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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is caused by hepatic fat accumulation with a high
prevalence globally, especially in Western countries in which individuals have excessive fat
consumption. Prolonged intake of high dietary fat causes various diseases due to the imbalance
of energy metabolism, which leads to obesity and other pathological conditions. Currently, the
exact pathogenesis of NAFLD is still obscure. In this review, the potential etiologies for NAFLD
will be discussed, including adipose tissue dysfunction, intrahepatic de novo lipogenesis, hepatic
fat accumulation, insulin resistance, hepatic inflammation, inflammasome activation,
mitochondrial dysfunction, oxidative stress, and endoplasmic reticulum stress. Melatonin is a
potent antioxidant and anti-inflammatory molecule. It is also a regulator of lipid and glucose
metabolism which is indicated by melatonin’s effects on weight loss, reduction of liver weight,
blood levels of lipids, glucose and insulin, activities of hepatic enzymes, steatohepatitis, and
fibrosis. Melatonin considerably reduces mitochondrial dysfunction and proinflammatory
cytokines. Moreover, it downregulates NLRP3 and its associated downstream effectors of
caspase-1, IL-1pB, and IL-18 proteins. This review will update the molecular mechanisms behind
high-fat diet induced hepatic dysfunction and the protective role of melatonin in NAFLD.
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a pathological condition caused by the
deposition of fat in hepatocytes leading to hepatic steatosis without alcohol consumption (1). The
progression of NAFLD is associated with obesity, insulin resistance, type 2 diabetes,
hypertension and dyslipidemia, collectively termed as “metabolic syndrome” (2-4). One of the
hepatic manifestations of obesity is NAFLD which is primarily caused by high-fat diet (HFD).
Most of the NAFLD patients require serious medical attention. Its prevalence in obese patients is
around 90% (5) and many of them have metabolic syndrome (6, 7). The lifestyle modification
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with diet, exercise and weight loss is the important management for NAFLD patients to improve
their liver function (8). Therapeutic targets for NAFLD including improvement of insulin
resistance, dyslipidemia, and oxidative stress, may alleviate the pathological progression (5, 8).
The natural compounds, such as vitamin E and omega-3 polyunsaturated fatty acids, have
showed potential protective effects against NAFLD (5) and with little side effects (9).

Melatonin (N-acetyl-5-methoxytryptamine) is a naturally occurring molecule with multiple
functions (10). It is synthesized from various tissues and organs including pineal gland of
mammals (11). Various studies have showed that melatonin lowers incidence of obesity, type 2
diabetes, and liver steatosis (12, 13). Its use can influence the proliferation of pancreatic B cells
in streptozotocin-induced type 1 diabetic rats with reduced blood glucose levels (14).
Pinealectomy results in significant hyperinsulinemia and triglyceride accumulation in the liver
owing to reduced melatonin levels (15). Melatonin administration improves lipid metabolism by
restoring insulin resistance in type 2 diabetic rats (16, 17). The detailed pathway of NAFLD
pathogenesis remains elusive. Studies have shown that hepatic steatosis and NASH (non-
alcoholic steatohepatitis) are directly associated with high dietary fat in humans and other
animals (18,19). Furthermore, multiple adverse "hits" are associated with dietary fat and fatty
liver disease progression and the most accepted “multiple hit” theory elaborates on the
pathogenesis of NAFLD (20). In this review, we elaborated on the molecular mechanisms of a
high-fat diet (HFD) induced NAFLD and the possible ameliorative effects of melatonin.

2. EPIDEMIOLOGY OF NAFLD

NAFLD is one of the most prevalent diseases worldwide, affecting approximately a quarter of
the adult population. The prevalence of NAFLD in Africa is 13%, in the Middle East is 32% and
in South America is 30%. The prevalence of NAFLD in the individuals with severe obesity
(90%) and/or type 2 diabetes (76%) is higher (2) than lean individuals who only have the
prevalence of 16% (4). In Asia, the prevalence of NAFLD vary widely because of the vast
geographical area with diverse socioeconomic conditions, diet, and lifestyles which are risk
factors of NAFLD (21-24). The incidence of NAFLD in Asian countries ranges from 12.5-38%
including 23-26% in China Mainland, 27% in Japan, 12-51% in Korea, 28% in Taiwan, 5-30%
in Hong Kong, other regions of South Asia and far East Asia (24). According to a recent
epidemiological report, NAFLD affects 9-32% of the general population in India, with a higher
prevalence among those who are overweight/obese and those have diabetes or prediabetes (25).

3. NAFLD ASSOCIATED PATHOLOGIES

NAFLD is associated to many liver diseases, including simple hepatic steatosis to non-
alcoholic steatohepatitis (NASH). The pathogenesis of NASH is multiples and is characterized
by the irreversible development of fibrosis and cirrhosis of the liver. The deposition of fat in
hepatocytes, particularly triglycerides (TG) and fatty acids contributes to NAFLD as the hepatic
manifestation of metabolic syndrome or insulin resistance syndrome (26, 27). While the
processes underlying NAFLD pathogenesis remain unknown, “double-hit” hypothesis is usually
used to explain the comprehensive paradigm for NAFLD progression. The major cause of
steatosis is insulin resistance (IR), which causes hepatic de novo lipogenesis (DNL) and fatty
acid (FA) transport impairment. Endoplasmic reticulum stress, autophagy disruption,
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mitochondrial malfunction, hepatocyte apoptosis, and an elevation in inflammatory responses are
among the events or multiple strikes in the second hit (20). Overall, evidence suggests that
NAFLD development requires numerous interconnected mechanisms. Fat deposition in the liver
(first hit) increases susceptibility to risk factors (second hit), leading to the progression of
NAFLD to more severe NASH, cirrhosis, and hepatocyte cancer. The "multiple hit" hypothesis is
also accepted since a complex interplay between many events in correlation with genetic
predisposition, provides a realistic explanation of the mechanisms underlying NAFLD (28).

3.1. Effect of high-fat diet on the pathogenesis of NAFLD.

High dietary saturated fats and carbohydrates promote NAFLD. A high-fat diet (HFD) causes
NAFLD in various animal models (29, 30). In body, the lipids are converted to triglycerides in
the intestine and form chylomicrons for delivery to the tissues including muscle and adipose
tissue. Chylomicrons are broken down into fatty acids by the action lipoprotein lipases (LPLs) in
target tissues. Adipose tissue absorbs and stores some of these free fatty acids (FFA) and around
33 —36% of total FFAs are delivered to liver for further metabolism (31). Hepatic steatosis can
occur after few days of HFD consumption in animals and humans (32). The primary source of
hepatic lipid accumulation in NAFLD is circulating FFAs, primarily derived from adipocyte
lipolysis and dietary fat (33). Pancreatic lipase hydrolyzes dietary triglyceride, emulsified in the
intestinal lumen by bile acid, to create sn2-monoacylglycerol and FFA products (34).
Enterocytes re-synthesize and assemble the lipid to triglyceride after emulsification. Triglyceride
is packaged into chylomicrons and secreted into the lymphatic system before reaching the
plasma. A substantial amount of chylomicron with triglycerides are extracted by muscle and
adipose tissue. In the case of HFD, insulin resistance induces higher lipolysis ratio in adipose
tissue, leading to a rise in blood FFA, which is absorbed by the liver and converted to
triglyceride stored in lipid droplets. Fat accumulation causes liver damage (20). High FFAs,
particularly saturated fatty acids (SFAs), induce lipotoxic process in animal or in NAFLD
patients. SFAs are the most harmful dietary lipids to cause organ damage. SFAs in hepatocytes
induce death receptor signalling and ER stress leading to intrinsic mitochondrial apoptosis,
activation of toll-like receptors, inflammasome formation, and autophagy inhibition (35, 36).
Individuals with NASH have high absorption of SFAs and cholesterol and low absorption of
dietary polyunsaturated fatty acids (PUFA) (37). Moreover, Toshimitsu et al. showed the lower
level of PUFAs and, higher level of SFAs in individuals with fatty liver and NASH compared to
healthy individuals (38). In addition, individuals subjected to an SFA diet exhibited the increased
insulin resistance, hepatic steatosis, and inflammation compared to PUFA-fed individuals (39).

3.2. Adipose tissue dysfunction after a period of HFD consumption in NAFLD.

Under normal condition, adipose tissue is sensitive to insulin for lipid metabolism. High
levels of FFA causes lipid accumulation, insulin resistance and dysregulation of lipolysis (40).
Adipocyte dysfunction is related to the severity of liver injury and cardiac disease in NASH (41-
43). NASH causes the hepatic and peripheral insulin resistance to promote hepatic FFA flux,
steatosis, and inflammation (40).

Obesity is an important cause of the increased global incidence of NAFLD, the exact link
between obesity and NAFLD is unknown. Expansion of the peripheral adipose depot may act as
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a buffer, shielding the liver from excessive FFA flux. Lipodystrophy is an example of a
collection of diseases characterized by partial or complete loss of adipose tissue but severe
insulin resistance, ectopic fat deposition, NAFL, and NASH (41). Even metabolically healthy
obese individuals have a significantly higher risk of NAFLD (42), implying that obesity is a
potential risk factor for NAFLD independent of insulin sensitivity. Adiponectin secretion is also
reduced in dysfunctional adipose tissue, this insulin-sensitizing adipokine is paradoxically
reduced in obesity. This adipokine increased FFA oxidation and decreased FFA inflow,
gluconeogenesis, and DNL (43). It also exhibits anti-inflammatory and antifibrotic
characteristics in the liver, reducing the upregulation of hepatic stellate cells (HSC) (44-46) and
suppressing pro-inflammatory cytokines [e.g., tumor necrosis factor-o and interleukin (IL)-6]
(47, 48). The frequency of hepatic steatosis, necroinflammation, and fibrosis correlates with the
circulating adiponectin level in patients with NAFLD and NASH (49). Pioglitazone is an insulin
sensitizing drug, significantly improves NASH histology (50). Adiponectin therapy also
improves NASH in rodent models (51); however, human studies are required to confirm the
results from animal studies (52).

3.3. Intrahepatic de novo lipogenesis and hepatic fat accumulation in NAFLD.

DNL is the second most important intrahepatic FFA source, derived from nonlipid precursors
such as glucose and fructose. The elevated DNL is another characteristic of NAFLD. The DNL
in NAFLD patients has 3.5-fold rise compared to healthy controls (53, 54). Interestingly,
although adipose-derived FFA contributes to the predominance of liver triglyceride, but it has a
less elevated level than that of DNL in NAFLD (53). Insulin promotes lipid synthesis by
transcription and stimulation of sterol regulatory element-binding protein-1c (SERBP-1c), which
is a crucial regulator of lipogenesis (55), and insulin also stimulates DNL while at the same time
does not reduce hepatic gluconeogenesis even in insulin-resistant conditions such as T2DM,
obesity, and NAFLD (56, 57). A variety of insulin-dependent (58-60) and independent
mechanisms regulate hepatic lipid and glucose metabolism while the significant roles of these
differentiated regulations on hepatic lipid and glucose metabolism are complicated (61). The
primary source for DNL is dietary glucose (57, 62). The increased level of carbohydrates
increases liver lipid content by DNL (62). The dietary carbohydrates directly enter hepatocytes
via portal circulation, whereas dietary lipids indirectly via lymphatic and systemic circulation.
Therefore, dietary lipid has a limited contribution to intrahepatic triglyceride of NAFLD patients
(63). Insulin resistance in skeletal muscle may also influence steatosis by using postprandial
glucose for hepatic DNL but not store it as the peripheral glycogen (64, 65). A major population
survey showed that skeletal muscle mass was inversely related to NAFLD and directly connected
to the resolution of baseline NAFLD (66). Generally, lipid accumulation occurs in the liver of
NAFLD patients as esterified FFA or triglycerides. Alternatively, FFA can enter B-oxidation, or
triglycerides can be transported from the liver in the form of very low-density lipoprotein
(VLDL). In NAFLD, steatosis is caused by an imbalance in the lipid input and synthesis vs
disposal mechanisms. There are three major sources of FFA in liver including 59% from
circulating FFA; 26% from DNL via nonlipid precursors (such as glucose and fructose), and
14% comes from the diet (63).
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3.4. HFD induced insulin resistance on NAFLD.

Insulin usually lowers glucose level by inhibiting gluconeogenesis and glycogenolysis as well
as stimulating glycogen synthesis and lipogenesis (67). It also promotes lipolysis, fatty acid
esterification and lipid storage. As a result, hepatic insulin signaling is critical for maintaining
energy balance through regulation of glucose and lipid metabolism. It is still obscure whether
insulin resistance is the effect of hepatic fat accumulation or it is the causative factor of it.
Adipose tissue dysfunction, DNL, and fatty acid metabolic disorder are caused by insulin
resistance with the liver fat accumulation (65). Furthermore, insulin inhibits lipase, a rate-
limiting enzyme for triglycerides lipolysis in adipocytes, and insulin-induced lipolysis is
suppressed by insulin resistance in the adipose tissue. The substantial levels of FFA are
transported from adipose tissue to the liver under insulin resistance, resulting in ectopic
intracellular FFA accumulation. HFD causes various insulin resistance syndromes including
metabolic disorders, abdominal obesity, hypertension, and cardiac disease. Epidemiological and
experimental data have shown that insulin resistance and its complications are higher in subjects
with long-term of HFD than those with normal diet. Moreover, adipose tissue is the storage site
for lipids which are from excessive energy intake. After excessive lipid accumulation, adipose
tissue secretes many inflammatory cytokines such as TNF-a, IL-6, and MCP-1. These pro-
inflammatory cytokines regulate adipocyte responsiveness to insulin (68). The ability of HFD to
induce insulin resistance and hepatic steatosis has been well studied in animals. HFD induced
hepatic insulin resistance in the adult male Wistar rat has been reported by Kraegen et al. (69).
They measured insulin levels after isocaloric HFD or high-starch feeding (59% and 10% cal) for
3 weeks. HFD-fed rats showed more glucose intolerance than starch-fed control rats (69).
Furthermore, HFD feeding in C57BL/6J mice also caused obesity, insulin resistance, NASH, and
liver cancer (70) and these observations have been confirmed by Nakamura and Terauchi (71).
HFD-fed mice had higher fasting insulin and leptin levels, whereas plasma adiponectin level was
significantly lower than in controls. A recent study found that the c-Jun N-terminal kinase (JNK)
pathway influences insulin signaling and lipid-mediated metabolic stress (72). Hepatic p-JNK
protein level rises sharply following HFD feeding (73), which promotes hepatic lipid
accumulation and liver damage (74). Furthermore, the activation of genes encoding the lipogenic
transcription factor SREBP-1c down-regulates genes related to glucose metabolism in animal
models of insulin resistance (75). Lipogenic pathway was activated during insulin resistance
through insulin receptor activation (76, 77). This implies that multiple other downstream
intracellular signaling pathways are involved. One of these downstream pathways is the
mammalian target of rapamycin complex 1 (mMTORC1). When mTORC1 is inhibited, lipogenesis
is reduced, while lipogenesis is stimulated under insulin resistance (78). All the evidence shows
that insulin resistance is the primary regulator of HFD-induced NAFLD pathways.

3.5. NAFLD induced hepatic inflammation, immune cells, and inflammasome activation.

High levels of FFAs, insulin resistance, gut-generated endotoxins, and adipose tissue
dysfunction in NAFLD induce a severe pro-inflammatory state in the liver, which promotes
NASH and fibrosis. Patients with NASH have higher tumor necrosis factor-alpha (TNF-a) level
in their hepatic and adipose tissues than obese controls, which corresponds with fibrosis
complexity (79). NASH patients showed persistent activation or overexpression of the
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transcription factor nuclear factor kappa light chain enhancer of activated B cells (NF-«xB), an
essential regulator of the acute inflammatory response, has been discovered (80). Hepatic
inflammation is triggered and amplified by various immunological responses (81). Hepatocyte
injury induces the secretion of host biomolecules known as damage-associated molecular
patterns (DAMPSs). These molecules can stimulate inflammation by inducing local macrophages,
Kupffer cells (KC), and pattern recognition receptors like the toll-like receptor (TLR) family.
TNF-a, IL-1B, IL-6, and C-C motif ligand 2 and 5 are among the pro-inflammatory cytokines
produced by activated KC, which aggravate hepatocyte damage and cell death, primarily by
apoptosis (80). Transforming growth factor  (TGF B) and platelet-derived growth factors are
also secreted by KC, providing further stimulation to HSC, which induces fibrosis by
upregulating smooth muscle actin, desmin, and type | collagen. Gut-derived bacterial
compounds, such as lipopolysaccharide (LPS), can also activate KC and HSC, through pathogen-
associated molecular patterns (PAMPS). In experimental mouse models of NASH, suppressing
TLR-4, the LPS receptor, and TLR-9, which binds bacterial DNA, has been shown to diminish
liver inflammation (82, 83). Inflammasomes are multiprotein intracellular complexes in response
to cell injury or infections to recruit IL-1p and IL-18, which are also activated by DAMPs,
PAMPs, and KC. Inflammasomes directly relate to several acute and chronic liver illnesses (84).
In mouse models of NASH, FFAs activate inflammasome and sensitize hepatocytes to LPS (85).
In contrast, inflammasome-deficient animals are protected from diet-induced NASH and fibrosis
(86). Neutrophil infiltration is found in the hepatocyte of NASH patients, which promotes
macrophage aggregation and injury of the cell by elevated reactive oxygen species (ROS) and
inflammatory substances like myeloperoxidase and elastase (87).

3.6. Mitochondrial dysfunction on NAFLD.

In addition to regulating the tricarboxylic acid cycle, ATP synthesis by oxidative
phosphorylation, mitochondria are the major sites of FFA oxidation in hepatocytes (88). Mice
fed with HFD containing lard displayed the altered cardiolipin acyl chain composition in
hepatocytes, and this event is followed by declined 3.5-fold respiratory enzyme complex I and 111
activates (89). Excessive palmitate intake has also affected cardiolipin production, which is
associated with cytochrome c release from the mitochondria (90, 91). Compared with healthy
controls, patients with NAFLD have elevated mitochondrial biogenesis, mitochondrial mass, and
maximal respiration rate for regulating high lipid deposits (92). This adaptation of mitochondria
eventually will cause uncoupling, increased ROS production, and oxidative stress, resulting in
NASH and severe insulin resistance in hepatocytes (93). Increased lipid peroxidation (94) and
TNF-a secretion lead to hepatic damage (92). The progression of NASH may instigate the
hepatic sensitivity to TNF-o caused by mitochondrial cholesterol storage and glutathione
depletion (93). The NASH may also relate to the impaired mitophagy, which is the selective
autophagic clearance of damaged mitochondria. In healthy individuals, mitophagy helps prevent
cell death by reducing oxidative stress and maintaining mitochondrial bioenergetics. However,
most of the symptoms of metabolic syndrome, such as obesity, insulin resistance, and
dyslipidemia, compromise this function (95, 96). The severity of liver disease and oxidative
stress correlate with mitophagy, which has been significantly hindered in patients with NASH
compared to patients with steatosis (97, 52).
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3.7. Oxidative stress and endoplasmic reticulum stress in NAFLD.

The antioxidant defence system is mainly activated by oxidative stress. These antioxidant
pathways are altered in NAFLD. The NAFLD patients have higher activities of the antioxidant
enzymes SOD and GPX than the healthy controls (98). Profibrotic and pro-inflammatory genes
are often overexpressed in hepatic stellate cells that lack the glutathione peroxidase 7 (GPX7)
isoform in response to FFA exposure. Overexpression of GPX7 in these cells reduces ROS
production and the expression of profibrotic and pro-inflammatory genes. GPX7 deficiency
promotes choline-deficient, L-amino-defined, high-fat diet-induced NASH fibrosis (99). Data
from patient liver biopsies and mice model of NASH show an elevated glutaminase 1 (GLS1)
expression. GLS1 inhibition reduces hepatic triglyceride accumulation in mice fed with a
methionine choline-deficient (MCD) diet, restores the exportation of VLDL triglyceride and
lowers ROS generation. GLS1 inhibition is also linked to a reduction in lipid peroxidation (100).
Paraoxonase-1 is an antioxidant enzyme in the liver that hydrolyses peroxides and lactones. In a
cohort of 81 NAFLD patients, low levels of serum paraoxonase-1 were observed, which reflects
higher oxidative stress (101). The peroxisomal antioxidant enzyme catalase is crucial for
protecting cells from oxidative damage by reducing H20. concentration. In HFD-fed with
catalase deficient mice, lipid accumulation and oxidative stress are exacerbated (102).

The endoplasmic reticulum (ER) regulates calcium homeostasis, lipid production, secretion,
and the folding process of transmembrane proteins. Higher FFAs induce ER stress by influencing
lipid production of the organelle membranes that stimulate many transcription factors and
kinases (103). Numerous pathological conditions, such as inflammation, photodamage,
cardiovascular disease, cancer, and metabolic disease, have been linked to ER stress (104-106).
NAFLD has been linked to ER dysfunction (107). Additionally, the ER is the primary site for
lipid synthesis in hepatocytes. Sterol regulatory element binding proteins and transcription
factors in the ER membrane are associated with the DNL process. The liver stores triglycerides
by acyltransferase enzymes present in ER (108). VLDL is secreted by hepatocytes and it is
assembled in the ER before being transported to the Golgi apparatus (109). Therefore, ER is
where most lipid production occurs, and ER stress response has become an essential factor in the
development of NAFLD. Saturated fatty acid accumulation alters ER homeostasis, which causes
ER stress with progression of NAFLD. ER stress are present in the steatotic livers of mice with
HFD (110). Additionally, aberrant lipid changes in hepatocytes may directly impact calcium
signaling, which can impair protein translation and cause cell death (111).

4. THERAPEUTIC ROLE OF MELATONIN ON NAFLD

Recently, melatonin has been shown to improve metabolic disorders in preclinical studies.
Melatonin is a free radical scavenger and a regulator of insulin sensitivity, lipid level, glucose
metabolism, and the pathological change in NAFLD (112, 113). Currently, there is no specific
treatment on NAFLD. Exercise and weight loss are the alternative ways to improve insulin
sensitivity and reduce obesity. Different antioxidants, hepatoprotective medicines, hypolipidemic
drugs, angiotensin receptor blockers, and insulin sensitizers have also been used to reduce the
symptoms of NAFLD (114). Melatonin may be a suitable therapeutic molecule in the HFD-
induced NAFLD since other antioxidants including vitamin E, vitamin C, and betaine (which
generates glutathione as a major hepatic antioxidant), showed some successful in treatment of
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NAFLD/NASH (112-114). Studies related to the protective effects of melatonin on liver diseases
are listed in the Table 1.

Table 1: List of the studies related to melatonin on HFD induced liver disease.

AUTHORS

KEY FINDINGS

Saha et al., 2022
(115)

Melatonin binds with TL4 and P2X7R consequently deactivating NF- B and calcium
influx as well as Nrf2/NOX/ROS pathways, respectively; hence, inhibits NLRP3
inflammasome. Amelioration of liver fibrosis by enhanced TIMP and restrained MMP-2
and MMP-9.

Joshi et al., 2021

Melatonin ameliorates oscillatory pattern of clock genes and improves profile of lipid

(116) regulatory genes.

Yu et al, 2021 | Melatonin reduces oxidative stress and controls the activation of NLRP3 inflammasome
(113) by down regulating IL-1p, IL-18, caspase-1 and related mRNA.

Mansoori et al., | Melatonin decreases AST, ALP and has limited effect on ALT.

2020(117)

Stacchioti et al., | Melatonin decreases the expression of microRNA-34 a-5p and SREBP1 in presence of
2019 (118) SIRT1; minimizing autophagy and repairing mitochondrial damage. Hepatic
metabolism and steatosis are enhanced and ER stress is alleviated.

Li et al., 2019 | Melatonin inhibits the expression of total ASK1, phosphor-MKK3/6, phosphor-p38,
(119) phosphor-MKK4/7 and phosphor-JNK. B-arrestin activation to block the interaction

between ASK1 and TRAFS; thereby, decreases the deubiquitination of ASK1 and its
protein stabilization.

Zhou et al., 2018

Melatonin administration inhibits NR4A1/DNA-PKCs/p* pathway and thus, ceases

(120) mitochondrial fission, repairs mitophagy and enhances mitochondrial and liver function.
Mi et al., 2018 | Melatonin activates AMPK by phosphorylating it and deactivates ACC by
(121) dephosphorylation. Melatonin upregulates the expression of lipolytic PPARa and CPT1

whereas it down regulates lipogenic mRNA level of SREBP-1c FAS.

Chitrat et al., 2017
(122)

Melatonin subsides the expression of AIAT, FBG, PLG, MBP-A, complement C4 and
complement factor B associated with liver pathology due to HFD and scavenges free
radicals by lowering plasma serotransferrin.

Sun et al., 2016
(123)

Melatonin attenuates the mRNA expression of pro-inflammatory cytokines such as
TNF-a, IL-B, IL-6 and MAPK. Reduced phosphorylation of p38 and JNK1/2 decrease
body weight and declines FPG, ALT, AST and LDL.

Ruiz et al.,, 2014
(124)

Melatonin, MNnTBAP or Uric acid reduce the over expression of NASH genes (TNF-a,
IFN-y, MCP-1, caspase-3, 3-tyrosine nitrated proteins). Furthermore, antioxidants and
antiperoxynitrites increases OXPHOS subunits encoded by mitochondrial DNA.
Nitroso-oxidative stress is the underlying mechanism for the pathogenesis caused by
HFD induced NASH.

Celinski et
2014 (125)

al.,

Pro-inflammatory cytokines (IL-1, IL-6 and TNF-a), Gamma-Glutamyl Transferase
(GGPT) activity and Triglycerides and LDL-cholesterol are notably reduced in NFALD
patients treated with melatonin and tryptophan.

Hatzis et al., 2013
(112)

Melatonin significantly reduces the MDA, AST and ALT and increases GSH. However,
melatonin has no significant effect on lipid markers in fatty liver in contrast to previous
findings.

Zaitone et
2011 (126)

al.,

Alone or mixture of pioglitazone, pentoxifylline, melatonin decreases IR index activities
enzymes and malondialdehyde in hepatic tissues whereas the glutathione level is
elevated. Serum TNF-a is diminished by pentoxifylline pioglitazone and melatonin with
the reduced serum total cholesterol and triglycerides.

Lugo et al., 2010
(127)

Melatonin decreases body weight without compromising the food intake; circulating
insulin, glucose triglyceride, cholesterol, leptin mean levels, and the daily pattern of
adiponectin as compared to normal diet fed rats.

Hussein et al.,

The changes of GSH-PX, HDL fatty acid level in hepatic and renal tissue and
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2007 (128) atheromatous in blood vessels are preserved by melatonin treatment.
Pan et al., 2006 | The elevated serum alanine aminotransferase, aspartate aminotransferase, total
(12) cholesterol, triglycerides and MDA levels, SOD and GSH-Px activities were reduced by

melatonin treatment.
Bongiorno et al., | The competition of melatonin and cholesterol for the hydrophilic binding sites in the

2005 (129) reversed micelles modifies Lecithin molar ratio.
Sener et al, 2004 | Plasma, liver cholesterol and diene conjugate (DC), liver triglycerides, aortic cholesterol
(130) and DC levels are improved by melatonin treatment.

Marcassus et al., | Melatonin reduces body weight, feeding efficiency, plasma insulin, glucose, leptin and
2003 (131) triglyceride levels.

Pita et al., 2002 | Melatonin reduces plasma palmitoleic acid and increases n-6 and n-3 PUFA in
(132) hypercholesterolemic rats; therefore, efficiently improves fatty infiltration in arteries
due to cholesterol deposition.

Nieminen et al., | Melatonin shows sexual dimorphism in minks by lowering lipase esterase activity in
2001 (133) male while enhancing glucose-6-phosphatase activity and reducing liver cholesterol and
plasma polar lipids in female.

Hoyos et al., 2000 | Melatonin decreases total cholesterol and LDL-cholesterol in cholesterol rich diet fed
(134) rats whereas reduces HDL-cholesterol, serum uric and bilirubin, LPO and elevated
serum glucose levels.

4.1. Melatonin on fat metabolism.

Melatonin is closely associated with fat metabolism including lipolysis, fat deposition, BAT
(brown adipose tissue) development, beige adipogenesis. BAT and beige adipogenesis affect
energy expenditure (135). Recently, Pan et al. (136) have reviewed the potential mechanisms of
melatonin signaling on lipolysis and adipogenesis. Melatonin increases adipocyte lipolysis and
lipolytic gene expression including hormone-sensitive lipase (HSL), adipocyte triglyceride lipase
(ATGL), and perilipin 1 (PLIN1) (137, 138). Melatonin reduces cholesterol absorption and
mitigates plasma lipid profiles in high cholesterol diet fed rats (139). The hypocholesterolemic
action of melatonin enhances endogenous cholesterol clearance via synthesis of bile acid and
inhibition of LDL receptor activation, rather to modify fatty acid synthesis (140, 141). Melatonin
modulates the rate of mitochondrial respiratory activity in beige and white adipose tissues
(WAT) (142). Irisin, a myokine derived from fibronectin type 111 domain containing 5 (FNDC5)
in muscle and released into the circulatory system, has the ability to promote uncoupling protein
1 (UCP1) expression in WATS and cause WATS to perform non-shivering thermogenesis similar
to BATs (143). Melatonin administration for a long period lowered FNDC5 mRNA and restored
irisin sensitivity in WATSs. The reduced FNDC5 by melatonin increases circulating irisin to
stimulate adipocyte browning with enhanced lipid oxidation and thermogenesis (144).

4.2. Melatonin on obesity and insulin resistance.

Numerous medical conditions, including diabetes mellitus, cardiovascular diseases, and
metabolic syndrome, are directly or indirectly correlated with obesity (145, 146). Males typically
have adipose tissues around 8-18% of the body weight while females are around 14-28%.
However, adipose tissues can reach to 60-70% of body weight in obese individuals (147).
Numerous studies have investigated the regulatory effects of melatonin on body weight and
adipogenesis. Tan et al. (146) have presented an elaborate and concise review to outline these
effects. In middle-aged rats, daily oral melatonin for 12 weeks (0.4 to 4g mL-1) significantly
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decreased abdominal adiposity and body weight (148, 149). Melatonin administration for 16
weeks (4 mg kg-1 day-1) reduced weight gain and other obesity-associated metabolic changes
including high visceral fat deposition, increased serum TG, insulin, leptin, and HDL-C levels
(149, 150). Both animal and human studies have demonstrated the important contribution of
melatonin in regulating blood glucose. In pinealectomized animals, the expression of the glucose
transporter type 4 (GLUT4) gene is decreased, which induces glucose intolerance and melatonin
supplement can correct these abnormalities (151, 152). An eight-week course of co-treatment
with insulin (NPH, 1.5 U/100gr/day) and melatonin (0.2 mg/kg/day in drinking water) in
streptozotocin (STZ) induced diabetic rats improves glucose homeostasis and insulin sensitivity
of white adipose tissue (153). Melatonin production is decreased in diabetic rats with the lower
level of arylalkylamine N-acetyl transferase (AANAT) activity which is the rate-limiting enzyme
of melatonin synthesis. Insulin therapy has been shown to increase melatonin levels (154).
Melatonin treatment at the dosages of 5 or 10 mg/kg for 4 or 8 weeks ameliorates the progression
of NAFLD in rats. Melatonin showed a strong ability to reduce hepatic steatosis, serum
aminotransferases, portal vein pressure, and liver weight. Long-term HFD feeding increases
parameters like liver weight, liver weight over body weight ratio, portal vein pressure, serum
aminotransferases, TC, TG, LDL, and HDL levels in the rats while melatonin treatment
improves all these parameters (112). These findings are consistent with earlier data shown
melatonin’s hepatoprotective effect in rat models of diet-induced NAFLD (12). In db/db mice,
melatonin administration significantly decreased body weight, liver weight, serum lipids, blood
sugar, serum insulin, and hepatic enzymes (113). Melatonin also lowers NAFLD-related
pathogenesis, such as lipid storage, steatohepatitis, fibrosis, and levels of oxidative stress (113).
Srinivasan et al. (149) have elaborated on ameliorating effect of melatonin on HFD-induced
weight gain and inflammatory responses. As melatonin has the anti-inflammatory and anti-
obesity properties, melatonin has been considered to have a therapeutic role in NAFLD.

4.3. Anti-inflammatory function of melatonin on NAFLD.

Melatonin has the anti-inflammatory property. Dysregulation of lipid metabolism is
frequently linked to an inflammatory state during the onset and development of hepatic steatosis
(155). The chronic inflammatory response in the body induces insulin resistance, which leads to
ectopic fat accumulation in the liver (123, 156). In the mice model of alcohol-induced hepatic
injury, Hu et al. (157) have discovered that melatonin treatment significantly reduces the severity
of hepatic cell damage, steatosis, and the immigration of inflammatory cells, decreases serum
and tissue inflammatory cytokines levels, tissue lipid peroxidation, neutrophil infiltration, and
inhibits hepatocyte apoptosis. Moreover, melatonin also stimulates T-cell proliferation in a dose-
dependent manner. Additionally, melatonin inhibits the synthesis of IFN-y at concentrations of
0.1to 1 mM (158, 159). Oral melatonin decreases levels of pro-inflammatory cytokines of IL-6,
TNF-0, and CRP, oxidative stress, or minimize inflammation in young Zucker rats, which is an
experimental model of the metabolic syndrome and type 2 diabetes (160). Ozkanlar et al. (161)
have observed that type 1 diabetes rats have lower serum levels of IL-1p after receiving
melatonin. A recent study shows that melatonin significantly declines NF-xB levels in diabetic
rats. NF-xB is a transcription factor that regulates the synthesis of the pro-inflammatory
cytokines of TNF-a, IL-1B, and IL-6. In addition, melatonin can lower the transcriptional
activation of TNF-o and IL-1p (162) by preventing NF-xB from binding to DNA (163).
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Melatonin significantly reduces MMP, serum IL-1p and IL-18 levels and minimizes the hepatic
tissue's NLRP3 inflammasome levels. The downregulation of the NLRP3, caspase-1, IL-1p, and
IL-18 proteins inhibits NLRP3 inflammasome cascade inactivation (113). These findings ensure
the anti-inflammatory activity of melatonin in NAFLD.

4.4. Regulatory function of melatonin on mitochondrial dysfunction.

Melatonin and its metabolites are potent antioxidants that ameliorate liver damage by
scavenging free radicals including O2-, OH:, H.O. and peroxyl radicals (164, 149). It can also
instigate antioxidant enzymes including SOD, CAT, GPX and glutathione reductase (GR) (154).
Melatonin rectifies obesity-associated mitochondrial dysfunctions by inducing FFA-mediated
downregulation of mitochondrial B-oxidation and decreasing hepatic fat deposition (165). A
recent study has reported that melatonin inhibits PA-induced mitochondrial fragmentation by
regulating the expression of genes involved in sustaining a healthy mitochondrial morphology.
The balance between mitochondrial fission and fusion is regulated by a set of crucial genes that
maintains mitochondrial dynamics (166, 167). The FFA-induced mitochondrial fragmentation,
followed by a decline in mitochondrial mass, is inhibited by melatonin. Melatonin restores the
canonical expression of mitofusin 2 (MFN2), which is involved in mitochondrial fusion and
thereby maintained normal mitochondrial mass (168). SIRT1 deacetylates and stabilizes MFN2
in healthy hepatocytes that get disrupted during hepatic injury (169). Higher metabolic flux
elevates ROS generation and increases mitochondrial fission (170). Mitochondrial fission
triggered by lipids like palmitate decreases proton leakage, hyperpolarization of mitochondrial
membrane and enhancing ROS production. Interestingly, melatonin is found to rescue the
mitochondrial membrane potential, and reduces oxidative damage to the cells (171, 168).

4.5. Role of melatonin on liver fat accumulation and NAFLD.

The impairment of glucose and lipid metabolism and insulin resistance have all been linked to
hepatic steatosis (172). NAFLD is a reversible disease but can cause steatohepatitis if not
properly treated. Pan et al. (12) shows that high-fat diet-induced NAFLD can be mitigated by
melatonin treatment. Rats fed with HFD have high oxidative stress, leading to significant liver
steatosis. Melatonin decreases hepatic steatosis and inflammation with low serum AST, ALT,
liver total cholesterol, and triglycerides in rats receiving a high-fat diet compared to the controls.
Melatonin is also able to reduce hepatocyte apoptosis (173). When methionine- and choline-
deficient diet-induced non-alcoholic steatohepatitis rats are treated with melatonin (50
mg/kg/day, intraperitoneally) for one month, their oxidative stress, proinflammatory cytokines
and hepatocyte apoptosis level are reduced (123). Melatonin is a hydroxyl and peroxyl radical
scavenger and an immunomodulatory agent (174) and it is mainly produced by pinealocytes at
night but, a large quantity of melatonin is also generated by entero-endocrine cells of the
gastrointestinal tract and liver (175). Several experimental studies show the therapeutic effect of
MT on liver injury mediated by its antioxidant action (176, 177). Pan et al. (12) have
demonstrated that MT exerts a protective effect against fatty liver of rats induced by HFD and is
accompanied by decreased plasma ALT and AST activity. Another report shows that a four-
week treatment with L-tryptophan, a precursor of MT, in patients with NASH results in a
statistically significant reduction in plasma GGT and pro-inflammatory cytokine levels (178).
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5. CONCLUSION

Currently, obesity has become a concerning issue throughout the world. Increased high
saturated fat consumption is a main factor for obesity and its associated health hazards.
Treatment with antioxidants can reverse the pathological complexity of obesity. Among them,
melatonin has potent anti-oxidative and anti-inflammatory properties. In several clinical and
animal studies, melatonin improves lipid metabolism and lowers hepatic fat accumulation.
Melatonin also reduces HFD-induced insulin resistance and diabetic condition. The protective
roles of melatonin on HFD induced NAFLD and its associated pathways have been illustrated in
Figure 1. As melatonin is safe to use with minimal side effects and inexpensive, it can serve as a
therapeutic alternative for the prevention and treatment of dyslipidemia and hepatic steatosis, its
use may completely reverse the NAFLD and its pathologies.
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Figure 1: Schematic representation of protective roles of melatonin on HFD induced
NAFLD and its associated pathways.

MPTP: Mitochondrial Permeability Transition Pore, AST: Aspartate Transaminase, ALT:
Alanine Transaminase, TC: Total Cholesterol, LDL: Low Density Lipoprotein, HDL: High
Density Lipoprotein, TG: Triglyceride, HFD: High Fat Diet, SOD: Superoxide Dismutase, GSH:
Glutathione, SREBP1: Sterol Regulatory Element-Binding Transcription Factor 1, SIRT1:
Sirtuin 1, miR-34a-Sp: Micro RNA 34a-Sp, TNF-a: Tumor Necrosis Factor-o, |FN-y. Interferon-
y, MMP: Mitochondrial Membrane Potential, NLRP3: Nod Like Receptor Protein 3, IL-/5:
Interleukin-1p, IL-18: Interleukin-18, ER stress: Endoplasmic Reticulum stress.
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ROS- Reactive oxygen species

MT- Melatonin

ALT- Alanine transaminase

AST- Aspartate aminotransferase

GGT- Gamma glutamyl transferase

BAT- Brown adipose tissue

WAT- White adipose tissue

ACKNOWLEDGEMENTS

Songita Ghosh acknowledges financial assistance from University Grants Commission for Dr.
D.S.Kothari Post-Doctoral Fellowship (DSKPDF) [No.F.4-2/2006 (BSR)/BL/19-20/0320]. Razia
Khatoon is grateful for UGC-MANF Junior Research Fellowship (JRF) [201920-344413].
Swaimanti Sarkar is thankful the UGC for Senior Research fellowship (SRF) [709/(CSIR-UGC
NET DEC. 2018]. Debasish Bandyopadhyay would like to acknowledge Departmental BI Grant
and DST-PURSE Programme awarded to the University of Calcutta for their kind support.

AUTHORSHIP
DB conceptualised and revised the manuscript critically and approved it. SG developed the

conception, drafted the manuscript, and edited it. RK constructed the table and edited the
manuscript. SS prepared the figure and edited the manuscript.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 13



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

CONFLICT OF INTEREST

The authors declare no conflict of interest.
REFERENCES

1. Ferramosca A, Zara V (2014) Modulation of hepatic steatosis by dietary fatty acids. World J.
Gastroenterol. 20 (7): 1746-1755. doi: 10.3748/wjg.v20.i7.1746.

2. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M (2016) Global
epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence,
incidence, and outcomes. Hepatology 64 (1): 73-84. doi: 10.1002/hep.28431.

3. Hgjland Ipsen D, Tveden-Nyborg P, Lykkesfeldt J (2016) Normal weight dyslipidemia: Is it
all about the liver? Obesity (Silver Spring). 24 (3): 556-567. doi: 10.1002/oby.21443.

4. lIpsen DH, Lykkesfeldt J, Tveden-Nyborg P (2018) Molecular mechanisms of hepatic lipid
accumulation in non-alcoholic fatty liver disease. Cell Mol. Life Sci. 75 (18): 3313-3327. doi:
10.1007/s00018-018-2860-6.

5. Than NN, Newsome PN (2015) A concise review of non-alcoholic fatty liver disease.
Atherosclerosis 239 (1): 192-202. doi: 10.1016/j.atherosclerosis.2015.01.001.

6. Carmiel-Haggai M, Cederbaum Al, Nieto N (2005) A high-fat diet leads to the progression
of non-alcoholic fatty liver disease in obese rats. FASEB J. 19 (1): 136-8. doi: 10.1096/f].04-
2291fje.

7. Angulo P (2002) Nonalcoholic fatty liver disease. N. Engl. J. Med. 346 (16): 1221-1231. doi:
10.1056/NEJMra011775. doi: 10.1001/jama.2015.5370.

8. Rinella ME (2015) Nonalcoholic fatty liver disease: a systematic review. JAMA 313 (22):
2263-2273. doi: 10.1039/c9fo01611b.

9. HuY,YinF, LiuZ, Xie H, XuY, Zhou D, Zhu B (2020) Acerola polysaccharides ameliorate
high-fat diet-induced non-alcoholic fatty liver disease through reduction of lipogenesis and
improvement of mitochondrial functions in mice. Food Funct. 11 (1): 1037-1048. doi:
10.1039/c9f001611b.

10. Sun H, Huang FF, Qu S (2015) Melatonin: a potential intervention for hepatic steatosis.
Lipids Health Dis. 14: 75. doi:10.1186/s12944-015-0081-7.

11. Florido J, Rodriguez-Santana C, Martinez-Ruiz L, L6opez-Rodriguez A, Acufia-Castroviejo
D, Rusanova |, Escames G (2022) Understanding the mechanism of action of melatonin,
which induces ros production in cancer cells. Antioxidants (Basel). 11 (8): 1621. doi:
10.3390/antiox11081621.

12. Pan M, Song YL, Xu JM, Gan HZ (2006) Melatonin ameliorates nonalcoholic fatty liver
induced by high-fat diet in rats. J. Pineal Res. 41 (1): 79-84. doi: 10.1111/j.1600-
079X.2006.00346.x.

13. Peschke E. Melatonin, endocrine pancreas and diabetes (2008) J. Pineal Res. 44 (1): 26-40.
doi: 10.1111/j.1600-079X.2007.00519.x.

14. Kanter M, Uysal H, Karaca T, Sagmanligil HO (2006) Depression of glucose levels and
partial restoration of pancreatic beta-cell damage by melatonin in streptozotocin-induced
diabetic rats. Arch. Toxicol. 80 (6): 362-369. doi: 10.1007/s00204-005-0055-z.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 14



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Nishida S, Sato R, Murai |, Nakagawa S (2003) Effect of pinealectomy on plasma levels of
insulin and leptin and on hepatic lipids in type 2 diabetic rats. J. Pineal Res. 35 (4): 251-256.
doi: 10.1034/j.1600-079x.2003.00083.x.

Nishida S, Segawa T, Murai I, Nakagawa S (2002) Long-term melatonin administration
reduces hyperinsulinemia and improves the altered fatty-acid compositions in type 2 diabetic
rats via the restoration of Delta-5 desaturase activity. J. Pineal Res. 32 (1): 26-33. doi:
10.1034/j.1600-079x.2002.10797 .x.

Shieh JM, Wu HT, Cheng KC, Cheng JT (2009) Melatonin ameliorates high fat diet-induced
diabetes and stimulates glycogen synthesis via a PKC zeta-Akt-GSK3 beta pathway in
hepatic cells. J. Pineal Res. 47 (4): 339-344. doi: 10.1111/j.1600-079X.2009.00720.x.

Mells JE, Fu PP, Kumar P, Smith T, Karpen SJ, Anania FA (2015) Saturated fat and
cholesterol are critical to inducing murine metabolic syndrome with robust nonalcoholic
steatohepatitis. J. Nutr. Biochem. 26 (3): 285-292. doi: 10.1016/j.jnutbio.2014.11.002.
Alkhouri N, Dixon LJ, Feldstein AE (2009) Lipotoxicity in nonalcoholic fatty liver disease:
not all lipids are created equal. Expert Rev. Gastroenterol. Hepatol. 3 (4): 445-451. doi:
10.1586/egh.09.32.

Lian CY, Zhai ZZ, Li ZF, Wang L (2020) High fat diet-triggered non-alcoholic fatty liver
disease: A review of proposed mechanisms. Chem. Biol. Interact. 330: 109199. doi:
10.1016/j.cbi.2020.109199.

Wong MCS, Huang JLW, George J, Huang J, Leung C, Eslam M, Chan HLY, Ng SC (2019)
The changing epidemiology of liver diseases in the Asia-Pacific region. Nat. Rev.
Gastroenterol. Hepatol. 16 (1): 57-73. doi: 10.1038/s41575-018-0055-0.

Fan JG, Kim SU, Wong VW (2017) New trends on obesity and NAFLD in Asia. J. Hepatol.
67 (4): 862-873. doi: 10.1016/j.jhep.2017.06.003.

Li J, Zou B, Yeo YH, Feng Y, Xie X, Lee DH, Fujii H, Wu Y, Kam LY, Ji F, Li X, Chien N,
Wei M, Ogawa E, Zhao C, Wu X, Stave CD, Henry L, Barnett S, Takahashi H, Furusyo N,
Eguchi Y, Hsu YC, Lee TY, Ren W, Qin C, Jun DW, Toyoda H, Wong VW, Cheung R, Zhu
Q, Nguyen MH (2019) Prevalence, incidence, and outcome of non-alcoholic fatty liver
disease in Asia, 1999-2019: a systematic review and meta-analysis. Lancet Gastroenterol.
Hepatol. 4 (5): 389-398. doi: 10.1016/S2468-1253(19)30039-1.

Mitra S, De A, Chowdhury A (2020) Epidemiology of non-alcoholic and alcoholic fatty liver
diseases. Transl. Gastroenterol. Hepatol. 5:16. doi: 10.21037/tgh.2019.09.08.

Duseja A (2010) Nonalcoholic fatty liver disease in India - a lot done, yet more required! Ind,
J. Gastroenterol. 29 (6): 217-25. doi: 10.1007/s12664-010-0069-1.

Duvnjak L, Duvnjak M (2009) The metabolic syndrome - an ongoing story. J. Physiol.
Pharmacol. 7:19-24. PMID: 20388942.

Gonciarz M, Gonciarz Z, Bielanski W, Mularczyk A, Konturek PC, Brzozowski T, Konturek
SJ (2010) The pilot study of 3-month course of melatonin treatment of patients with
nonalcoholic steatohepatitis: effect on plasma levels of liver enzymes, lipids and melatonin.
J. Physiol. Pharmacol. 61 (6): 705-710. PMID: 21224501.

Kenneally S, Sier JH, Moore JB (2017) Efficacy of dietary and physical activity intervention
in non-alcoholic fatty liver disease: a systematic review. BMJ Open Gastroenterol. 4 (1):
e000139. doi: 10.1136/bmjgast-2017-000139.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 15



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Softic S, Cohen DE, Kahn CR (2016) Role of dietary fructose and hepatic de novo
lipogenesis in fatty liver disease. Dig. Dis. Sci. 61 (5): 1282-1293. doi: 10.1007/s10620-016-
4054-0.

Jensen VS, Hvid H, Damgaard J, Nygaard H, Ingvorsen C, Wulff EM, Lykkesfeldt J,
Fledelius C (2018) Dietary fat stimulates development of NAFLD more potently than dietary
fructose in Sprague-Dawley rats. Diabetol. Metab. Syndr. 10: 4. doi: 10.1186/s13098-018-
0307-8.

Fielding B (2011) Tracing the fate of dietary fatty acids: metabolic studies of postprandial
lipaemia in human subjects. Proc. Nutr. Soc. 70 (3): 342-350. doi:
10.1017/S002966511100084X.

Lindeboom L, Nabuurs CI, Hesselink MK, Wildberger JE, Schrauwen P, Schrauwen-
Hinderling VB (2015) Proton magnetic resonance spectroscopy reveals increased hepatic
lipid content after a single high-fat meal with no additional modulation by added protein. Am.
J. Clin. Nutr. 101 (1): 65-71. doi: 10.1152/ajpgi.00413.2005.

Bradbury MW (2006) Lipid metabolism and liver inflammation. I. Hepatic fatty acid uptake:
possible role in steatosis. Am. J. Physiol. Gastrointest Liver Physiol. 290 (2): G194-198. doi:
10.1152/ajpgi.00413.2005.

Xenoulis PG, Steiner JM (2010) Lipid metabolism and hyperlipidemia in dogs. Vet. J. 183
(1): 12-21. doi: 10.1016/j.tvjl.2008.10.011.

Hirsova P, lbrabim SH, Gores GJ, Malhi H (2016) Lipotoxic lethal and sublethal stress
signaling in hepatocytes: relevance to NASH pathogenesis. J. Lipid Res. 57 (10): 1758-1770.
Erratum in: J Lipid Res. 2017 Jan;58(1):299. doi: 10.1194/jIr.R066357.

Barreyro FJ, Kobayashi S, Bronk SF, Werneburg NW, Malhi H, Gores GJ (2007)
Transcriptional regulation of Bim by FoxO3A mediates hepatocyte lipoapoptosis. J. Biol.
Chem. 282 (37): 27141-27154. doi: 10.1074/jbc.M704391200.

Musso G, Gambino R, De Michieli F, Cassader M, Rizzetto M, Durazzo M, Faga E, Silli B,
Pagano G (2003) Dietary habits and their relations to insulin resistance and postprandial
lipemia in nonalcoholic steatohepatitis. Hepatology 37 (4): 909-916. doi:
10.1053/jhep.2003.50132.

Toshimitsu K, Matsuura B, Ohkubo I, Niiya T, Furukawa S, Hiasa Y, Kawamura M, Ebihara
K, Onji M (2007) Dietary habits and nutrient intake in non-alcoholic steatohepatitis.
Nutrition 23 (1): 46-52. doi: 10.1016/j.nut.2006.09.004.

Rosqvist F, Ilggman D, Kullberg J, Cedernaes J, Johansson HE, Larsson A, Johansson L,
Ahlstrom H, Arner P, Dahlman I, Risérus U (2014) Overfeeding polyunsaturated and
saturated fat causes distinct effects on liver and visceral fat accumulation in humans.
Diabetes 63 (7): 2356-2368. doi: 10.2337/db13-1622.

Armstrong MJ, Hazlehurst JM, Hull D, Guo K, Borrows S, Yu J, Gough SC, Newsome PN,
Tomlinson JW (2014) Abdominal subcutaneous adipose tissue insulin resistance and
lipolysis in patients with non-alcoholic steatohepatitis. Diabetes. Obes. Metab. 16 (7): 651-
660. doi: 10.1111/dom.12272.

Musso G, Cassader M, De Michieli F, Rosina F, Orlandi F, Gambino R (2012) Nonalcoholic
steatohepatitis versus steatosis: adipose tissue insulin resistance and dysfunctional response
to fat ingestion predict liver injury and altered glucose and lipoprotein metabolism.
Hepatology 56 (3): 933-942. doi: 10.1002/hep.25739.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 16



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

Lomonaco R, Ortiz-Lopez C, Orsak B, Webb A, Hardies J, Darland C, Finch J, Gastaldelli
A, Harrison S, Tio F, Cusi K (2012) Effect of adipose tissue insulin resistance on metabolic
parameters and liver histology in obese patients with nonalcoholic fatty liver disease.
Hepatology 55 (5): 1389-1397. doi: 10.1016/j.jhep.2013.02.007.

Safar Zadeh E, Lungu AO, Cochran EK, Brown RJ, Ghany MG, Heller T, Kleiner DE,
Gorden P (2013) The liver diseases of lipodystrophy: the long-term effect of leptin treatment.
J. Hepatol. 59 (1): 131-137. doi: 10.1038/ajg.2016.178.

Chang Y, Jung HS, Cho J, Zhang Y, Yun KE, Lazo M, Pastor-Barriuso R, Ahn J, Kim CW,
Rampal S, Cainzos-Achirica M, Zhao D, Chung EC, Shin H, Guallar E, Ryu S (2016)
Metabolically healthy obesity and the development of nonalcoholic fatty liver disease. Am. J.
Gastroenterol. 111 (8): 1133-1140. doi: 10.1038/ajg.2016.178.

Buechler C, Wanninger J, Neumeier M (2011) Adiponectin, a key adipokine in obesity
related liver diseases. World J. Gastroenterol. 17 (23): 2801-2811. doi:
10.3748/wjg.v17.i23.2801.

Yoon MJ, Lee GY, Chung JJ, Ahn YH, Hong SH, Kim JB (2006) Adiponectin increases fatty
acid oxidation in skeletal muscle cells by sequential activation of AMP-activated protein
kinase, p38 mitogen-activated protein kinase, and peroxisome proliferator-activated receptor
alpha. Diabetes 55 (9): 2562-2570. doi: 10.2337/db05-1322.

Liu Q, Yuan B, Lo KA, Patterson HC, Sun Y, Lodish HF (2012) Adiponectin regulates
expression of hepatic genes critical for glucose and lipid metabolism. Proc. Natl. Acad. Sci.
USA. 109 (36): 14568-14573. doi: 10.1073/pnas.12116111009.

Matsumoto H, Tamura S, Kamada Y, Kiso S, Fukushima J, Wada A, Maeda N, Kihara S,
Funahashi T, Matsuzawa Y, Shimomura I, Hayashi N (2006) Adiponectin deficiency
exacerbates lipopolysaccharide/D-galactosamine-induced liver injury in mice. World J.
Gastroenterol. 12 (21): 3352-3358. doi: 10.3748/wjg.v12.i21.3352.

Kumar P, Raeman R, Chopyk DM, Smith T, Verma K, Liu Y, Anania FA (2018)
Adiponectin inhibits hepatic stellate cell activation by targeting the PTEN/AKT pathway.
Biochim.  Biophys. Acta Mol. Basis Dis. 1864 (10): 3537-3545. doi:
10.1016/j.bbadis.2018.08.012.

Jamali R, Razavizade M, Arj A, Aarabi MH (2016) Serum adipokines might predict liver
histology findings in non-alcoholic fatty liver disease. World J. Gastroenterol. 22 (21): 5096-
5103. doi: 10.3748/wjg.v22.i21.5096.

Cusi K, Orsak B, Bril F, Lomonaco R, Hecht J, Ortiz-Lopez C, Tio F, Hardies J, Darland C,
Musi N, Webb A, Portillo-Sanchez P (2016) Long-term pioglitazone treatment for patients
with nonalcoholic steatohepatitis and prediabetes or type 2 diabetes mellitus: A randomized
trial. Ann. Intern. Med. 165 (5): 305-315. doi: 10.7326/M15-1774.

Marjot T, Moolla A, Cobbold JF, Hodson L, Tomlinson JW (2020) Nonalcoholic fatty liver
disease in adults: Current concepts in etiology, outcomes, and management. Endocr. Rev. 41
(2): bnz009. doi: 10.1210/endrev/bnz009.

Xu A, Wang Y, Keshaw H, Xu LY, Lam KS, Cooper GJ (2003) The fat-derived hormone
adiponectin alleviates alcoholic and nonalcoholic fatty liver diseases in mice. J. Clin. Invest.
112 (1): 91-100. doi: 10.1172/JCI17797.

Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ (2014) Increased de novo
lipogenesis is a distinct characteristic of individuals with nonalcoholic fatty liver disease.
Gastroenterology 146 (3): 726-735. doi: 10.1053/j.gastro.2013.11.049.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 17



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Mitsuyoshi H, Yasui K, Harano Y, Endo M, Tsuji K, Minami M, Itoh Y, Okanoue T,
Yoshikawa T (2009) Analysis of hepatic genes involved in the metabolism of fatty acids and
iron in nonalcoholic fatty liver disease. Hepatol. Res. 39 (4): 366-373. doi: 10.1111/j.1872-
034X.2008.00464.x.

Ferre P, Foufelle F (2010) Hepatic steatosis: a role for de novo lipogenesis and the
transcription factor SREBP-1c. Diabetes Obes. Metab. 2: 83-92. doi: 10.1111/}.1463-
1326.2010.01275.x

Brown MS, Goldstein JL (2008) Selective versus total insulin resistance: a pathogenic
paradox. Cell Metab. 7 (2): 95-96. doi: 10.1016/j.cmet.2007.12.0009.

Schwarz JM, Linfoot P, Dare D, Aghajanian K (2003) Hepatic de novo lipogenesis in
normoinsulinemic and hyperinsulinemic subjects consuming high-fat, low-carbohydrate and
low-fat, high-carbohydrate isoenergetic diets. Am. J. Clin. Nutr. 77 (1): 43-50. doi:
10.1093/ajcn/77.1.43.

Shimomura I, Matsuda M, Hammer RE, Bashmakov Y, Brown MS, Goldstein JL (2000)
Decreased IRS-2 and increased SREBP-1c lead to mixed insulin resistance and sensitivity in
livers of lipodystrophic and ob/ob mice. Mol. Cell 6 (1): 77-86. PMID: 10949029.

Pajvani UB, Qiang L, Kangsamaksin T, Kitajewski J, Ginsberg HN, Accili D (2013)
Inhibition of Notch uncouples Akt activation from hepatic lipid accumulation by decreasing
mTorcl stability. Nat. Med. 19 (8): 1054-1060. doi: 10.1038/nm.3259.

Wu X, Chen K, Williams KJ (2012) The role of pathway-selective insulin resistance and
responsiveness in diabetic dyslipoproteinemia. Curr. Opin. Lipidol. 23 (4): 334-344. doi:
10.1097/MOL.0b013e3283544424.

Vatner DF, Majumdar SK, Kumashiro N, Petersen MC, Rahimi Y, Gattu AK, Bears M,
Camporez JP, Cline GW, Jurczak MJ, Samuel VT, Shulman GI (2015) Insulin-independent
regulation of hepatic triglyceride synthesis by fatty acids. Proc. Natl. Acad. Sci. U S A. 112
(4): 1143-1148. doi: 10.1073/pnas.1423952112.

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ (2005) Sources
of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty
liver disease. J. Clin. Invest. 115 (5): 1343-1351. doi: 10.1172/JCI23621.

Sevastianova K, Santos A, Kotronen A, Hakkarainen A, Makkonen J, Silander K, Peltonen
M, Romeo S, Lundbom J, Lundbom N, Olkkonen VM, Gylling H, Fielding BA, Rissanen A,
Yki-Jarvinen H (2012) Effect of short-term carbohydrate overfeeding and long-term weight
loss on liver fat in overweight humans. Am. J. Clin. Nutr. 96 (4): 727-734. doi:
10.3945/ajcn.112.038695.

Flannery C, Dufour S, Rabgl R, Shulman GI, Petersen KF (2012) Skeletal muscle insulin
resistance promotes increased hepatic de novo lipogenesis, hyperlipidemia, and hepatic
steatosis in the elderly. Diabetes 61 (11): 2711-2717. doi: 10.2337/db12-0206.

DeFronzo RA, Tripathy D (2009) Skeletal muscle insulin resistance is the primary defect in
type 2 diabetes. Diabetes Care 32: 157-163. doi: 10.2337/dc09-S302.

Michael MD, Kulkarni RN, Postic C, Previs SF, Shulman GI, Magnuson MA, Kahn CR
(2000) Loss of insulin signaling in hepatocytes leads to severe insulin resistance and
progressive hepatic dysfunction. Mol. Cell 6 (1): 87-97. PMID: 10949030.

Hardy T, Oakley F, Anstee QM, Day CP (2016) Nonalcoholic Fatty Liver Disease:
Pathogenesis and Disease Spectrum. Annu. Rev. Pathol. 11: 451-496. doi: 10.1146/annurev-
pathol-012615-044224.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 18



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Kraegen EW, Clark PW, Jenkins AB, Daley EA, Chisholm DJ, Storlien LH (1991)
Development of muscle insulin resistance after liver insulin resistance in high-fat-fed rats.
Diabetes 40 (11): 1397-1403. doi: 10.2337/diab.40.11.1397.

VanSaun MN, Lee IK, Washington MK, Matrisian L, Gorden DL (2009) High fat diet
induced hepatic steatosis establishes a permissive microenvironment for colorectal
metastases and promotes primary dysplasia in a murine model. Am. J. Pathol. 175 (1): 355-
364. doi: 10.2353/ajpath.2009.080703.

Nakamura A, Terauchi Y (2013) Lessons from mouse models of high-fat diet-induced
NAFLD. Int. J. Mol. Sci. 14 (11): 21240-21257. doi: 10.3390/ijms141121240.

Du J, Zhang M, Lu J, Zhang X, Xiong Q, Xu Y, Bao Y, Jia W (2016) Osteocalcin improves
nonalcoholic fatty liver disease in mice through activation of Nrf2 and inhibition of JNK.
Endocrine 53 (3): 701-709. doi: 10.1007/s12020-016-0926-5.

Wang H, Zhu YY, Wang L, Teng T, Zhou M, Wang SG, Tian YZ, Du L, Yin XX, Sun Y
(2017) Mangiferin ameliorates fatty liver via modulation of autophagy and inflammation in
high-fat-diet ~ induced mice.  Biomed. Pharmacother. 96:  328-335.  doi:
10.1016/j.biopha.2017.10.022.

Jeong HS, Kim KH, Lee IS, Park JY, Kim Y, Kim KS, Jang HJ (2017) Ginkgolide A
ameliorates non-alcoholic fatty liver diseases on high fat diet mice. Biomed. Pharmacother.
88: 625-634. doi: 10.1016/j.biopha.2017.01.114.

Shimomura I, Matsuda M, Hammer RE, Bashmakov Y, Brown MS, Goldstein JL (2000)
Decreased IRS-2 and increased SREBP-1c lead to mixed insulin resistance and sensitivity in
livers of lipodystrophic and ob/ob mice. Mol. Cell 6 (1): 77-86. PMID: 10949029.

Biddinger SB, Haas JT, Yu BB, Bezy O, Jing E, Zhang W, Unterman TG, Carey MC, Kahn
CR (2008) Hepatic insulin resistance directly promotes formation of cholesterol gallstones.
Nat. Med. 14 (7): 778-782. doi: 10.1038/nm1785.

Brown MS, Goldstein JL (2008) Selective versus total insulin resistance: a pathogenic
paradox. Cell Metab. 7 (2): 95-96. doi: 10.1016/j.cmet.2007.12.0009.

Li S, Brown MS, Goldstein JL (2010) Bifurcation of insulin signaling pathway in rat liver:
MTORC1 required for stimulation of lipogenesis, but not inhibition of gluconeogenesis.
Proc. Natl. Acad. Sci. USA. 107 (8): 3441-3446. doi: 10.1073/pnas.0914798107.
Neuschwander-Tetri BA (2010) Hepatic lipotoxicity and the pathogenesis of nonalcoholic
steatohepatitis: the central role of nontriglyceride fatty acid metabolites. Hepatology 52 (2):
774-788. doi: 10.1002/hep.23719.

Crespo J, Cayon A, Fernandez-Gil P, Hernandez-Guerra M, Mayorga M, Dominguez-Diez
A, Fernandez-Escalante JC, Pons-Romero F (2001) Gene expression of tumor necrosis factor
alpha and TNF-receptors, p55 and p75, in nonalcoholic steatohepatitis patients. Hepatology
34 (6): 1158-1163. doi: 10.1053/jhep.2001.29628.

Cai D, Yuan M, Frantz DF, Melendez PA, Hansen L, Lee J, Shoelson SE (2005) Local and
systemic insulin resistance resulting from hepatic activation of IKK-beta and NF-kappaB.
Nat. Med. 11 (2):183-190. doi: 10.1038/nm1166.

Ribeiro PS, Cortez-Pinto H, Sold S, Castro RE, Ramalho RM, Baptista A, Moura MC,
Camilo ME, Rodrigues CM (2004) Hepatocyte apoptosis, expression of death receptors, and
activation of NF-«kf in the liver of nonalcoholic and alcoholic steatohepatitis patients. Am. J.
Gastroenterol. 99 (9):1708-1717. doi: 10.1111/].1572-0241.2004.40009.x.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 19



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Arrese M, Cabrera D, Kalergis AM, Feldstein AE (2016) Innate Immunity and Inflammation
in NAFLD/NASH. Dig. Dis. Sci. 61 (5):1294-1303. doi: 10.1007/s10620-016-4049-X.
Petrasek J, Csak T, Szabo G (2013) Toll-like receptors in liver disease. Adv. Clin. Chem. 59:
155-201. doi: 10.1016/b978-0-12-405211-6.00006-1.

Miura K, Kodama Y, Inokuchi S, Schnabl B, Aoyama T, Ohnishi H, Olefsky JM, Brenner
DA, Seki E (2010) Toll-like receptor 9 promotes steatohepatitis by induction of interleukin-
1beta in mice. Gastroenterology 139 (1): 323-334.e7. doi: 10.1053/j.gastr0.2010.03.052.
Szabo G, Petrasek J (2015) Inflammasome activation and function in liver disease. Nat. Rev.
Gastroenterol. Hepatol. 12 (7): 387-400. doi: 10.1038/nrgastro.2015.94.

Wree A, McGeough MD, Pefia CA, Schlattjan M, Li H, Inzaugarat ME, Messer K, Canbay
A, Hoffman HM, Feldstein AE (2014) NLRP3 inflammasome activation is required for
fibrosis development in NAFLD. J. Mol. Med. (Berl). 92 (10): 1069-1082. doi:
10.1007/s00109-014-1170-1.

Sutti S, Jindal A, Locatelli 1, Vacchiano M, Gigliotti L, Bozzola C, Albano E (2014)
Adaptive immune responses triggered by oxidative stress contribute to hepatic inflammation
in NASH. Hepatology 59 (3): 886-897. doi: 10.1002/hep.26749.

Sullivan EM, Fix A, Crouch MJ, Sparagna GC, Zeczycki TN, Brown DA, Shaikh SR (2017)
Murine diet-induced obesity remodels cardiac and liver mitochondrial phospholipid acyl
chains with differential effects on respiratory enzyme activity. J. Nutr. Biochem. 45: 94-103.
doi: 10.1016/j.jnutbio.2017.04.004.

Kobayashi T, Kuroda S, Tada M, Houkin K, Iwasaki Y, Abe H (2003) Calcium-induced
mitochondrial swelling and cytochrome c release in the brain: its biochemical characteristics
and implication in ischemic neuronal injury. Brain Res. 960 (1-2): 62-70. doi:
10.1016/s0006-8993(02)03767-8.

Meex RCR, Blaak EE (2021) Mitochondrial Dysfunction is a Key Pathway that Links
Saturated Fat Intake to the Development and Progression of NAFLD. Mol. Nutr. Food Res.
65 (1): €1900942. doi: 10.1002/mnfr.201900942.

Sell H, Habich C, Eckel J (2012) Adaptive immunity in obesity and insulin resistance. Nat.
Rev. Endocrinol. 8 (12): 709-716. doi: 10.1038/nrendo.2012.114.

Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, Herder C, Carstensen
M, Krausch M, Knoefel WT, Schlensak M, Roden M (2015) Adaptation of hepatic
mitochondrial function in humans with non-alcoholic fatty liver is lost in steatohepatitis. Cell
Metab. 21 (5): 739-746. doi: 10.1016/j.cmet.2015.04.004.

Serviddio G, Bellanti F, Tamborra R, Rollo T, Capitanio N, Romano AD, Sastre J,
Vendemiale G, Altomare E (2008) Uncoupling protein-2 (UCP2) induces mitochondrial
proton leak and increases susceptibility of non-alcoholic steatohepatitis (NASH) liver to
ischaemia-reperfusion injury. Gut 57 (7): 957-965. doi: 10.1136/gut.2007.147496.
Cortez-Pinto H, Chatham J, Chacko VP, Arnold C, Rashid A, Diehl AM (1999) Alterations
in liver ATP homeostasis in human nonalcoholic steatohepatitis: a pilot study. JAMA 282
(17): 1659-1664. doi: 10.1001/jama.282.17.1659.

Leclercq IA, Farrell GC, Field J, Bell DR, Gonzalez FJ, Robertson GR (2000) CYP2E1 and
CYP4A as microsomal catalysts of lipid peroxides in murine nonalcoholic steatohepatitis. J.
Clin. Invest. 105 (8):1067-1075. doi: 10.1172/JCI18814.

Mari M, Caballero F, Colell A, Morales A, Caballeria J, Fernandez A, Enrich C, Fernandez-
Checa JC, Garcia-Ruiz C (2006) Mitochondrial free cholesterol loading sensitizes to TNF-a

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 20



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

and Fas-mediated steatohepatitis. Cell Metab. 4 (3):185-198. doi:
10.1016/j.cmet.2006.07.006.

98. Swiderska M, Maciejczyk M, Zalewska A, Pogorzelska J, Flisiak R, Chabowski A (2019)
Oxidative stress biomarkers in the serum and plasma of patients with non-alcoholic fatty
liver disease (NAFLD). Can plasma AGE be a marker of NAFLD? Oxidative stress
biomarkers in NAFLD patients. Free Radic. Res. 53 (8): 841-850. doi:
10.1080/10715762.2019.1635691.

99. Kim HJ, Lee Y, Fang S, Kim W, Kim HJ, Kim JW (2020) GPx7 ameliorates non-alcoholic
steatohepatitis by regulating oxidative stress. BMB Rep. 53 (6): 317-322. doi:
10.5483/BMBRep.2020.53.6.280.

100. Simon J, Nufiez-Garcia M, Fernandez-Tussy P, Barbier-Torres L, Fernandez-Ramos D,
Gobmez-Santos B, Buqué X, Lopitz-Otsoa F, Goikoetxea-Usandizaga N, Serrano-Macia M,
Rodriguez-Agudo R, Bizkarguenaga M, Zubiete-Franco |, Gutiérrez-de Juan V, Cabrera D,
Alonso C, Iruzubieta P, Romero-Gomez M, van Liempd S, Castro A, Nogueiras R, Varela-
Rey M, Falcén-Pérez JM, Villa E, Crespo J, Lu SC, Mato JM, Aspichueta P, Delgado TC,
Martinez-Chantar ML (2020) Targeting Hepatic Glutaminase 1 Ameliorates Non-alcoholic
Steatohepatitis by Restoring Very-Low-Density Lipoprotein Triglyceride Assembly. Cell
Metab. 31 (3): 605-622.e10. doi: 10.1016/j.cmet.2020.01.013.

101. Milaciu MV, Vesa SC, Bocsan IC, Ciumdrnean L, Sdmpelean D, Negrean V, Pop RM,
Matei DM, Pasca S, Rachisan AL, Buzoianu AD, Acalovschi M (2019) Paraoxonase-1 serum
concentration and PON1 gene polymorphisms: relationship with non-alcoholic fatty liver
disease. J. Clin. Med. 8 (12): 2200. doi: 10.3390/jcm8122200.

102. Shin SK, Cho HW, Song SE, Song DK (2018) Catalase and nonalcoholic fatty liver
disease. Pflugers Arch. 470 (12): 1721-1737. doi: 10.1007/s00424-018-2195-z.

103. Ron D (2002) Translational control in the endoplasmic reticulum stress response. J. Clin.
Invest. 110 (10): 1383-1388. doi: 10.1172/JCI116784.

104. Hotamisligil GS (2010) Endoplasmic reticulum stress and the inflammatory basis of
metabolic disease. Cell 140 (6): 900-917. doi: 10.1016/j.cell.2010.02.034.

105. Farrukh MR, Nissar UA, Afnan Q, Rafig RA, Sharma L, Amin S, Kaiser P, Sharma PR,
Tasdug SA (2014) Oxidative stress mediated Ca(2+) release manifests endoplasmic
reticulum stress leading to unfolded protein response in UV-B irradiated human skin cells. J.
Dermatol. Sci. 75 (1): 24-35. doi: 10.1016/j.jdermsci.2014.03.005.

106. Palomer X, Capdevila-Busquets E, Botteri G, Salvad6 L, Barroso E, Davidson MM,
Michalik L, Wahli W, Vézquez-Carrera M (2014) PPARP/S attenuates palmitate-induced
endoplasmic reticulum stress and induces autophagic markers in human cardiac cells. Int. J.
Cardiol. 174 (1): 110-118. doi: 10.1016/j.ijcard.2014.03.176.

107. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B (2018)
Endoplasmic reticulum stress signalling and the pathogenesis of non-alcoholic fatty liver
disease. J. Hepatol. 69 (4): 927-947. doi: 10.1016/j.jhep.2018.06.008.

108. Cui JX, Zeng YQ, Wang H, Chen W, Du JF, Chen QM, Hu YX, Yang L (2011) The
effects of DGAT1 and DGAT2 mRNA expression on fat deposition in fatty and lean breeds
of pig. Livest. sci. 140 (1-3): 292-296.

109. Liu L, Li C, Fu C, Li F (2016) Dietary niacin supplementation suppressed hepatic lipid
accumulation in rabbits. Asian-Australas J. Anim. Sci. 29 (12): 1748-1755. doi:
10.5713/ajas.15.0824.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 21



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

110. Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G, Gérgun C,
Glimcher LH, Hotamisligil GS (2004) Endoplasmic reticulum stress links obesity, insulin
action, and type 2 diabetes. Science 306 (5695): 457-461. doi: 10.1126/science.1103160.

111. Salvad6 L, Palomer X, Barroso E, Vazquez-Carrera M (2015) Targeting endoplasmic
reticulum stress in insulin resistance. Trends Endocrinol. Metab. 26 (8): 438-448. doi:
10.1016/j.tem.2015.05.007.

112. Hatzis G, Ziakas P, Kavantzas N, Triantafyllou A, Sigalas P, Andreadou I, loannidis K,
Chatzis S, Filis K, Papalampros A, Sigala F (2013) Melatonin attenuates high fat diet-
induced fatty liver disease in rats. World J. Hepatol. 5 (4): 160-169. doi:
10.4254/wjh.v5.i4.160.

113.  YuY, Chen D, Zhao Y, zZhu J, Dong X (2021) Melatonin ameliorates hepatic steatosis by
inhibiting NLRP3 inflammasome in db/db mice. Int. J. Immunopathol. Pharmacol. 35:
20587384211036819. doi: 10.1177/205873842110368109.

114. Li Y, Zhang J, Wan J, Liu A, Sun J (2020) Melatonin regulates AP production/clearance
balance and AP neurotoxicity: A potential therapeutic molecule for Alzheimer's disease.
Biomed. Pharmacother. 132: 110887. doi: 10.1016/j.biopha.2020.110887.

115. Saha M, Manna K, Das Saha K (2022) Melatonin Suppresses NLRP3 inflammasome
activation via TLR4/NF-«kB and P2X7R signaling in high-fat diet-induced murine NASH
model. J. Inflamm. Res. 15: 3235-3258. doi: 10.2147/JIR.S343236.

116. Joshi A, Upadhyay KK, Vohra A, Shirsath K, Devkar R (2021) Melatonin induces Nrf2-
HO-1 reprogramming and corrections in hepatic core clock oscillations in Non-alcoholic
fatty liver disease. FASEB J. 35 (9): €21803. doi: 10.1096/f].202002556RRR.

117. Mansoori A, Salimi Z, Hosseini SA, Hormoznejad R, Jafarirad S, Bahrami M, Asadi M
(2020) The effect of melatonin supplementation on liver indices in patients with non-
alcoholic fatty liver disease: A systematic review and meta-analysis of randomized clinical
trials. Complement Ther. Med. 52:102398. doi: 10.1016/j.ctim.2020.102398.

118. Stacchiotti A, Grossi I, Garcia-Gomez R, Patel GA, Salvi A, Lavazza A, De Petro G,
Monsalve M, Rezzani R (2019) Melatonin effects on non-alcoholic fatty liver disease are
related to microRNA-34a-5p/Sirtl axis and autophagy. Cells 8 (9): 1053. doi:
10.3390/cells8091053.

119. Li DJ, Tong J, Li YH, Meng HB, Ji QX, Zhang GY, Zhu JH, Zhang WJ, Zeng FY,
Huang G, Hua X, Shen FM, Wang P (2019) Melatonin safeguards against fatty liver by
antagonizing TRAFs-mediated ASK1 deubiquitination and stabilization in a [B-arrestin-1
dependent manner. J. Pineal Res. 67 (4): e12611. doi: 10.1111/jpi.12611.

120. ZhouH, DuW, Li Y, Shi C, Hu N, Ma S, Wang W, Ren J (2018) Effects of melatonin on
fatty liver disease: The role of NR4A1/DNA-PKcs/p53 pathway, mitochondrial fission, and
mitophagy. J. Pineal Res. 64 (1). doi: 10.1111/jpi.12450.

121. Mi Y, Tan D, He Y, Zhou X, Zhou Q, Ji S (2018) Melatonin Modulates lipid Metabolism
in HepG2 Cells Cultured in High Concentrations of Oleic Acid: AMPK Pathway Activation
may play an Important Role. Cell Biochem. Biophys. 76 (4): 463-470. doi: 10.1007/s12013-
018-0859-0.

122. Wongchitrat P, Klosen P, Pannengpetch S, Kitidee K, Govitrapong P, Isarankura-Na-
Ayudhya C (2017) High-fat diet-induced plasma protein and liver changes in obese rats can
be attenuated by melatonin supplementation. Nutr. Res. 42: 51-63. doi:
10.1016/j.nutres.2017.04.011.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 22



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

123.  Sun H, Wang X, Chen J, Song K, Gusdon AM, Li L, Bu L, Qu S (2016) Melatonin
improves non-alcoholic fatty liver disease via MAPK-JNK/P38 signaling in high-fat-diet-
induced obese mice. Lipids Health Dis. 15 (1): 202. doi: 10.1186/s12944-016-0370-9.

124. Garcia-Ruiz I, Solis-Mufioz P, Fernandez-Moreira D, Grau M, Colina F, Mufioz-Yagie
T, Solis-Herruzo JA (2014) High-fat diet decreases activity of the oxidative phosphorylation
complexes and causes nonalcoholic steatohepatitis in mice. Dis. Model Mech. 7 (11): 1287-
1296. doi: 10.1242/dmm.016766.

125. Celinski K, Konturek PC, Slomka M, Cichoz-Lach H, Brzozowski T, Konturek SJ,
Korolczuk A (2014) Effects of treatment with melatonin and tryptophan on liver enzymes,
parameters of fat metabolism and plasma levels of cytokines in patients with non-alcoholic
fatty liver disease--14 months follow up. J. Physiol. Pharmacol. 65 (1): 75-82. PMID:
24622832.

126. Zaitone S, Hassan N, EI-Orabi N, EI-Awady el-S (2011) Pentoxifylline and melatonin in
combination with pioglitazone ameliorate experimental non-alcoholic fatty liver disease. Eur.
J. Pharmacol. 662 (1-3): 70-77. doi: 10.1016/j.ejphar.2011.04.049.

127. Rios-Lugo MJ, Cano P, Jiménez-Ortega V, Fernandez-Mateos MP, Scacchi PA,
Cardinali DP, Esquifino Al (2010) Melatonin effect on plasma adiponectin, leptin, insulin,
glucose, triglycerides and cholesterol in normal and high fat-fed rats. J. Pineal Res. 49 (4):
342-348. doi: 10.1111/j.1600-079X.2010.00798.x.

128. Hussein MR, Ahmed OG, Hassan AF, Ahmed MA (2007) Intake of melatonin is
associated with amelioration of physiological changes, both metabolic and morphological
pathologies associated with obesity: an animal model. Int. J. Exp. Pathol. 88 (1): 19-29. doi:
10.1111/j.1365-2613.2006.00512.x.

129. Bongiorno D, Ceraulo L, Ferrugia M, Filizzola F, Ruggirello A, Liveri VT (2005)
Localization and interactions of melatonin in dry cholesterol/lecithin mixed reversed micelles
used as cell membrane models. J. Pineal Res. 38 (4): 292-298. doi: 10.1111/j.1600-
079X.2005.00211.x.

130. Sener G, Balkan J, Cevikbas U, Keyer-Uysal M, Uysal M (2004) Melatonin reduces
cholesterol accumulation and prooxidant state induced by high cholesterol diet in the plasma,
the liver and probably in the aorta of C57BL/6J mice. J. Pineal Res. 36 (3): 212-216. doi:
10.1111/j.1600-079x.2004.00122.x.

131. Prunet-Marcassus B, Desbazeille M, Bros A, Louche K, Delagrange P, Renard P,
Casteilla L, Pénicaud L (2003) Melatonin reduces body weight gain in Sprague Dawley rats
with diet-induced obesity. Endocrinology 144 (12): 5347-5352. doi: 10.1210/en.2003-0693.

132. Pita ML, Hoyos M, Martin-Lacave I, Osuna C, Ferndndez-Santos JM, Guerrero JM
(2002) Long-term melatonin administration increases polyunsaturated fatty acid percentage
in plasma lipids of hypercholesterolemic rats. J. Pineal Res. 32 (3): 179-186. doi:
10.1034/j.1600-079x.2002.10851 ..

133.  Nieminen P, Kédkeld R, Mustonen AM, Hyvérinen H, Asikainen J (2001) Exogenous
melatonin affects lipids and enzyme activities in mink (Mustela vison) liver. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 128 (2): 203-211. doi: 10.1016/s1532-0456(00)00190-3.

134. Hoyos M, Guerrero JM, Perez-Cano R, Olivan J, Fabiani F, Garcia-Pergaiieda A, Osuna
C (2000) Serum cholesterol and lipid peroxidation are decreased by melatonin in diet-
induced hypercholesterolemic rats. J. Pineal Res. 28 (3): 150-155. doi: 10.1034/j.1600-
079x.2001.280304 .x.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 23



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

135. de Souza CAP, Gallo CC, de Camargo LS, de Carvalho PVV, Olesguck IF, Macedo F, da
Cunha FM, Cipolla-Neto J, do Amaral FG (2019) Melatonin multiple effects on brown
adipose tissue molecular machinery. J. Pineal Res. 66 (2): €12549. doi: 10.1111/jpi.12549.

136. Pan S, Guo Y, Hong F, Xu P, Zhai Y (2022) Therapeutic potential of melatonin in
colorectal cancer: Focus on lipid metabolism and gut microbiota. Biochim. Biophys. Acta
Mol. Basis Dis. 1868 (1): 166281. doi: 10.1016/j.bbadis.2021.166281.

137. Yang W, Tang K, Wang Y, Zhang Y, Zan L (2017) Melatonin promotes triacylglycerol
accumulation via MT2 receptor during differentiation in bovine intramuscular preadipocytes.
Sci. Rep. 7 (1): 15080. doi: 10.1038/s41598-017-12780-y.

138. Guan Q, Wang Z, Cao J, Dong Y, Chen Y (2021) Mechanisms of Melatonin in Obesity:
A Review. Int. J. Mol. Sci. 23 (1): 218. doi: 10.3390/ijms23010218.

139. Hussain SA (2007) Effect of melatonin on cholesterol absorption in rats. J. Pineal Res.
42 (3): 267-271. doi: 10.1111/5.1600-079X.2006.00415.x.

140. Chan TY, Tang PL (1995) Effect of melatonin on the maintenance of cholesterol
homeostasis in the rat. Endocr. Res. 21 (3): 681-696. doi: 10.1080/07435809509030483.

141. Miller-Wieland D, Behnke B, Koopmann K, Krone W (1994) Melatonin inhibits LDL
receptor activity and cholesterol synthesis in freshly isolated human mononuclear leukocytes.
Biochem. Biophys. Res. Commun. 203 (1): 416-421. doi: 10.1006/bbrc.1994.2198.

142. Xu Z, YouW, LiuJ, Wang Y, Shan T (2020) Elucidating the regulatory role of melatonin
in brown, white, and beige adipocytes. Adv. Nutr. 11 (2): 447-460. doi:
10.1093/advances/nmz070.

143.  Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rasbach KA, Bostrom EA,
Choi JH, Long JZ, Kajimura S, Zingaretti MC, Vind BF, Tu H, Cinti S, Hgjlund K, Gygi SP,
Spiegelman BM (2012) A PGCl-o-dependent myokine that drives brown-fat-like
development of white fat and thermogenesis. Nature 481 (7382): 463-468. doi:
10.1038/nature10777.

144. Tung YT, Chiang PC, Chen YL, Chien YW (2020) Effects of melatonin on lipid
metabolism and circulating irisin in sprague-dawley rats with diet-induced obesity.
Molecules 25 (15): 3329. doi: 10.3390/molecules25153329.

145.  Espino J, Pariente JA, Rodriguez AB (2011) Role of melatonin on diabetes-related
metabolic disorders. World J. Diabetes 2 (6): 82-91. doi: 10.4239/wjd.v2.i6.82.

146. Tan DX, Manchester LC, Fuentes-Broto L, Paredes SD, Reiter RJ (2011) Significance
and application of melatonin in the regulation of brown adipose tissue metabolism: relation
to human obesity. Obes Rev. 12 (3): 167-188. doi: 10.1111/j.1467-789X.2010.00756.x.

147. Cinti S (2006) The role of brown adipose tissue in human obesity. Nutr. Metab.
Cardiovasc. Dis. 16 (8): 569-574. doi: 10.1016/j.numecd.2006.07.009.

148. Wolden-Hanson T, Mitton DR, McCants RL, Yellon SM, Wilkinson CW, Matsumoto
AM, Rasmussen DD (2000) Daily melatonin administration to middle-aged male rats
suppresses body weight, intraabdominal adiposity, and plasma leptin and insulin independent
of food intake and total body fat. Endocrinology 141 (2): 487-497. doi:
10.1210/endo.141.2.7311.

149.  Srinivasan V, Ohta Y, Espino J, Pariente JA, Rodriguez AB, Mohamed M, Zakaria R
(2013) Metabolic syndrome, its pathophysiology and the role of melatonin. Recent Pat.
Endocr. Metab. Immune Drug Discov. 7 (1): 11-25. PMID: 22946959.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 24



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

150. Nduhirabandi F, du Toit EF, Lochner A (2012) Melatonin and the metabolic syndrome: a
tool for effective therapy in obesity-associated abnormalities? Acta Physiol. (Oxf). 205 (2):
209-223. doi: 10.1111/j.1748-1716.2012.02410.x.

151. Rodrigues SC, Pantaledo L, Lellis-Santos C, Veras K, Amaral F, Anhé G, Bordin S
(2013) Increased corticosterone levels contribute to glucose intolerance induced by the
absence of melatonin. FASEB J. 27: 1161. doi:10.1096/fasebj.27.1_supplement.1161.1.

152.  Sun H, Wang X, Chen J, Gusdon AM, Song K, Li L, Qu S (2018) Melatonin treatment
improves insulin resistance and pigmentation in obese patients with acanthosis nigricans. Int.
J. Endocrinol. 2018:2304746. doi: 10.1155/2018/2304746.

153. Oliveira AC, Andreotti S, Sertie RAL, Campana AB, de Proenca ARG, Vasconcelos RP,
Oliveira KA, Coelho-de-Souza AN, Donato-Junior J, Lima FB (2018) Combined treatment
with melatonin and insulin improves glycemic control, white adipose tissue metabolism and
reproductive axis of diabetic male rats. Life Sci. 199: 158-166. doi:
10.1016/j.1fs.2018.02.040.

154. Pourhanifeh MH, Hosseinzadeh A, Dehdashtian E, Hemati K, Mehrzadi S (2020)
Melatonin: new insights on its therapeutic properties in diabetic complications. Diabetol.
Metab. Syndr. 12: 30. doi: 10.1186/s13098-020-00537-z.

155. Xu L, Bai Q, Rodriguez-Agudo D, Hylemon PB, Heuman DM, Pandak WM, Ren S
(2010) Regulation of hepatocyte lipid metabolism and inflammatory response by 25-
hydroxycholesterol and 25-hydroxycholesterol-3-sulfate. Lipids 45 (9): 821-832. doi:
10.1007/s11745-010-3451-y.

156. Glass CK, Olefsky JM (2012) Inflammation and lipid signaling in the etiology of insulin
resistance. Cell Metab. 15 (5): 635-645. doi: 10.1016/j.cmet.2012.04.001.

157.  Sun H, Wang X, Chen J, Song K, Gusdon AM, Li L, Bu L, Qu S (2016) Melatonin
improves non-alcoholic fatty liver disease via MAPK-JNK/P38 signaling in high-fat-diet-
induced obese mice. Lipids Health Dis. 15 (1): 202. doi: 10.1186/s12944-016-0370-9.

158. Hu S, Yin S, Jiang X, Huang D, Shen G (2009) Melatonin protects against alcoholic liver
injury by attenuating oxidative stress, inflammatory response, and apoptosis. Eur. J.
Pharmacol. 616 (1-3): 287-292. doi: 10.1016/j.ejphar.2009.06.044.

159. Shaji AV, Kulkarni SK, Agrewala JN (1998) Regulation of secretion of I1L-4 and 1gG1
isotype by melatonin-stimulated ovalbumin-specific T cells. Clin. Exp. Immunol. 111 (1):
181-185. doi: 10.1046/j.1365-2249.1998.00493.x.

160. Arzt ES, Fernandez-Castelo S, Finocchiaro LM, Criscuolo ME, Diaz A, Finkielman S,
Nahmod VE (1988) Immunomodulation by indoleamines: serotonin and melatonin action on
DNA and interferon-gamma synthesis by human peripheral blood mononuclear cells. J. Clin.
Immunol. 8 (6): 513-20. doi: 10.1007/BF00916958.

161. Agil A, Reiter RJ, Jiménez-Aranda A, Iban-Arias R, Navarro-Alarcon M, Marchal JA,
Adem A, Fernandez-Vazquez G (2013) Melatonin ameliorates low-grade inflammation and
oxidative stress in young Zucker diabetic fatty rats. J. Pineal Res. 54 (4): 381-388. doi:
10.1111/jpi.12012.

162. Ozkanlar S, Kara A, Sengul E, Simsek N, Karadeniz A, Kurt N (2016) Melatonin
modulates the immune system response and inflammation in diabetic rats experimentally-
induced by alloxan. Horm. Metab. Res. 48 (2): 137-144. doi: 10.1055/s-0035-1548937.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 25



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

163. Li JH, Yu JP, Yu HG, Xu XM, Yu LL, Liu J, Luo HS (2005) Melatonin reduces
inflammatory injury through inhibiting NF-kappaB activation in rats with colitis. Mediators
Inflamm. 2005 (4): 185-193. doi: 10.1155/M1.2005.185.

164. Yapislar H, Haciosmanoglu E, Sarioglu T, Degirmencioglu S, Sogut I, Poteser M,
Ekmekcioglu C (2022) Anti-inflammatory effects of melatonin in rats with induced type 2
diabetes mellitus. Life (Basel). 12 (4): 574. doi: 10.3390/1ife12040574.

165. Galano A, Tan DX, Reiter RJ (2013) On the free radical scavenging activities of
melatonin's metabolites, AFMK and AMK. J. Pineal Res. 54 (3): 245-257. doi:
10.1111/jpi.12010.

166. Cipolla-Neto J, Amaral FG, Afeche SC, Tan DX, Reiter RJ (2014) Melatonin, energy
metabolism, and obesity: a review. J. Pineal Res. 56 (4): 371-381. doi: 10.1111/jpi.12137.
167. Yoon Y, Krueger EW, Oswald BJ, McNiven MA (2003) The mitochondrial protein hFisl
regulates mitochondrial fission in mammalian cells through an interaction with the dynamin-
like protein DLP1. Mol. Cell Biol. 23 (15): 5409-5420. doi: 10.1128/MCB.23.15.5409-

5420.2003.

168. Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC (2003) Mitofusins Mfn1
and Mfn2 coordinately regulate mitochondrial fusion and are essential for embryonic
development. J. Cell Biol. 160 (2):189-200. doi: 10.1083/jcb.200211046.

169. Das N, Mandala A, Naaz S, Giri S, Jain M, Bandyopadhyay D, Reiter RJ, Roy SS (2017)
Melatonin protects against lipid-induced mitochondrial dysfunction in hepatocytes and
inhibits stellate cell activation during hepatic fibrosis in mice. J. Pineal Res. 62 (4). doi:
10.1111/jpi.12404.

170. Biel TG, Lee S, Flores-Toro JA, Dean JW, Go KL, Lee MH, Law BK, Law ME, Dunn
WA Jr, Zendejas |, Behrns KE, Kim JS (2015) Sirtuin 1 suppresses mitochondrial
dysfunction of ischemic mouse livers in a mitofusin 2-dependent manner. Cell Death Differ.
23 (2): 279-290. doi: 10.1038/cdd.2015.96.

171. Nakamura S, Takamura T, Matsuzawa-Nagata N, Takayama H, Misu H, Noda H,
Nabemoto S, Kurita S, Ota T, Ando H, Miyamoto K, Kaneko S (2009) Palmitate induces
insulin resistance in H4IIEC3 hepatocytes through reactive oxygen species produced by
mitochondria. J. Biol. Chem. 284 (22): 14809-14818. doi: 10.1074/jbc.M901488200.

172.  Perry RJ, Samuel VT, Petersen KF, Shulman GI (2010) The role of hepatic lipids in
hepatic insulin resistance and type 2 diabetes. Nature 510 (7503): 84-91. doi:
10.1038/nature13478.

173. Tahan V, Atug O, Akin H, Eren F, Tahan G, Tarcin O, Uzun H, Ozdogan O, Tarcin O,
Imeryuz N, Ozguner F, Celikel C, Avsar E, Tozun N (2009) Melatonin ameliorates
methionine- and choline-deficient diet-induced nonalcoholic steatohepatitis in rats. J. Pineal
Res. 46 (4): 401-407. doi: 10.1111/].1600-079X.2009.00676.X.

174. Koc M, Taysi S, Buyukokuroglu ME, Bakan N (2003) Melatonin protects rat liver
against irradiation-induced oxidative injury. J. Radiat. Res. 44 (3): 211-215. doi:
10.1269/jrr.44.211.

175. Konturek SJ, Konturek PC, Brzozowska I, Pawlik M, Sliwowski Z, Czesnikiewicz-Guzik
M, Kwiecien S, Brzozowski T, Bubenik GA, Pawlik WW (2007) Localization and biological
activities of melatonin in intact and diseased gastrointestinal tract (GIT). J. Physiol.
Pharmacol. 58 (3): 381-405. PMID: 17928638.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 26



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.net|

176. Hong RT, Xu JM, Mei Q (2009) Melatonin ameliorates experimental hepatic fibrosis
induced by carbon tetrachloride in rats. World J. Gastroenterol. 15 (12):1452-8. doi:
10.3748/wjg.15.1452.

177. Tahan V, Ozaras R, Canbakan B, Uzun H, Aydin S, Yildirim B, Aytekin H, Ozbay G,
Mert A, Senturk H (2004) Melatonin reduces dimethylnitrosamine-induced liver fibrosis in
rats. J. Pineal Res. 37 (2): 78-84. doi: 10.1111/j.1600-079X.2004.00137.x.

178. Cichoz-Lach H, Celinski K, Konturek PC, Konturek SJ, Slomka M (2010) The effects of
L-tryptophan and melatonin on selected biochemical parameters in patients with
steatohepatitis. J. Physiol. Pharmacol. 61 (5): 577-580. PMID: 21081801.

Ot

This work is licensed under a Creative Commons Attribution 4.0 International License

Ghosh, S., Khatoon, R., Sarkar, S. and Bandyopadhyay, D. 2023. Ameliorating effects of

melatonin on high-fat diet induced non-alcoholic fatty liver diseases and their associated
pathologies: A comprehensive review. Melatonin Research. 6, 1 (Feb. 2023
DOI:https://doi.org/https://doi.org/10.32794/mr112500138.

Melatonin Res. 2023, Vol 6 (1) 1-27; doi: 10.32794/mr112500138 27



