn et al. (87) recently analyzed the effect of a
Takeda G protein-coupled receptor 5 agonist in a NAFLD and mild
IR mice model, in combination with a 10mg/kg dose of linagliptin.
They observed that this agonist induced PYY secretion with
improvement in liver/body weight, as well as in liver triglycerides
and cholesterol content (p <0.0001), indicating that inducing
secretion of PYY, might have a therapeutic potential in patients
with NAFLD; however, even with the partial intestinal absorption
that this agonist has, the adverse effect related to gallbladder
emptying with potential effect in bile acids accumulation could be
still present; therefore, the interplays with gut microbiota and
another intestinal effects, such as this partial absorption, should
be considered confounding factors.

3.4 Somatostatin

SST is a growth hormone inhibitory peptide than acts as an
endocrine hormone and as a local regulator, and also as a
neurotransmitter and neuromodulator. SST is widely distributed
in the central nervous system and other peripheral tissues, including
pituitary, pancreas, thyroid, and the gastrointestinal tract (88). The
mechanism of satiety that SST induces is linked to the reduction of
food by a mechanism mediated by the vagal pathway, prolonging
the intestinal transit time and interfering with meal absorption
(89-91).

SST analogues, such as octreotide, lanreotide, vapreotide, and
pasireotide, are more resistant to endogenous peptidases (92). In a
case-control study, Li et al. investigated the expression levels of
important regulators of the hepatic lipid metabolism and their
possible effects of octreotide. They showed that octreotide treatment
decreases fasting plasma glucose, insulin, TG, total cholesterol, low-
density lipoprotein cholesterol, and FFA serum levels. The
expression of hepatic proteins for fatty acid synthesis, such as
sterol regulating binding protein 1c, was also reduced. This
protein is an activated transcription factor that promotes the
expression of enzymes involved in hepatic lipogenesis. Octreotide
plays an important role in hepatic lipogenesis decrease and
improves hepatic steatosis by increasing TG export from
hepatocytes (93). Another study showed that hepatic TG and FFA
levels were significantly decreased in patients treated with
octreotide (TG 18.11 + 7.08 p <0.01 vs the HFD group and FFA
40.86 * 5.09 p <0.01 vs the HFD group). In this obesity-induced
mice model, octreotide has been observed to improve hepatic
glycogenesis and to decrease HOMA-IR and fasting glucose
levels; however, changes in serum lipids and in liver function tests
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were not observed (94). Although octreotide could have beneficial
effects on liver markers, its association with satiety signals and other
metabolic markers needs to be extensively studied in order to
propose octreotide or another SST analogue as multi-outcome
treatment options.

3.5 Leptin

Leptin is a 16 kDa non-glycosylated hormone produced by
adipocytes in proportion to fat size stores (95). Leptin also exerts an
anti-steatotic effect, decreasing lipid accumulation and lipotoxicity,
and a pro-inflammatory effect as well, stimulating fibrogenesis (96).

Animal models have shown that leptin prevents lipid
accumulation specifically in the liver and in non-adipose tissues
by lowering the expression of sterol regulating binding protein 1c
(97); it has also been demonstrated that leptin prevents fatty liver
through the activation of adenosine monophosphate protein kinase
in the liver (98). However, obese patients generally present NAFLD
despite their elevated leptin levels, which has led to think about
different mechanisms of hepatic leptin resistance (99), such as
phosphorylation of Tyr985 in Ob-Rb that leads to an attenuated
leptin signaling (100).

In a case-control study, leptin was measured by ELISA in two
independent cohorts of biopsy-proven obese NAFLD patients and
healthy-liver controls aimed to evaluate this biomarker as a non-
invasive method for NAFLD diagnosis. In both cohorts, leptin was
increased with similar serum levels as well as diagnostic
performance (AUROC >0.80), suggesting that serum leptin can
identify NAFLD without obesity (101). In a meta-analysis, leptin
levels were compared between NAFLD wvs controls, and it was
shown that circulating leptin levels were higher in NAFLD
patients vs controls (standardized mean difference 0.640; 95% CI
0.422, 0.858) and it was also associated with NAFLD severity (102).
Leptin is a vital biomarker of NAFLD, and the evaluation of its in
vivo concentration level is of great significance for NAFLD
diagnosis. Therefore, the development of a method for a rapid
and sensitive detection of leptin is urgent (103). Based on these
observations, these adipokines may be appropriate biomarkers of
NAFLD; along these lines, Kim et al. concluded that leptin may be a
significant predictor for NAFLD in subjects with weight gain.

In conclusion, leptin may seemingly protect against hepatic
steatosis in the initial stages of the disease. Nonetheless, leptin may
act as an inflammatory and fibrogenic agent when the disease
progresses. Leptin deficiency can lead to hepatic steatosis, whereas
excessive leptin can promote hepatitis and fibrosis (18).

3.6 Insulin

Insulin is an anabolic hormone that mediates ionic transport
and storage of TG in adipose tissue; it also regulates glucose levels
and can inhibit lipolysis. In physiological terms, insulin is secreted
by pancreatic B-cells after a meal or after hormone release as
glucagon or catecholamine. Since the 80s, insulin has been
considered a modulator of satiety signals (104); however, insulin
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is involved in both satiety and hunger signals and depends on the
interaction with other peptides and hormones, majorly with leptin.
Together, leptin and insulin modulate the expression of
proopiomelanocortin inducing appetite sensation; on the other
hand, the activation of potassium channels through
Phosphoinositide 3-kinases, at the hypothalamus, reduces the
appetite sensation (105). Insulin has been related to memory
processes implicated in food intake according to their energy
content, regulating appetite in relation to previous meals (106);
due to this, the administration of nasal insulin has been studied with
the aim of decreasing food intake in animal and human
models (107).

Hepatic IR describes impaired suppression of hepatic glucose
production, which largely accounts for hyperglycemia and glucose
intolerance (108). The association of IR and NAFLD is supported
strongly by clinical and laboratory data. NAFLD has been shown to
be closely associated with insulin resistance, as 70%-80% of obese
and diabetic patients have NAFLD (109).

Since IR is one of the major pathways in NAFLD, the appetite
and satiety signals modulated by insulin could be impaired in these
patients; most pharmacological treatments aim to improve IR and
their linked comorbidities in NAFLD patients; therefore, with the
improvement of IR, NAFLD and other metabolic markers could
improve. The consequence could be a beneficial effect in hunger and
satiety modulation, with an impact in energy intake.

Concerning treatment options based on satiety modulators
most of the effects have been observed in animal models, only
GLP-1 receptor agonists have been studied in patients being
semaglutide the most promised treatment (Figure 2).

4 Concluding remarks

A number of agents that control hunger and food intake by
signals on the brain has been identified above. These could be
manipulated in order to suggest treatment options for obese
NAFLD patients.

The primary goal of NAFLD treatment is weight loss, and if
weight is related to energy intake, we might influence the hunger
and satiety mechanism to achieve this goal, as this is the beginning
of the primary cause of disrupted energy intake. Nowadays, BS is a
treatment option for obesity and their comorbidities such as
NAFLD. Regarding hunger and satiety signals, BS has been
demonstrating diverse effects. The Fxr-Glp-1 axis improves
glucose homeostasis through the bile diversion to ileum caused by
BS; this has demonstrated to mediate metabolic changes, depending
on bile acids bioavailability, which could be an option for obesity
and DM treatment, both linked to NAFLD (110). These changes in
bile acids have also been associated with improvement of intestinal
microbiota and, consequently, with the action of leptin and Ghr
(111, 112). On the other hand, the improvement on GLP-1, added
to lifestyle changes and emotional support, has been associated with
less weight regain after BS (113). As to the abnormal response to
Ghr in obese patients, it seems to be reestablished after a Roux-en-Y
gastric bypass procedure (114). Although BS has demonstrated
beneficial effects on hormones and peptides related to hunger and
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satiety signals, it is not one of the first line NAFLD treatments;
however, its effect on hunger and satiety impairments could
improve the clinical metabolic markers, including those related to
liver disease, in NAFLD patients undergoing bariatric procedures.

Therefore, we need to address hormones, peptides, cytokines,
and metabolites involved in hunger and satiety pathways with the
aim of achieving a reduction in hunger sensation and increasing the
satiety mechanisms. We might discuss the benefits of the effect of
novel therapies focused on antagonism or agonism in receptors of
the previously reviewed molecules.

4.1 Antagonism in molecules for novel
target therapies in obese NAFLD patients

Hunger signaling regulation catches interest in the effects of Ghr
and its receptor antagonist on BW loss because the inhibition of the
Ghr pathway reduces food intake, body weight, and adiposity through
appetite reduction and augmentation of energy expenditure and fat
catabolism. Acylated-Ghr might induce IR and promote liver lipid
accumulation via a central mechanism located in the hypothalamus.
Antagonism in Ghr hormone may allow obese NAFLD patients to
reduce the development and persistence of obesity with prolonged
periods of diet maintenance. Also, another interesting antagonist
mechanism to treat NAFLD is found in the NPY, the expression of
which correlates with the liver mass/BW ratio, making it a promising
target for therapeutic approaches in adiposity reduction. Knowing the
essential role of AgRP, a protein responsible for voracious feeding
behavior, and that this peptide can be antagonized with the leptin
hormone, we could think of targeting the leptin agonist as a new
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pharmacological perspective to achieve satiation and the intrinsic
modulation of AgRP/NPY neurons (115). The emerging antagonist
therapies for NAFLD include MCH and MCHI receptors. Their effects
have been shown in mice, although not in humans, making them
potential targets for appetite suppression.

4.2 Agonism in molecules for novel target
therapies in obese NAFLD patients

Although TH with their metabolites and receptor beta have been
proposed as therapeutic targets, evidence related to thyroid function in
NAFLD/NASH is still controversial; therefore, further studies are
necessary to evaluate these interactions and possible therapeutic
effects. GC role in NAFLD development has not been sufficiently
analyzed in clinical studies. Even though the high production of GC has
been related to fatty acids metabolism and characteristic metabolic
abnormalities of NAFLD, their action involves many and different
pathways; however, the interplay between GC with cholesterol and
fatty acids uptake could be an interventional strategy for this liver
disease. Meanwhile, the previously reviewed results suggest that
hypothalamic orexin is an essential factor for preventing NASH and
associated HCC under obesity; a novel therapy with orexin
supplementation might arise from this review. CCK also acts as a
modulator of the MCH-1 receptor, making it a double-effect therapy. A
CCK agonist has been demonstrated to achieve anti-obesity effects with
remarkable efficacy, reducing weight and appetite signals, but also
acting like a GLP-1 potentiator when used as adjunct therapy. With
regard to gut-derived hormones, Semaglutide is one of the strongest
analogues tested nowadays, being superior to placebo, as recent studies
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have demonstrated with obese and NAFLD patients, preventing the
progression to fibrotic stages.

Another gut-derived peptide is PYY; its secretion improves liver
steatosis. Insulin sensitivity indicates that inducing the secretion of
incretins, such as PYY, may have a therapeutic potential in NAFLD
patients. Hepatic glycogenesis, a cause of metabolic abnormalities in
NAFLD, is also reduced. STT might promote weight loss and improve
the metabolic disorder in NAFLD patients, since octreotides have
demonstrated to restore increased TG and FFA levels (94).

Leptin has different roles in NAFLD, according to the disease
stage; in initial stages it could act as a protection factor, but when
NAFLD progresses, leptin acts as an inflammatory and fibrogenic
agent. With these dual roles, leptin could be proposed as treatment for
suppressing hunger and food intake, either through a leptin receptor
agonist or through an increment of its release. Yet the stage of the
disease must be carefully evaluated before proposing this therapy.

As previously seen, insulin and IR are correlated in NAFLD
pathophysiology. Among anti-diabetic medications, GLP-1
receptor agonists demonstrate a significant improvement in the
hepatic histology. Therefore, their implementation is crucial for
NAFLD management (116).

5 Conclusion

Despite the lack of a specific molecule for NAFLD treatment,
nowadays there are several options that could improve different
pathways of this chronic liver disease; however, it has been observed
that one of the major challenges in these patients is the maintenance of
lifestyle modifications. Therefore, in the near future, antagonist/agonist
of hunger and satiety signals could have a key role in patients with
improved NAFLD by avoiding weight gain and liver steatosis recurrence.

Clearly, hunger and satiety mechanisms are relevant factors in the
spectrum of NAFLD pathophysiology and some of their pathways are
interconnected, but since liver damage is multifactorial, any
modification in these mechanisms is insufficient to impact the
development of NAFLD; however, the knowledge of the implications
of hunger and satiety in the metabolic profile, and the interplays

References

1. Powell EE, Wong VWS, Rinella M. Non-alcoholic fatty liver disease. Lancet
(2021) 397:2212-24. doi: 10.1016/S0140-6736(20)32511-3

2. Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The
diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from
the American Association for the Study of Liver Diseases. Hepatology (2018) 67:328-57.
doi: 10.1002/hep.29367

3. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease—Meta-analytic assessment of prevalence,
incidence, and outcomes. Hepatology (2016) 64:73-84. doi: 10.1002/hep.28431

4. Ye Q, Zou B, Yeo YH, Li J, Huang DQ, Wu Y, et al. Global prevalence, incidence, and
outcomes of non-obese or lean non-alcoholic fatty liver disease: a systematic review and meta-
analysis. Lancet Gastroenterol Hepatol (2020) 5:739-52. doi: 10.1016/S2468-1253(20)30077-7

5. Xu R, Pan ], Zhou W, Ji G, Dang Y. Recent advances in lean NAFLD. BioMed
Pharmacother (2022) 153. doi: 10.1016/].BIOPHA.2022.113331

6. Augustine V, Lee S, Oka Y. Neural control and modulation of thirst, sodium
appetite, and hunger. Cell (2020) 180:25-32. doi: 10.1016/]J.CELL.2019.11.040

Frontiers in Endocrinology

10.3389/fendo.2023.1213372

between them, and according to the patient’s profile (hormonal,
obesity, IR, and comorbidities), we could select a pharmacological
approach that involves different pathways with the intention of
designing an individualized treatment that encompasses all NAFLD
alterations, from microbiome signature to hormone and genetic profile,
second messengers’ expression, and inflammation patterns.

As a chronic disease encompassing a wide spectrum of damage,
NAFLD is now a public health burden with significant impacts on
morbidity and mortality. In relation to hunger and satiety
modulators, more research is required to assess the safety and
efficacy of treatments based on modifications of these signals,
specifically clinical studies.

Author contributions

Conceptualization: EJ-H, IL-M. Methodology: EJ-H, IL-M.
Literature Analysis: AM-R. Writing- original draft preparation:
AM-R. Writing-review and editing: IL-M, EJ-H, MU. Supervision:
MU. All authors contributed to the article and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

7. Tack J, Verbeure W, Mori H, Schol J, Van den Houte K, Huang IH, et al. The
gastrointestinal tract in hunger and satiety signalling. United Eur Gastroenterol J (2021)
9:727-34. doi: 10.1002/ueg2.12097

8. Zanchi D, Depoorter A, Egloff L, Haller S, Méhlmann L, Lang UE, et al. The impact
of gut hormones on the neural circuit of appetite and satiety: A systematic review.
Neurosci Biobehav Rev (2017) 80:457-75. doi: 10.1016/] NEUBIOREV.2017.06.013

9. Prinz P, Stengel A. Control of food intake by gastrointestinal peptides:
mechanisms of action and possible modulation in the treatment of obesity. |
Neurogastroenterol Motil (2017) 23:180-96. doi: 10.5056/J]NM16194

10. Davis J. Hunger, ghrelin and the gut. Brain Res (2018) 1693:154-8. doi: 10.1016/
J.BRAINRES.2018.01.024

11. Amin T, Mercer JG. Hunger and satiety mechanisms and their potential exploitation in
the regulation of food intake. Curr Obes Rep (2016) 5:106-12. doi: 10.1007/S13679-015-0184-5

12. Carr RM, Oranu A, Khungar V. Nonalcoholic fatty liver disease:

pathophysiology and management. Gastroenterol Clin North Am (2016) 45:639-52.
doi: 10.1016/].GTC.2016.07.003

frontiersin.org


https://doi.org/10.1016/S0140-6736(20)32511-3
https://doi.org/10.1002/hep.29367
https://doi.org/10.1002/hep.28431
https://doi.org/10.1016/S2468-1253(20)30077-7
https://doi.org/10.1016/J.BIOPHA.2022.113331
https://doi.org/10.1016/J.CELL.2019.11.040
https://doi.org/10.1002/ueg2.12097
https://doi.org/10.1016/J.NEUBIOREV.2017.06.013
https://doi.org/10.5056/JNM16194
https://doi.org/10.1016/J.BRAINRES.2018.01.024
https://doi.org/10.1016/J.BRAINRES.2018.01.024
https://doi.org/10.1007/S13679-015-0184-5
https://doi.org/10.1016/J.GTC.2016.07.003
https://doi.org/10.3389/fendo.2023.1213372
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lopez-Méndez et al.

13. Al Massadi O, Nogueiras R, Dieguez C, Girault JA. Ghrelin and food reward.
Neuropharmacology (2019) 148:131-8. doi: 10.1016/J.NEUROPHARM.2019.01.001

14. Yanagi§, Sato T, Kangawa K, Nakazato M. The homeostatic force of ghrelin. Cell
Metab (2018) 27:786-804. doi: 10.1016/].CMET.2018.02.008

15. Poher AL, Tschop MH, Miiller TD. Ghrelin regulation of glucose metabolism.
Peptides (NY) (2018) 100:236-42. doi: 10.1016/j.peptides.2017.12.015

16. Sangiao-Alvarellos S, Vazquez MJ, Varela L, Nogueiras R, Saha AK, Cordido F,
et al. Central ghrelin regulates peripheral lipid metabolism in a growth hormone-
independent fashion. Endocrinology (2009) 150:4562-74. doi: 10.1210/en.2009-0482

17. Espinoza Garcla AS, Martinez Moreno AG, Reyes Castillo Z. The role of ghrelin
and leptin in feeding behavior: Genetic and molecular evidence. Endocrinol Diabetes
Nutr (2021) 68:654-63. doi: 10.1016/j.endinu.2020.10.011

18. Kofinkova L, Prazienkova V, Cerna L, Karnosova A, Zelezna B, Kunes ], et al.
Pathophysiology of NAFLD and NASH in experimental models: the role of food intake
regulating peptides. Front Endocrinol (Lausanne) (2020) 11:597583. doi: 10.3389/
fendo.2020.597583

19. Zhang SR, Fan XM. Ghrelin-ghrelin O-acyltransferase system in the
pathogenesis of nonalcoholic fatty liver disease. World ] Gastroenterol (2015)
21:3214-22. doi: 10.3748/wjg.v21.i11.3214

20. Liu X, Guo Y, Li Z, Gong Y. The role of acylated ghrelin and unacylated ghrelin
in the blood and hypothalamus and their interaction with nonalcoholic fatty liver
disease. Iran ] Basic Med Sci (2020) 23:1191-6. doi: 10.22038/ijbms.2020.45356.10555

21. Mykhalchyshyn G, Kobyliak N, Bodnar P. Diagnostic accuracy of acyl-ghrelin
and it association with non-alcoholic fatty liver disease in type 2 diabetic patients. ]
Diabetes Metab Disord (2015) 14:44. doi: 10.1186/s40200-015-0170-1

22. Soares JB, Roncon-Albuquerque R, Leite-Moreira A. Ghrelin and ghrelin
receptor inhibitors: agents in the treatment of obesity. Expert Opin Ther Targets
(2008) 12:1177-89. doi: 10.1517/14728222.12.9.1177

23. Parkinson C, Trainer PJ. PegvisOmant: A growth hormonereceptor antagonist
for the treatment of acromegaly. Growth Hormone IGF Res (2000) 10:S119-23.
doi: 10.1016/S1096-6374(00)80023-4

24. Amin A, Dhillo WS, Murphy KG. The central effects of thyroid hormones on
appetite. J Thyroid Res (2011) 2011. doi: 10.4061/2011/306510

25. Pearce EN. Thyroid hormone and obesity. Curr Opin Endocrinol Diabetes Obes
(2012) 19:408-13. doi: 10.1097/MED.0B013E328355CD6C

26. Ritter MJ, Amano I, Hollenberg AN. Thyroid hormone signaling and the liver.
Hepatology (2020) 72:742-52. doi: 10.1002/HEP.31296

27. Sinha RA, Singh BK, Yen PM. Direct effects of thyroid hormones on hepatic lipid
metabolism. Nat Rev Endocrinol (2018) 14:259-69. doi: 10.1038/NRENDO.2018.10

28. Wittekind DA, Kratzsch ], Mergl R, Baber R, Witte V, Villringer A, et al. Free
triiodothyronine (T3) is negatively associated with fasting ghrelin serum levels in a
population sample of euthyroid subjects. J Endocrinol Invest (2021) 44:2655-64.
doi: 10.1007/s40618-021-01578-5

29. Sinha RA, Bruinstroop E, Singh BK, Yen PM. Nonalcoholic fatty liver disease
and hypercholesterolemia: roles of thyroid hormones, metabolites, and agonists.
Thyroid (2019) 29:1173-91. doi: 10.1089/THY.2018.0664

30. Tanase DM, Gosav EM, Neculae E, Costea CF, Ciocoiu M, Hurjui LL, et al.
Hypothyroidism-induced nonalcoholic fatty liver disease (Hin): Mechanisms and
emerging therapeutic options. Int ] Mol Sci (2020) 21:1-29. doi: 10.3390/ijms21165927

31. Harrison SA, Bashir MR, Guy CD, Zhou R, Moylan CA, Frias JP, et al.
Resmetirom (MGL-3196) for the treatment of non-alcoholic steatohepatitis: a
multicentre, randomised, double-blind, placebo-controlled, phase 2 trial. Lancet
(2019) 394:2012-24. doi: 10.1016/S0140-6736(19)32517-6

32. Magomedova L, Cummins CL. Glucocorticoids and metabolic control. Handb
Exp Pharmacol (2015) 233:73-93. doi: 10.1007/164_2015_1

33. Vitellius G, Trabado S, Bouligand J, Delemer B, Lombés M. Pathophysiology of
glucocorticoid signaling. Ann Endocrinol (Paris) (2018) 79:98-106. doi: 10.1016/
j.ando.2018.03.001

34. Horner K, Hopkins M, Finlayson G, Gibbons C, Brennan L. Biomarkers of
appetite: Is there a potential role for metabolomics? Nutr Res Rev (2020) 33:271-86.
doi: 10.1017/50954422420000062

35. Adcock IM, Mumby S. Glucocorticoids. Handb Exp Pharmacol (2016) 237:171-
96. doi: 10.1007/164_2016_98

36. Kuckuck S, van der Valk ES, Scheurink AJW, van der Voorn B, Iyer AM, Visser
JA, et al. Glucocorticoids, stress and eating: The mediating role of appetite-regulating
hormones. Obes Rev (2023) 24. doi: 10.1111/OBR.13539

37. Ahn S, Ahn M, Park S, An S, Park IG, Hwang SY, et al. Discovery of PPARy and
glucocorticoid receptor dual agonists to promote the adiponectin and leptin
biosynthesis in human bone marrow mesenchymal stem cells. Eur ] Med Chem
(2023) 245. doi: 10.1016/].EJ]MECH.2022.114927

38. Woods CP, Hazlehurst JM, Tomlinson JW. Glucocorticoids and non-alcoholic
fatty liver disease. J Steroid Biochem Mol Biol (2015) 154:94-103. doi: 10.1016/
J.JSBMB.2015.07.020

39. Koorneef LL, Van Den Heuvel JK, Kroon J, Boon MR, Hoen PAC, Hettne KM, et al.
Selective glucocorticoid receptor modulation prevents and reverses nonalcoholic fatty liver
disease in male mice. Endocrinology (2018) 159:3925-36. doi: 10.1210/en.2018-00671

Frontiers in Endocrinology

10.3389/fendo.2023.1213372

40. Couvineau A, Voisin T, Nicole P, Gratio V, Abad C, Tan YV. Orexins as novel
therapeutic targets in inflammatory and neurodegenerative diseases. Front Endocrinol
(Lausanne) (2019) 10:709/BIBTEX. doi: 10.3389/FENDO.2019.00709/BIBTEX

41. Skrzypski M, Billert M, Nowak KW, Strowski MZ. The role of orexin in
controlling the activity of the adipo-pancreatic axis. J Endocrinol (2018) 238:R95-
R108. doi: 10.1530/JOE-18-0122

42. Berner LA, Brown TA, Lavender JM, Lopez E, Wierenga CE, Kaye WH.
Neuroendocrinology of reward in anorexia nervosa and bulimia nervosa: Beyond
leptin and ghrelin. Mol Cell Endocrinol (2019) 497:110320. doi: 10.1016/
j-mce.2018.10.018

43. Tsuneki H, Maeda T, Takata S, Sugiyama M, Otsuka K, Ishizuka H, et al.
Hypothalamic orexin prevents non-alcoholic steatohepatitis and hepatocellular
carcinoma in obesity. Cell Rep (2022) 41:111497. doi: 10.1016/j.celrep.2022.111497

44. Nakamura K, Nakamura Y. Hunger and satiety signaling: modeling two
hypothalamomedullary pathways for energy homeostasis. BioEssays (2018)
40:1700252. doi: 10.1002/BIES.201700252

45. Horio N, Liberles SD. Hunger enhances food-odour attraction through a
neuropeptide Y spotlight. Nature (2021) 592:262-6. doi: 10.1038/s41586-021-03299-4

46. Park S, Komatsu T, Hayashi H, Mori R, Shimokawa I. The role of neuropeptide y
in adipocyte-macrophage crosstalk during high fat diet-induced adipose inflammation
and liver steatosis. Biomedicines (2021) 9:1739. doi: 10.3390/biomedicines9111739

47. ChenF, Zhou Y, Yang K, Shen M, Wang Y. NPY stimulates cholesterol synthesis
acutely by activating the SREBP2-HMGCR pathway through the Y1 and Y5 receptors
in murine hepatocytes. Life Sci (2020) 262:118478. doi: 10.1016/1.1fs.2020.118478

48. Lord MN, Subramanian K, Kanoski SE, Noble EE. Melanin-concentrating
hormone and food intake control: Sites of action, peptide interactions, and
appetition. Peptides (NY) (2021) 137:170476. doi: 10.1016/j.peptides.2020.170476

49. Lim G, You KY, Lee JH, Jeon MK, Lee BH, Ryu JY, et al. Identification and new
indication of melanin-concentrating hormone receptor 1 (MCHRI) antagonist derived
from machine learning and transcriptome-based drug repositioning approaches. Int |
Mol Sci (2022) 23:3807. doi: 10.3390/ijms23073807

50. Kawata Y, Okuda S, Hotta N, Igawa H, Takahashi M, Ikoma M, et al. A novel
and selective melanin-concentrating hormone receptor 1 antagonist ameliorates
obesity and hepatic steatosis in diet-induced obese rodent models. Eur | Pharmacol
(2017) 796:45-53. doi: 10.1016/j.ejphar.2016.12.018

51. Imbernon M, Beiroa D, Vazquez MJ, Morgan DA, Veyrat-Durebex C, Porteiro
B, et al. Central melanin-concentrating hormone influences liver and adipose
metabolism via specific hypothalamic nuclei and efferent autonomic/JNK1 pathways.
Gastroenterology (2013) 144:636-49. doi: 10.1053/j.gastro.2012.10.051

52. Del Prete A, Tadevaia M, Loguercio C. The role of gut hormones in controlling
the food intake. What is their role in emerging diseases? Endocrinologia y Nutricion
(2012) 59:197-206. doi: 10.1016/j.endonu.2011.11.007

53. Hopkins M, Blundell JE. Energy balance, body composition, sedentariness and
appetite regulation: Pathways to obesity. Clin Sci (2016) 130:1615-28. doi: 10.1042/
CS20160006

54. Martin WP, le Roux CW. Obesity is a disease. Bariatric Surg Clin Pract (2022),
23-8. doi: 10.1007/978-3-030-83399-2_4

55. Chandra R, Liddle RA. Cholecystokinin. Curr Opin Endocrinol Diabetes Obes
(2007) 14:63-7. doi: 10.1097/MED.0B013E3280122850

56. Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, et al. A single-cell
survey of the small intestinal epithelium. Nature (2017) 551:333-9. doi: 10.1038/
NATURE24489

57. Iwanaga T. Anatomical basis of gastrin- and CCK-secreting cells and their
functions. A review. BioMed Res (2023) 44:81-95. doi: 10.2220/BIOMEDRES.44.81

58. Miller L], Harikumar KG, Wootten D, Sexton PM. Roles of cholecystokinin in
the nutritional continuum. Physiology and potential therapeutics. Front Endocrinol
(Lausanne) (2021) 12:684656/BIBTEX. doi: 10.3389/FENDO.2021.684656/BIBTEX

59. Peters JH, Simasko SM, Ritter RC. Modulation of vagal afferent excitation and
reduction of food intake by leptin and cholecystokinin. Physiol Behav (2006) 89:477-85.
doi: 10.1016/j.physbeh.2006.06.017

60. Smith GP, Gibbs J. Satiating effect of cholecystokinin. Ann N'Y Acad Sci (1994)
713:236-41. doi: 10.1111/j.1749-6632.1994.tb44071.x

61. Tucker RD, Ciofoaia V, Nadella S, Gay MD, Cao H, Huber M, et al. A
cholecystokinin receptor antagonist halts nonalcoholic steatohepatitis and prevents
hepatocellular carcinoma. Dig Dis Sci (2020) 65:189-203. doi: 10.1007/s10620-019-
05722-3

62. Pathak V, Flatt PR, Irwin N. Cholecystokinin (CCK) and related adjunct peptide
therapies for the treatment of obesity and type 2 diabetes. Peptides (NY) (2018)
100:229-35. doi: 10.1016/j.peptides.2017.09.007

63. D’Alessio D. Is GLP-1 a hormone: whether and when? J Diabetes Investig (2016)
7:50-5. doi: 10.1111/jdi.12466

64. Miiller TD, Finan B, Bloom SR, D’Alessio D, Drucker DJ, Flatt PR, et al.
Glucagon-like peptide 1 (GLP-1). Mol Metab (2019) 30:72-130. doi: 10.1016/
j.molmet.2019.09.010

65. Gallwitz B. Anorexigenic effects of GLP-1 and its analogues. Handb Exp
Pharmacol (2012) 209:185-207. doi: 10.1007/978-3-642-24716-3_8

frontiersin.org


https://doi.org/10.1016/J.NEUROPHARM.2019.01.001
https://doi.org/10.1016/J.CMET.2018.02.008
https://doi.org/10.1016/j.peptides.2017.12.015
https://doi.org/10.1210/en.2009-0482
https://doi.org/10.1016/j.endinu.2020.10.011
https://doi.org/10.3389/fendo.2020.597583
https://doi.org/10.3389/fendo.2020.597583
https://doi.org/10.3748/wjg.v21.i11.3214
https://doi.org/10.22038/ijbms.2020.45356.10555
https://doi.org/10.1186/s40200-015-0170-1
https://doi.org/10.1517/14728222.12.9.1177
https://doi.org/10.1016/S1096-6374(00)80023-4
https://doi.org/10.4061/2011/306510
https://doi.org/10.1097/MED.0B013E328355CD6C
https://doi.org/10.1002/HEP.31296
https://doi.org/10.1038/NRENDO.2018.10
https://doi.org/10.1007/s40618-021-01578-5
https://doi.org/10.1089/THY.2018.0664
https://doi.org/10.3390/ijms21165927
https://doi.org/10.1016/S0140-6736(19)32517-6
https://doi.org/10.1007/164_2015_1
https://doi.org/10.1016/j.ando.2018.03.001
https://doi.org/10.1016/j.ando.2018.03.001
https://doi.org/10.1017/S0954422420000062
https://doi.org/10.1007/164_2016_98
https://doi.org/10.1111/OBR.13539
https://doi.org/10.1016/J.EJMECH.2022.114927
https://doi.org/10.1016/J.JSBMB.2015.07.020
https://doi.org/10.1016/J.JSBMB.2015.07.020
https://doi.org/10.1210/en.2018-00671
https://doi.org/10.3389/FENDO.2019.00709/BIBTEX
https://doi.org/10.1530/JOE-18-0122
https://doi.org/10.1016/j.mce.2018.10.018
https://doi.org/10.1016/j.mce.2018.10.018
https://doi.org/10.1016/j.celrep.2022.111497
https://doi.org/10.1002/BIES.201700252
https://doi.org/10.1038/s41586-021-03299-4
https://doi.org/10.3390/biomedicines9111739
https://doi.org/10.1016/j.lfs.2020.118478
https://doi.org/10.1016/j.peptides.2020.170476
https://doi.org/10.3390/ijms23073807
https://doi.org/10.1016/j.ejphar.2016.12.018
https://doi.org/10.1053/j.gastro.2012.10.051
https://doi.org/10.1016/j.endonu.2011.11.007
https://doi.org/10.1042/CS20160006
https://doi.org/10.1042/CS20160006
https://doi.org/10.1007/978-3-030-83399-2_4
https://doi.org/10.1097/MED.0B013E3280122850
https://doi.org/10.1038/NATURE24489
https://doi.org/10.1038/NATURE24489
https://doi.org/10.2220/BIOMEDRES.44.81
https://doi.org/10.3389/FENDO.2021.684656/BIBTEX
https://doi.org/10.1016/j.physbeh.2006.06.017
https://doi.org/10.1111/j.1749-6632.1994.tb44071.x
https://doi.org/10.1007/s10620-019-05722-3
https://doi.org/10.1007/s10620-019-05722-3
https://doi.org/10.1016/j.peptides.2017.09.007
https://doi.org/10.1111/jdi.12466
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1007/978-3-642-24716-3_8
https://doi.org/10.3389/fendo.2023.1213372
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lopez-Méndez et al.

66. Stanley S, Wynne K, Bloom S. Gastrointestinal Satiety Signals III. Glucagon-like
peptide 1, oxyntomodulin, peptide YY, and pancreatic polypeptide. Am ] Physiol
Gastrointest Liver Physiol (2004) 286:G693-97. doi: 10.1152/ajpgi.00536.2003

67. Ben-Shlomo S, Zvibel I, Shnell M, Shlomai A, Chepurko E, Halpern Z, et al.
Glucagon-like peptide-1 reduces hepatic lipogenesis via activation of AMP-activated
protein kinase. J Hepatol (2011) 54:1214-23. doi: 10.1016/j.jhep.2010.09.032

68. Lee YS, Jun HS. Anti-inflammatory effects of GLP-1-based therapies beyond
glucose control. Mediators Inflammation (2016) 2016. doi: 10.1155/2016/3094642

69. Seghieri M, Christensen AS, Andersen A, Solini A, Knop FK, Vilsbell T. Future
perspectives on GLP-1 receptor agonists and GLP-1/glucagon receptor co-agonists in
the treatment of NAFLD. Front Endocrinol (Lausanne) (2018) 9:649/BIBTEX.
doi: 10.3389/FENDOQ.2018.00649/BIBTEX

70. Verdich C, Flint A, Gutzwiller J-P, Na"slund E, Na“slund N, Beglinger C, et al. A
meta-analysis of the effect of glucagon-like peptide-1 (7-36) amide on ad libitum
energy intake in humans. J Clin Endocrinol Metab (2001) 86:4382-9. doi: 10.1210/
JCEM.86.9.7877

71. Maselli DB, Camilleri M. Effects of GLP-1 and its analogs on gastric physiology
in diabetes mellitus and obesity. Adv Exp Med Biol (2021) 1307:171-92. doi: 10.1007/
5584_2020_496

72. Wharton S, Kuk JL, Luszczynski M, Kamran E, Christensen RAG. Liraglutide 3.0
mg for the management of insufficient weight loss or excessive weight regain post-
bariatric surgery. Clin Obes (2019) 9:e12323. doi: 10.1111/COB.12323

73. Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, et al. Liraglutide
safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN): A
multicentre, double-blind, randomised, placebo-controlled phase 2 study. Lancet
(2016) 387:679-90. doi: 10.1016/S0140-6736(15)00803-X

74. Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay I, et al.
Once-weekly semaglutide in adults with overweight or obesity. New Engl ] Med (2021)
384:989-1002. doi: 10.1056/nejmoa2032183

75. Newsome PN, Sejling A-S, Sanyal AJ. Semaglutide or placebo for nonalcoholic
steatohepatitis. New Engl ] Med (2021) 385:e6. doi: 10.1056/nejmc2106921

76. Newsome PN, Buchholtz K, Cusi K, Linder M, Okanoue T, Ratziu V, et al. A
placebo-controlled trial of subcutaneous semaglutide in nonalcoholic steatohepatitis.
New Engl ] Med (2021) 384:1113-24. doi: 10.1056/nejmoa2028395

77. Trujillo J. Safety and tolerability of once-weekly GLP-1 receptor agonists in type
2 diabetes. J Clin Pharm Ther (2020) 45 Suppl 1:43-60. doi: 10.1111/JCPT.13225

78. Filippatos TD, Panagiotopoulou TV, Elisaf MS. Adverse effects of GLP-1
receptor agonists. Rev Diabetes Stud (2014) 11:202-30. doi: 10.1900/RDS.2014.11.202

79. Forzano I, Varzideh F, Avvisato R, Jankauskas SS, Mone P, Santulli G.
Tirzepatide: A systematic update. Int ] Mol Sci (2022) 23. doi: 10.3390/IJMS232314631

80. Nevola R, Epifani R, Imbriani S, Tortorella G, Aprea C, Galiero R, et al. GLP-1
receptor agonists in non-alcoholic fatty liver disease: current evidence and future
perspectives. Int J Mol Sci (2023) 24. doi: 10.3390/IJ]MS24021703

81. Deng Y, Park A, Zhu L, Xie W, Pan CQ. Effect of semaglutide and liraglutide in
individuals with obesity or overweight without diabetes: a systematic review. Ther Adv
Chronic Dis (2022) 13. doi: 10.1177/20406223221108064

82. Holzer P, Reichmann F, Farzi A. Neuropeptide Y, peptide YY and pancreatic
polypeptide in the gut-brain axis. Neuropeptides (2012) 46:261-74. doi: 10.1016/
J.NPEP.2012.08.005

83. Choudhury SM, Tan TM, Bloom SR. Gastrointestinal hormones and their role in
obesity. Curr Opin Endocrinol Diabetes Obes (2016) 23:18-22. doi: 10.1097/
MED.0000000000000216

84. Ekblad E, Sundler F. Distribution of pancreatic polypeptide and peptide YY.
Peptides (NY) (2002) 23:251-61. doi: 10.1016/S0196-9781(01)00601-5

85. Karra E, Chandarana K, Batterham RL. The role of peptide YY in appetite
regulation and obesity. J Physiol (2009) 587:19-25. doi: 10.1113/jphysiol.2008.164269

86. Koda S, Date Y, Murakami N, Shimbara T, Hanada T, Toshinai K, et al. The role
of the vagal nerve in peripheral PYY 3-36-induced feeding reduction in rats.
Endocrinology (2005) 146:2369-75. doi: 10.1210/en.2004-1266

87. Finn PD, Rodriguez D, Kohler J, Jiang Z, Wan S, Blanco E, et al. Intestinal TGR5
agonism improves hepatic steatosis and insulin sensitivity in western diet-fed mice. Am
] Physiol Gastrointest Liver Physiol (2019) 316:G412-24. doi: 10.1152/ajpgi.00300.2018

88. Kumar U, Singh S. Role of somatostatin in the regulation of central and
peripheral factors of satiety and obesity. Int ] Mol Sci (2020) 21:2568. doi: 10.3390/
ijms21072568

89. Fuessl HS, Carolan G, Williams G, Bloom SR. Effect of a long-acting
somatostatin analogue (SMS 201-995) on postprandial gastric emptying of 99mTc-
tin colloid and mouth-to-caecum transit time in man. Digestion (1987) 36:101-7.
doi: 10.1159/000199407

90. Stengel A, Karasawa H, Taché Y. The role of brain somatostatin receptor 2 in the
regulation of feeding and drinking behavior. Horm Behav (2015) 73:15-22.
doi: 10.1016/j.yhbeh.2015.05.009

91. Lieverse R], Jansen JBM]J, Masclee AAM, Lamers CBHW. Effects of somatostatin
on human satiety. Neuroendocrinology (1995) 61:112-6. doi: 10.1159/000126831

Frontiers in Endocrinology

10.3389/fendo.2023.1213372

92. Hessheimer AJ, de la Maza LM, Al Shwely FA, Espinoza AS, Ausania F,
Fondevila C. Somatostatin and the “small-for-size” liver. Int ] Mol Sci (2019)
20:2512. doi: 10.3390/ijms20102512

93. Li M, Ye T, Wang XX, Li X, Qiang O, Yu T, et al. Effect of octreotide on hepatic
steatosis in diet-induced obesity in rats. PloS One (2016) 11:e0152085. doi: 10.1371/
journal.pone.0152085

94. Wang XX, Ye T, Li M, Li X, Qiang O, Tang CW, et al. Effects of octreotide on
hepatic glycogenesis in rats with high fat diet-induced obesity. Mol Med Rep (2017)
16:109-18. doi: 10.3892/mmr.2017.6586

95. Procaccini C, Galgani M, De Rosa V, Carbone F, La Rocca C, Ranucci G, et al.
Leptin: the prototypic adipocytokine and its role in NAFLD. Curr Pharm Des (2010)
16:1902-12. doi: 10.2174/138161210791208884

96. Martinez-Una M, Lopez-Mancheio Y, Diéguez C, Fernandez-Rojo MA, Novelle
MG. Unraveling the role of leptin in liver function and its relationship with liver
diseases. Int ] Mol Sci (2020) 21:1-33. doi: 10.3390/ijms21249368

97. Kakuma T, Lee Y, Higa M, Wang ZW, Pan W, Shimomura I, et al. Leptin,
troglitazone, and the expression of sterol regulatory element binding proteins in liver and
pancreatic islets. Proc Natl Acad Sci U.S.A. (2000) 97:8536-41. doi: 10.1073/pnas.97.15.8536

98. Javor ED, Ghany MG, Cochran EK, Oral EA, DePaoli AM, Premkumar A, et al.
Leptin reverses nonalcoholic steatohepatitis in patients with severe lipodystrophy.
Hepatology (2005) 41:753-60. doi: 10.1002/hep.20672

99. Roglans N, Vila L, Farre M, Alegret M, Sanchez RM, Vazquez-Carrera M, et al.
Impairment of hepatic STAT-3 activation and reduction of PPAR« activity in fructose-
fed rats. Hepatology (2007) 45:778-88. doi: 10.1002/hep.21499

100. Jiménez-Cortegana C, Garcia-Galey A, Tami M, Del Pino P, Carmona I, Lopez
S, et al. Role of leptin in non-alcoholic fatty liver disease. Biomedicines (2021) 9:762.
doi: 10.3390/biomedicines9070762

101. Marques V, Afonso MB, Bierig N, Duarte-Ramos F, Santos-Laso A, Jimenez-
Agiiero R, et al. Adiponectin, leptin, and IGF-1 are useful diagnostic and stratification
biomarkers of NAFLD. Front Med (Lausanne) (2021) 8:683250. doi: 10.3389/
fmed.2021.683250

102. Polyzos SA, Aronis KN, Kountouras J, Raptis DD, Vasiloglou MF, Mantzoros
CS. Circulating leptin in non-alcoholic fatty liver disease: a systematic review and meta-
analysis. Diabetologia (2016) 59:30-43. doi: 10.1007/s00125-015-3769-3

103. CaiJ, GouX, Sun B, Li W, Li D, Liu J, et al. Porous graphene-black phosphorus
nanocomposite modified electrode for detection of leptin. Biosens Bioelectron (2019)
137:88-95. doi: 10.1016/j.bios.2019.04.045

104. Anika SM, Houpt TR, Houpt KA. Insulin as a satiety hormone. Physiol Behav
(1980) 25:21-3. doi: 10.1016/0031-9384(80)90175-4

105. Ahima RS, Antwi DA. Brain regulation of appetite and satiety. Endocrinol
Metab Clin North Am (2008) 37:811-23. doi: 10.1016/].ECL.2008.08.005

106. Jagua A, Marin RA, Granados LA, Avila V. Insulina cerebral. Colomb Med
(2008) 39:107-16. Available at: https://www.redalyc.org/articulo.oa?id=28339114.

107. Santiago JCP, Hallschmid M. Central nervous insulin administration before
nocturnal sleep decreases breakfast intake in healthy young and elderly subjects. Front
Neurosci (2017) 11:54/FULL. doi: 10.3389/FNINS.2017.00054/FULL

108. Polyzos S, Kountouras J, Zavos C. Nonalcoholic fatty liver disease: the
pathogenetic roles of insulin resistance and adipocytokines. Curr Mol Med (2009)
9:299-314. doi: 10.2174/156652409787847191

109. Loomba R, Abraham M, Unalp A, Wilson L, Lavine J, Doo E, et al. Association
between diabetes, family history of diabetes, and risk of nonalcoholic steatohepatitis
and fibrosis. Hepatology (2012) 56:943-51. doi: 10.1002/HEP.25772

110. Albaugh VL, Banan B, Antoun J, Xiong Y, Guo Y, PingJ, et al. Role of bile acids
and GLP-1 in mediating the metabolic improvements of bariatric surgery.
Gastroenterology (2019) 156:1041-1051.e4. doi: 10.1053/].GASTRO.2018.11.017

111. Plaza-Diaz J, Solis-Urra P, Aragon-Vela J, Rodriguez-Rodriguez F, Olivares-
Arancibia J, Alvarez-Mercado AL Insights into the impact of microbiota in the treatment
of NAFLD/NASH and its potential as a biomarker for prognosis and diagnosis. Biomedicines
(2021) 9:145. doi: 10.3390/BIOMEDICINES9020145

112. Anhé FF, Varin TV, Schertzer JD, Marette A. The gut microbiota as a mediator
of metabolic benefits after bariatric surgery. Can ] Diabetes (2017) 41:439-47.
doi: 10.1016/J.JCJD.2017.02.002

113. Athanasiadis DI, Martin A, Kapsampelis P, Monfared S, Stefanidis D. Factors
associated with weight regain post-bariatric surgery: a systematic review. Surg Endosc
(2021) 35:4069-84. doi: 10.1007/S00464-021-08329-W/METRICS

114. Tamboli RA, Antoun J, Sidani RM, Clements A, Harmata EE, Marks-Shulman P,
et al. Metabolic responses to exogenous ghrelin in obesity and early after Roux-en-Y gastric
bypass in humans. Diabetes Obes Metab (2017) 19:1267-75. doi: 10.1111/DOM.12952

115. Baver SB, Hope K, Guyot S, Bjorbaek C, Kaczorowski C, O’Connell KMS. Leptin
modulates the intrinsic excitability of AgGRP/NPY neurons in the arcuate nucleus of the
hypothalamus. J Neurosci (2014) 34:5486-96. doi: 10.1523/JNEUROSCI.4861-12.2014

116. Cholankeril R, Patel V, Perumpail B, Yoo E, Igbal U, Sallam S, et al. Anti-
diabetic medications for the pharmacologic management of NAFLD. Diseases (2018)
6:93. doi: 10.3390/diseases6040093

frontiersin.org


https://doi.org/10.1152/ajpgi.00536.2003
https://doi.org/10.1016/j.jhep.2010.09.032
https://doi.org/10.1155/2016/3094642
https://doi.org/10.3389/FENDO.2018.00649/BIBTEX
https://doi.org/10.1210/JCEM.86.9.7877
https://doi.org/10.1210/JCEM.86.9.7877
https://doi.org/10.1007/5584_2020_496
https://doi.org/10.1007/5584_2020_496
https://doi.org/10.1111/COB.12323
https://doi.org/10.1016/S0140-6736(15)00803-X
https://doi.org/10.1056/nejmoa2032183
https://doi.org/10.1056/nejmc2106921
https://doi.org/10.1056/nejmoa2028395
https://doi.org/10.1111/JCPT.13225
https://doi.org/10.1900/RDS.2014.11.202
https://doi.org/10.3390/IJMS232314631
https://doi.org/10.3390/IJMS24021703
https://doi.org/10.1177/20406223221108064
https://doi.org/10.1016/J.NPEP.2012.08.005
https://doi.org/10.1016/J.NPEP.2012.08.005
https://doi.org/10.1097/MED.0000000000000216
https://doi.org/10.1097/MED.0000000000000216
https://doi.org/10.1016/S0196-9781(01)00601-5
https://doi.org/10.1113/jphysiol.2008.164269
https://doi.org/10.1210/en.2004-1266
https://doi.org/10.1152/ajpgi.00300.2018
https://doi.org/10.3390/ijms21072568
https://doi.org/10.3390/ijms21072568
https://doi.org/10.1159/000199407
https://doi.org/10.1016/j.yhbeh.2015.05.009
https://doi.org/10.1159/000126831
https://doi.org/10.3390/ijms20102512
https://doi.org/10.1371/journal.pone.0152085
https://doi.org/10.1371/journal.pone.0152085
https://doi.org/10.3892/mmr.2017.6586
https://doi.org/10.2174/138161210791208884
https://doi.org/10.3390/ijms21249368
https://doi.org/10.1073/pnas.97.15.8536
https://doi.org/10.1002/hep.20672
https://doi.org/10.1002/hep.21499
https://doi.org/10.3390/biomedicines9070762
https://doi.org/10.3389/fmed.2021.683250
https://doi.org/10.3389/fmed.2021.683250
https://doi.org/10.1007/s00125-015-3769-3
https://doi.org/10.1016/j.bios.2019.04.045
https://doi.org/10.1016/0031-9384(80)90175-4
https://doi.org/10.1016/J.ECL.2008.08.005
https://www.redalyc.org/articulo.oa?id=28339114
https://doi.org/10.3389/FNINS.2017.00054/FULL
https://doi.org/10.2174/156652409787847191
https://doi.org/10.1002/HEP.25772
https://doi.org/10.1053/J.GASTRO.2018.11.017
https://doi.org/10.3390/BIOMEDICINES9020145
https://doi.org/10.1016/J.JCJD.2017.02.002
https://doi.org/10.1007/S00464-021-08329-W/METRICS
https://doi.org/10.1111/DOM.12952
https://doi.org/10.1523/JNEUROSCI.4861-12.2014
https://doi.org/10.3390/diseases6040093
https://doi.org/10.3389/fendo.2023.1213372
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Hunger &amp; satiety signals: another key mechanism involved in the NAFLD pathway
	1 Introduction
	2 Hunger
	2.1 Ghrelin
	2.2 Thyroid hormones
	2.3 Glucocorticoids
	2.4 Orexin
	2.5 Neuropeptide Y
	2.6 Melanin-concentrating hormone

	3 Satiety
	3.1 Cholecystokinin
	3.2 Glucagon-like peptide 1
	3.3 Peptide YY
	3.4 Somatostatin
	3.5 Leptin
	3.6 Insulin

	4 Concluding remarks
	4.1 Antagonism in molecules for novel target therapies in obese NAFLD patients
	4.2 Agonism in molecules for novel target therapies in obese NAFLD patients

	5 Conclusion
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


