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Abstract

Intrahepatic fat deposition has been demonstrated in
patients with nonalcoholic fatty liver disease (NAFLD).
Genetic and environmental factors are important for
the development of NAFLD. Diseases such as obesity,
diabetes, and hypertension have been found to be
closely associated with the incidence of NAFLD. Evi-
dence suggests that obesity and insulin resistance are
the major factors that contribute to the development
of NAFLD. In comparing the factors that contribute to
the buildup of excess calories in obesity, an imbalance
of energy homeostasis can be considered as the basis.
Among the peripheral signals that are generated to
regulate the uptake of food, signals from adipose tissue
are of major relevance and involve the maintenance of
energy homeostasis through processes such as lipo-
genesis, lipolysis, and oxidation of fatty acids. Advances
in research on adipose tissue suggest an integral role
played by adipokines in NAFLD. Cytokines secreted by
adipocytes, such as tumor necrosis factor-a, transform-
ing growth factor-B, and interleukin-6, are implicated in
NAFLD. Other adipokines, such as leptin and adiponec-
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tin and, to a lesser extent, resistin and retinol binding
protein-4 are also involved. Leptin and adiponectin can
augment the oxidation of fatty acid in liver by activating
the nuclear receptor super-family of transcription fac-
tors, namely peroxisome proliferator-activated receptor
(PPAR)-a.. Recent studies have proposed downregula-
tion of PPAR-o. in cases of hepatic steatosis. This re-
view discusses the role of adipokines and PPARs with
regard to hepatic energy metabolism and progression
of NAFLD.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Nonalcoholic fatty liver disease (NAFLD) is one
of the principal causes for chronic liver disease. Recent
reports suggested a positive association between cyto-
kines secreted by the adipocytes, such as tumor necro-
sis factor-o, transforming growth factor-g, and interleu-
kin (IL)-6 in NAFLD. Furthermore, hepatic natural killer
T-cells produce IL-13 and IL-4; IL-13 may then activate
hepatic stellate cells to produce pro-inflammatory cy-
tokines and initiate oxidative stress, iron overload and
fibrosis. Downregulation of peroxisome proliferator-acti-
vated receptors (PPAR), particularly PPAR-a in cases of
hepatic steatosis, may facilitate the activity of hepatic
proinflammatory cytokines. Hence, PPAR-y and PPAR-a
ligands have been considered for administration to pre-
vent the initial inflammatory reactions and render pro-
tection to the liver cells.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a disease
spectrum encompassing simple steatosis, steatohepatitis,
fibrosis and, ultimately, liver cirrhosis'. It is reported to
be one of the principal causes of chronic liver disease,
and is predominant in developed countries. Results of
several studies proposed NAFLD as the hepatic compo-
nent of metabolic syndrome (MS), which is characterized
by hyperinsulinemia, insulin resistance (IR), obesity, type
II diabetes mellitus (TDM), dyslipidemia, and hyperten-
sion'”. NAFLD has a wide histological spectrum rang-
ing from simple steatosis to nonalcoholic steatohepatitis
(NASH), which may progress to cirrhosis. In simple
NAFLD, the presence of macrovesicular fat droplets in
hepatocytes, foci of lobular inflammation, mild portal
inflammation, and lipogranulomas may be seen, while in-
creased portal inflammation has been reported in untreat-
ed NAFLD patientsm. In approximately 25% of cases,
histological signs of fibrosis and necroinflammatory in-
jury that define NASH are present”. Patients with NASH
are at higher risk of developing fibrosis, cirrhosis and
hepatocellular carcinoma. The exact cause of NAFLD
is still unknown. However, incidences of NAFLD have
been associated with cases of IR in both diabetes and
obesity, and with hypertension. It has been proposed that
an imbalance in energy homeostasis may be the basis for
obesity and thus NAFLD.

Complex physiologic processes, constant communi-
cation within and among tissues such as adipose tissue,
liver, skeletal muscle, pancreas, and the central nervous
system ate required for energy homeostasis. The brain is
referred to as the central regulator of energy homeostasis
and thus the primary controller of body weight. Periph-
erally, the major organs patticipating in the regulation of
food intake are the stomach, intestines, pancreas, and adi-
pose tissue”. The imbalance in energy homeostasis stems
etiologically from either excess food intake or insufficient
energy expenditure. This may also be secondarily related to
endocrinopathies such as hypothyroidism, Cushing’s syn-
drome, etc., that evolve into MS, which, in turn, is related
to NAFLD"".

Among various peripheral organs, the role played by
adipose tissue in energy homeostasis remains central.
Adipose tissue, far from being an inert depot of storage
fat, is an active endocrine organ, as evidenced by the va-
riety of hormones or adipokines it synthesizes, including
leptin and adiponectin, among others'. Signals control-
ling energy intake originate from adipose tissue, mediated
by leptin. The afferent and efferent signals fluctuate in a
coordinated manner to maintain energy homeostasis. It
is necessary to determine the role played by vatious adi-
pokines and nuclear receptors such as peroxisome prolif-
erators-activated receptors (PPARs), in the initiation and
progression of NAFLD. Research in this field is evolving
to explain the exact role of the adipokines in NAFLD.
This review discusses the role of adipokines and PPARs
in NAFLD.
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ADIPOSE TISSUE IN ENERGY
HOMEOSTASIS

Energy homeostasis is maintained by the integration of
major metabolic functions such as lipogenesis, lipolysis,
and fatty acid oxidation, and is mediated through adipose
tissue”. Of the two types of adipose tissues, white (WAT)
and brown (BAT), WAT is concerned with energy bal-
ance in adults and has been found to be increased in obe-
sity"™, Cells constituting WAT include preadipocytes,
fibroblasts, endothelial cells, macrophages, and mono-
cytes' 2. The functional adipocyte secretes several factors
known as adipokines to communicate actively with the
liver, muscle, and hypothalamus"*'

. Such factors in-
clude pro-inflammatory cytokines produced by resident
macrophages such as tumor necrosis factor (TNF)-q,
intetleukin (IL)-6, and monocyte chemoattractant protein
(MCP)-1. The majority of adipokines, however, main-
tain equilibrium in the utilization of energy substrates
between adipose and non adipose tissues in the intestine,
liver, brain, and skeletal muscle"”. Among such adipo-
kines, leptin and adiponectin and, to a lesser extent, re-
sistin and retinol binding protein-4 have a role in energy
homeostasis.

ROLE OF LEPTIN, ADIPONECTIN,
RESISTIN, AND RETINOL BINDING

PROTEIN-4 IN LIPID METABOLISM

Leptin (16 kDa) is a peptide hormone synthesized by
adipocytes and in inconsequential amounts by the liver
and skeletal muscle!”. Tts gene expression (Lep/ Ob gene)
is regulated by food intake, energy status, hormones,
and the overall inflammatory state''”. Leptin signals are
mediated through a membrane receptor and signaling
pathways involve Janus activating kinase/signal trans-

ducer and activator of transcription, mitogen-activated
protein kinase, phosphatidyl-inositol 3’ kinase, and AMP-
dependent protein kinase (AMPK)"""". Through such
pathways, leptin acts on the hypothalamus to reduce ap-
petite and thus function as an adipostatm. The stimulat-
ing pathways, in general, favor fatty acid oxidation and
decrease lipogenesis. Leptin also tends to decrease the ec-
topic deposition of fat in liver and muscle. Furthermore,
leptin can also act on the pancreas, inhibiting both insulin
and glucagon sectetion via shott-term/non-genomic and
long-term/genomic mechanisms, thereby promoting
glucose homeostasis'"”. In excess calorie states, such as
obesity, hyperleptinemia associated with leptin receptor
inactivation/downregulation has been observed in the
hypothalamus and liver of obese rats™,

Adiponectin (30 kDa) is a protein hormone, which
exists in several globular, trimeric, and high molecular
weight forms in circulation. Adiponectin stimulates in-
sulin sensitivity, decreases hepatic glucose production,
increases glucose utilization in muscle and oxidation of
fatty acid in muscle, liver, and peripheral tissues, thus
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Figure 1 Mechanism of action of adenosine monophos-
phate-dependent protein kinase. AMP: Adenosine mono-
phosphate; AMPK: AMP-dependent protein kinase.

_ — ‘ Decreases lipogenesis ‘
- ‘ Increases insulin sensitivity ‘
AMPK = ‘ Stimulates fatty acid oxidation ‘
- ‘ Decreases hepatic glucose production ‘
- L 5 ‘ Increases glucose utilization in muscle ‘

down-regulating the secretion of pro-inflammatory cyto-
kines I1.-6, 11.-8 and MCP-1""*. Adiponectin receptors
activate AMPK, p38 mitogen-activated protein kinase,
and PPAR-q, which in turn regulate fatty acid metabo-
lism™. Low levels of adiponectin are associated with
low-grade inflammation, oxidative stress, and endothelial
dysfunction™. Tts receptors are largely decreased in obese
animals and humans.

Both leptin and adiponectin stimulate AMPK in skel-
etal muscle, liver, and adipose tissue™. In skeletal muscle,
AMPK activation promotes glucose transport, glycolysis,
and fatty acid oxidation, and inhibits fatty acid synthesis
(Figure 1). AMPK directly inhibits acetyl CoA carbox-
ylase, preventing lipogenesis; consequentially, carnitine
palmitoyl transferase-1 is stimulated leading to fatty acid
oxidation™. AMPK is activated during exercise and is
involved in glucose transport and fatty acid oxidation in
skeletal muscle. Hepatic lipid turnover is regulated by
transcription factors carbohydrate-responsive element-
binding protein, sterol regulatory element binding protein
1c (SREBP-1c), CCAAT-enhancer-binding protein «, and
PPARs. In liver, AMPK is a cellular metabolic sensor,
inhibiting lipogenesis and cholesterol synthesis; its activa-
tion suppresses the SREBP1c"”. Disequilibrium in lipid
homeostasis causes triglycerides to accumulate in the
liver.

Resistin (12.5 kDa) is a 108 amino acid protein; its
circulatory form consists of a dimer united by a single di-
sulfide bridge. Although its function in humans is still un-
clear, in mice it has been shown to increase blood glucose
and insulin concentrations by means of promoting he-
patic IR and gluconeogenesis[%]. Its exact role in IR and
obesity has not yet been determined; however, studies
have demonstrated that obese individuals display higher
serum resistin values than lean subjects and a positive
correlation may exist between BMI and resistin, although
the latter remains under debate!”.

Correspondingly, retinol binding protein-4 (RBP4)
(21 kDa), the transport protein for retinol in blood, has
also been linked to cases of IR, Although primarily
hepatic in origin, high levels of RBP4 were detected in
the adipose tissue of glucose transport protein 4 knock-
out mice™. The blood concentration of RBP4 was also
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found to be increased in obese and diabetic human indi-
viduals. Alternatively, RBP4 knockout mice displayed in-
creased insulin sensitivity”). A more positive association,
however, was distinguished between adipocyte inflam-
matoEy] cytokine production in cases of IR and RBP4
levels™

ROLE OF LEPTIN, ADIPONECTIN,
RESISTIN, AND RETINOL BINDING
PROTEIN-4 IN NAFLD

NAFLD usually occurs concomitantly with obesity,
TDM, and/or hypetlipidemia. The current explanation
for the pathogenesis of NAFLD is two-fold; according
to the “two-hit” theory, IR develops first. Excess free
fatty acid flux occurs from adipose stores, and discrepan-
cies in liver function lead to excessive fatty acid synthesis,
insufficient fatty acid oxidation, and/or inadequate incot-
poration of fatty acids into very low density lipoproteins,
eventually result in steatosis'***”. Secondly, oxidative
stress paves the way for portal inflammation, lipid peroxi-
dation, and ultimately fibrosis'”. Assuming defective lipid
metabolism as one of the underlying causes for intrahe-
patic fat deposition in NAFLD, serum adipokine levels
are of certain interest. As such, leptin and adiponectin are
of foremost importance in the formation of NAFLD.
Although the exact role of adipokines in the develop-
ment and progression of NAFLD is unknown, Huang e#
a” proposed a positive association between blood leptin
levels and incidences of NAFLD, while soluble leptin
receptors were found to be significantly reduced in such
cases. Other studies expounded on this claim and found
that the elevated leptin levels cannot be tied definitively
to IR in adults, but rather may be linked to the fibrogen-
esis noted in NAFLD". It was found that hepatic stel-
late cells (HSCs) are responsible for the fibrotic changes
that characterize NAFLD; HSCs produce leptin, sug-
gesting that they may be implicated in fibrogenesis. Ac-
cording to Canbakan ez al™, leptin may increase the level
of reactive oxygen species (ROS) in the liver, provoking
Kupffer cells to produce TNF-o and other cytokines,
thus enhancing collagen production and the progression
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‘ Low levels of adiponectin

High level of leptin and resistin

‘ Figure 2 Role of adipokines in inflammation and fibrosis.
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NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic
steatohepatitis. TNF-o.: Tumor necrosis factor alpha; HSCs:
Hepatic stellate cells.

Produce TNF-a. and other cytokines in Kupffer cells and HSC
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‘ Enhancing collagen production and the progression of fibrosis

’ NAFLD and NASH

of fibrosis (Figure 2). In children, hyperleptinemia was
observed and was found to be correlated to the degree
of liver impairment”". However, such studies performed
in adults yielded inconclusive results, implying that hyper-
leptinemia may emerge in cases of early NAFLD, leading
ultimately to IR and obesity. It is thought that the hyper-
leptin state only aggravates the inflammatory changes and
fibrogenesis initiated by HCSs"".

Adiponectin enhances glucose utilization and he-
patic fatty acid oxidation #ia its receptors, AdipoR1 and
AdipoR2. NAFLD patients displayed low adiponectin
levels along with IR". It was observed in mice that the
hyperinsulinemic state in most liver disorders led to the
downregulation of adiponectin receptors, leading to adi-
ponectin resistance; studies have demonstrated, however,
that the characteristically low adiponectin level observed
in NAFLD is linked more to intrahepatic fat deposi-
tion rather than to the degree of liver damagem]. High
adiponectin levels in mice have succeeded in preventing
intrahepatic fat deposition #za inhibition of fatty acid syn-
thesis. Bugianesi ez al™ identified increased serum activity
of alanine transaminase (ALT) and y-glutamyl transpep-
tidase (GGT) associated with hypoadiponectinemia in
healthy individuals, highlighting the importance of adi-
ponectin in preventing liver damage. Adiponectin plays
a role in the inflammation observed in NAFLD; unlike
leptin, however, high levels of adiponectin have been
shown to inhibit the secretion of TNF-o by HSCs. One
may surmise that there exists interplay between leptin-
adiponectin levels and the inflammatory and fibrotic
changes seen in NAFLD", Adiponectin was reported to
have antifibrogenic and antisteatogenic effects in the liver
as opposed to leptin, which is involved in fibrogenesis.
A retrospective study of serum adipokine levels in pa-
tients with NAFLD, who underwent liver biopsy due to
elevated transaminase activities, found that a lower serum
adiponectin/leptin ratio was useful as a non-invasive ap-
proach to discriminate NASH from simple steatosis™,
The hepatic expression of AdipoR2 was found to be
significantly higher in patients with NASH compared
with controls and was related with necroinflammatory
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Adult NAFLD patients displayed increased serum
resistin values. Although there is debate surrounding the
exact relation between resistin and obesity and IR, recent
studies seem to support the notion that increased resistin
levels may be correlated with IR, BMI, and the severity of
NAFLD™., Women were found to display a higher level
of serum resistin than men, attributable to the disparity
in body fat content. Murad e7 2/* discovered that patients
with moderate to severe steatosis displayed higher se-
rum resistin values than those with mild steatosis. Such
a finding may be related to the link between resistin and
IR and later inflammation. Resistin may exacerbate the
inflammation brought on by TNF-a and IL-6 secreted
from HSCs™, Specifically, it is proposed that resistin can
induce the secretion of TNF-q and IL-12 from macro-
phages zia a nuclear factor-kappa B-dependent cascade to
control the release of IL-6 and IL—lBBS’m. There exists
the likelihood that HSCs themselves may produce resis-
tin, as they do leptin, contributing to the hyper-resistin
state observed in NAFLD",

Serum RBP4 was found to be increased in cases with
IR, including obesity, TDM, and impaired glucose toler-
ance, suggesting that RBP4 may play a similar role in
NAFLD". Eatlier research indicated that RBP4 is raised
in non-diabetic NAFLD patients, and selected studies
claimed that there exists a positive association between
RBP4 and liver enzymes, specifically ALT and GGT™.
However, Alkhouri ef o/ reported an inverse relation-
ship between the degree of fibrosis and RBP4 levels,
such that patients with late fibrosis and cirrhosis dis-
played lower RBP4 values.

Additionally, there have been several studies inves-
tigating the association between polymorphisms in the
genes for adipokines and the susceptibility to NAFLD
within populations sharing common environmental and
metabolic predisposing factors™. Of the many leptin
polymorphisms reported, the LEPR G3057A variant was
shown to be expressed by many NAFLD patients, imply-
ing that this polymorphism may be an independent risk
factor for developing NAFLD in patients with TDM™",
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Figure 3 Activation of peroxisome proliferator-activated receptors o and associated biological response in adipose tissue. TNF-a.: Tumor necrosis factor
a; COX-2: Cyclooxygenase-2; IL-1: Interleukin-1; FFA: Free fatty acids; RXR: Retinoid receptor; SMRT: Silencing mediator of retinoid and thyroid hormone receptors;
NCoR1: Nuclear receptor co-repressor 1; PPAR: Peroxisome proliferator-activated receptors.

Adiponectin gene short nucleotide polymorphisms
(SNPs) 45TG and 276GT wetre demonstrated in non-
obese and non-diabetic NAFLD patients. Furthermore,
these reported SNPs indicated the extent of liver injury
in NAFLD™. A recent finding showed that a SNP in
the Patatin-like phospholipase domain-containing 3
(PNPL.A3), i.e., 1148M PNPI.A3 variant predicts the
extent of steatosis in NAFLD". The 1148M PNPL.A3
genotype may tepresent a genetic determinant of serum
adiponectin levels. Therefore, in catrriers of the 1148M
PNPI.A3 variant, modulation of serum adiponectin
might be involved in mediating the susceptibility to ste-
atosis'™.

FUNCTION OF PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTORS
IN LIPID METABOLISM

The key element in the process of lipogenesis and li-
polysis in adipose and non adipose tissues is mediated
by PPARs. They are members of the steroid/retinoid
nuclear receptor superfamily, and they act namely in
two ways: transactivation and transrepression’”, Three
types of PPARs have been identified: alpha, gamma, and
delta (beta)*. PPAR-q, is expressed in the liver, kidney,
heart, muscle, adipose tissue, and other organs. PPAR-
is expressed in many tissues, but markedly in the brain,
adipose tissue, and skin'". Finally, PPAR-y (y2 and y3) is
expressed namely in adipose tissue.
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PPAR-y is activated by fatty acids and their derivatives.
It plays a role in insulin sensitivity, adipogenesis, placen-
tal function, and transcription activation in concert with
coactivators like steroid receptor coactivator-1. Coordina-
tion is required between PPAR-a and PPAR-y activity for
the maintenance of equilibrium between oxidation and
synthesis of fatty acids. PPAR-q, regulates the expres-
sion of genes involved in peroxisomal and mitochondrial
beta-oxidation in liver and skeletal muscle; such genes
encode for proteins such as fatty acid transport protein,
fatty acid translocase, liver cytosolic fatty acid-binding
protein, and uncoupling proteins-2 and 3. PPAR-y2, on
the other hand, is the central regulator of adipogenesis,
favoring the deposition of excess calories in adipocytes.
PPAR-y2 is involved in growth arrest, clonal expansion,
eatly and terminal differentiation, and anti-inflammatory
effects in adipose tissue macrophages™. It modulates
differentiation and cytokine production. Endogenous Li-
gands of PPARs include FFA and eicosanoids'™".

Activation of PPAR-y can promote secretion of anti-
hyperglycemic adipokines like adiponectin, and shift the
deposition of non-esterified fatty acids (NEFAs) to adi-
pose tissue and away from liver and skeletal muscle, as it
serves as an activator of lipoprotein lipase™. Moreover,
adiponectin can increase PPAR-y in adipose tissue. This
process enhances its anti-inflammatory effects and thus
insulin sensitivity in adipose tissue. The mechanism of
activation of PPAR-y is shown in Figure 3. It functions as
a heterodimer with retinoic acid receptor (RXR), which
binds direct repeat sequences AGGTCA in the promoter
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region of its target genes, enhancing their expressmn[ 1

Histone deacetylase and RNA pol Il activation are ob-
served in response to PPAR-y action in BAT and WAT"™,
Other ligands have been found to activate PPAR-y and
may be suitable as insulin-sensitizing agents to treat DM2.

ROLE OF PPARS IN NAFLD

Recent studies have proposed a downregulation of
PPAR-q, in cases of hepatic steatosis and obesity-related
IRP, thereby favoring lipogenesis over oxidation. This
effect may be further aggravated by PPAR-y upregula-
tion, promoting overall lipogenesis. Adiponectin is re-
sponsible for the expression of PPAR-q in liver cells®.
It has also been suggested that PPAR-¢, downregulation
may facilitate the activity of hepatic pro-inflammatory cy-
tokines, expediting the transition from steatosis to steato-
hepatitis; however, further research must be conducted
to confirm such proposals[SS]. Accordingly, PPAR-y has
been implicated in preventing pro-inflammatory cytokine
gene expression zia transrepression. As such, PPAR-y
ligands have been considered for administration in cases
of inflammation, including NAFLD. In mice, PPAR-y
ligands successfully reversed the effects of cytokines pro-
duced by HSCs and managed to restore HSC quiescence.
The thiazolidinedione class of antidiabetic drugs, which
includes rosiglitazone and pioglitazone, acts as a PPAR-y
agonist in adipose tissue, reducing the release of NEFAs
and enhancing hepatic insulin sensitivity. Although rever-
sal of fibrosis was not observed in the 6-mo treatment
with pioglitazone, improvement was noted in the 12-mo
treatment of non-diabetic NASH subjects'™”. Treatment
of NAFLD patients with n-3 polyunsaturated fatty acid,
a known PPAR-q ligand, slightly alleviated steatosis and
decreased transaminase activity™,

Of the PPAR polymorphisms reported, a Leul62Val
SNP for PPAR-q has been observed and severity of fi-
brosis in NAFLD"". Similarly, a Pro12Ala SNP has been
documented for PPAR-y. Though earlier studies have
documented many NAFLD patients with the alanine
variant of PPAR-y, recent meta-analyses have failed to
establish such an association between Pro12Ala SNP and
NAFLD risk™. Further investigations are required to
corroborate such findings.

ROLE OF PROINFLAMMATORY
CYTOKINES IN NAFLD

Cytokines are soluble chemical mediators credited with a
number of functions. They are renowned for their role in
inflammatory diseases, including NAFLD. They are not
normally secreted by the liver. Gradual hepatic lipid accu-
mulation provokes HSCs and Kupffer cells to synthesize
various cytokines, leading to portal inflammation, slow
necrosis or apoptosis, and eventual fibrosis””". Of the cy-
tokines implicated in NAFLD, TNF-q,, TGF-, and 1L-6
will be discussed.

TNF-q is secreted by a number of body cells, but
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in particular by HSCs, Kupffer cells, and adipocytes. Se-
lected studies have demonstrated a link between TNF-a
expression and IR in steatohepatitis associated with
NAFLD, indicating that adipocyte TNF-q has a key role
in inflammation and IR by binding to the tyrosine kinase
BT 1t has also been demonstrated that
TNF-« induces swelling of hepatic mitochondria, result-

insulin receptor

ing in eventual rupture and disruption of respiratory
chain complexes, principally complexes I and . Re-
duced activity of mitochondrial complexes were reported
in experimental animals followed by hepatotoxicity[m’ﬁz].
Although the results from rodent studies supported an
association between enhanced TNF-q expression in
inflammatory diseases, such as NAFLD and NASH,
and IR, in human subjects, such an association is under
debate. In both species, however, TNF-o upregulation
was observed in obese subjects, and a positive association
was observed between the severity of hepatic fibrosis
and serum TNF-q levels. Additionally, in both mice and
humans, treatment with either anti-TNF-q antibodies or
a TNF-q inhibitor (pentoxifylline), respectively, served to
alleviate inflammatory and fibrotic changes. In humans,
the drug also succeeded in reducing serum aminotrans-
ferase activity. Excess TNF-q, is also thought to enhance
the expression of SREBP-1c, and promote lipogenesis[sgl.

Of the many isoforms of TGF-8, TGF-B1 is most
predominant within the inflamed liver and has been
suggested to induce the transformation of HSCs to
myofibroblasts through the production of proteins like
collagen 1% The production of TGF-B1 leads to a
cascade of irreversible events, including further synthe-
sis of TGF-B1, connective tissue growth factors, and
type I collagen; a reduction in cell turnover as a result of
impeded DNA synthesis; inhibition of metalloprotease
expression; and initiation of apoptosis ziz the phosphati-
dylinositol 3-kinase (PI3K)-AKT pathway and of fibrosis
via increased production of fibronectin'. Tt was also
suggested that elevated serum TGF-B1 may be consid-
ered an independent predictor of fibrosis'®”

IL-6 possesses a contradictory role; a study in a mouse
model claimed that in addition to activating hepatocytes,
stem cells, and osteoclasts, I1.-6 acts as a protective shield
for the liver, hindering mitochondrial dysfunction in
cases of hepatic steatosis”’. Recent reports suggested a
positive association between IL-6 and IR through its in-
hibition of hepatic cytokine signaling[sgl. Administration
of anti-IL-6 antibodies in obese mice was observed to
enhance insulin sensitivity, and NAFLD mice and human
subjects have demonstrated elevated serum IL-6 and IL-6
receptor levels. Mahmoud ez a/*” established 11.-6 to be
the most important biomarker for NAFLD in their study.
In contrast, IL-10 has been suggested to inhibit inflam-
mation, and prevent steatosis, while some research has
also shown IL-10 serum levels to be inversely related to
incidence of MS"". There is preliminary evidence that
hepatic natural killer T-cells accumulate in liver diseases
and produce IL-13 and IL-4; IL-13 may then activate
HSCs to produce further pro-inflammatory cytokines,
recruiting TGF-B and initiating fibrosis"”
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Figure 4 Cytotoxic effects of free fatty acids in nonalco-
holic fatty liver disease. FFA: Free fatty acid; JNK: c-Jun
NH(2)-terminal kinase; ROS: Reactive oxygen species;
TRAIL-R2: Tumor necrosis factor-related apoptosis inducing
ligand; ATP: Adenosine triphosphate.
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Figure 5 Changes of adipokines and peroxisome pro-
liferator-activated receptors in nonalcoholic fatty liver
disease. TGFB1: Transforming growth factor beta 1; TNF-au:
Tumor necrosis factor alpha; RBP4: Retinol binding protein 4.
NAFLD: Nonalcoholic fatty liver disease; PPAR: Peroxisome

Elevated leptin

proliferator-activated receptors.

Elevated RBP4

NAFLD

\ Low adiponectin

Down-regulation of peroxisome
proliferators-activated receptors e.g.,
PPAR-q.

Polymorphisms in gene of
Leptin, Adiponectin, PPARs

Mild overload of iron is frequently observed in
NAFLD. Significantly increased local as well as systemic
TNF-o may favor the accumulation of iron in the liver.
The progressive retention of iron can be ascribed to the
impaired iron export from liver cells »ia cytokine-medi-
ated downregulation of the iron exporter, ferroportin-1
(FP-1) in sinusoidal Kupffer cells. Iron accumulation may
also result from an ineffective sensing of hepatic iron
due to low hemojuvelin (HJV) expression. The increased
hepatic and serum concentrations of TNF-a in NAFLD
patients were inversely correlated with liver FP-1 and
HJV mRNA levels whereas, it was positively associated
with body mass index and hepatic hepcidin mRNA.
Hepatic iron accumulation as well as increased level of
TNF-q stimulates hepcidin formation, which decreases
the duodenal and hepatic FP-1 expression and results
in the blockage of duodenal iron uptake to compensate
for liver iron overload. Nevertheless, decreased intestinal
absorption of iron, and hepatic iron overload is found in
NAFLD patients. Iron reduction therapy was found to
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be beneficial with regard to NAFLD disease activity and
insulin sensitivity*"

Mechanisms of NAFLD are closely linked to chronic
inflammatory and oxidative stress responses. Increased
intrahepatic levels of fatty acids as well as iron load pro-
vide a source of oxidative stress. Fatty liver is injured by
ROS generated from microsomal, mitochondrial, and/or
other hepatocellular pro-oxidant pathways when the anti-
oxidant defenses are critically lowered. In the diminished
antioxidant response, cells are susceptible to mitochon-
drial damage and cellular apoptotic injury. Ajith ez al®™*"
reported reduced activity of antioxidant enzymes such as
superoxide dismutase, catalase, and glutathione peroxi-
dase during acute and chronic liver injury in experimental
animals. In NASH, FFAs induce lipoapoptosis in hepa-
tocytes®. Cytotoxic products of lipid peroxidation (e.g.,
malondialdehyde, and 4-hydroxynonenal) may impair cel-
lular functions including nucleotide and protein synthesis
and may play a role in hepatic fibrogenesis. Increased
ROS can release more TNF-o from hepatocytes, Kupffer
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1 and can further upregulate

cells, and adipose tissue
pro-inflammatory pathways. Increased levels of nitric ox-
ide and superoxide radical interact to form peroxynitrite,
which is an important mediator of free radical toxicity.
The role played by the toxic FFAs is depicted in Figure
4. TNF-q can induce mitochondrial ROS and thus ex-
acerbate NAFLD by attenuating the anti-inflammatory
effects of adiponectin and PPAR—yWO], and results in
secondary inflammation and fibrosis in NAFLD. Animal
models of NAFLD suggest that an increased transloca-
tion of bacterial endotoxins lead to an activation of toll-
like receptor-dependent signaling cascades and increased
formation of ROS"".

CONCLUSION

NAFLD is one of the principal causes of chronic liver
disease. Cytokines secreted by the adipocytes, such as
TNF-a, TGF-B, and 1L-6, are implicated in NAFLD.
TNF-q,, IL-6 and leptin have been shown to exert pro-
inflammatory effects and adiponectin has been shown to

exert anti-inflammatory effects at the liver level. Further-
more, preliminary evidence suggests that hepatic natural
killer T-cells accumulate in liver diseases and produce
1L-13 and IL.-4; IL.-13 may then activate HSCs to produce
further pro-inflammatory cytokines, increase TGF-3 and
initiate fibrosis. Downregulation of PPAR-q in cases of
hepatic steatosis favors lipogenesis over oxidation (Figure
5). PPAR-o. downregulation may facilitate the activity of
hepatic proinflammatory cytokines, expediting the transi-
tion from steatosis to steatohepatitis; however, further
research must be conducted to confirm such proposals.
PPAR-y ligands have been considered for administration
in cases of inflammation, including NAFLD; PPAR-y
ligands successfully reversed the effects of cytokines pro-
duced by HSCs and managed to restore HSC quiescence.
Treatment of NAFLD patients with n-3 polyunsaturated
fatty acid, a known PPAR-q ligand, slightly alleviated
steatosis and decreased transaminase activity. Hence,
ligands that activate these receptors may prevent the ini-
tial inflammatory reactions and render protection to the
liver cells. Mechanisms of NAFLD are closely linked to
chronic inflammatory and the oxidative stress response.
However, there are insufficient data to support the use of
antioxidant supplements for patients with NAFLD. Iron
reduction therapy and lipid lowering drugs were found to
be beneficial in NAFLD. Fututre research in these fields
is required to design specific compounds to prevent fat
deposition in liver cells.
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