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Abstract

Non-alcoholic fatty liver disease (NAFLD) is an increasing health problem when left untreated. NAFLD
is defined as accumulation of fat in 5% of the hepatocytes. NAFLD can convert into non-alcoholic
steatohepatitis (NASH) which is defined as inflammatory NAFLD. Both NAFLD and NASH are observed
in individuals suffering from metabolic syndrome and type 2 diabetes (T2D). Agents which increase
the insulin sensitivity for T2D treatment are thiazolidinediones (TZDs) which target nuclear peroxisome
proliferator-activated receptor y (PPARy). Therefore, TZD has been investigated as a potential agent for
the treatment of NAFLD and NASH. Other members of nuclear receptor families such as constitutive
androstane receptor (CAR), farnesoid X receptor (FXR), pregnane and xenobiotic receptor (PXR) and liver
X receptor regulate metabolic responses across multiple organ system during eating and fasting. These
nuclear receptors are regulators of the axis of gut, liver, and adipose tissue. Abnormal NRs signaling is
associated with NAFLD, especially in obesity, increased intestinal permeability of lipopolysaccharide
(LPS) followed by inflammation, abnormal hepatic lipid metabolism, and insulin insensitivity. We review
nuclear receptor superfamily, its architectural structure, signaling and possible signaling interference
in the development of NAFLD. Due to the lack of treatment for NAFLD or NASH, patients’ only option is
changes in their lifestyle which include weight reduction and less fat intake. This review also examined the
possibility of NR mediated treatment of NAFLD. Current clinical trials are focused on separate treatments
of different NAFLD states, such as steatosis, inflammation, insulin insensitivity, obesity, and dyslipidemia.
Nuclear receptor mediated transcription does not occur in isolation rather many works in coordination,
i.e, one NR activation affects other NRs, a process referred to as NR crosstalk resulting in transrepression/
transactivation. For the treatment of NAFLD, a tissue specific ligand devoid of NR-crosstalk is likely needed.

Introduction

Non-alcoholic fatty liver disease (NAFLD) with a global occurrence of ~25% is the leading cause
of liver cirrhosis and hepatocellular carcinoma. Liver steatosis may or may not proceed to inflammation
(non-alcoholic hepatitis), however, if steatosis coupled with inflammation, non-alcoholic steatohepatitis
(NASH) will lead to liver fibrosis faster than the NAFLD alone without inflammation. NAFLD is often
associated with metabolic syndrome and type 2 diabetes (T2D) [1]. Metabolic syndrome is defined
by a host of interrelated clinical symptoms which include insulin resistance, fasting hyperglycemia,
dyslipidemia, visceral obesity, and hypertension [2,3]. Nonalcoholic steatosis causes fat infiltration
into liver, especially in hepatocytes causing inflammation due to macrophage activation and is defined
as NASH without significant alcohol usage [2]. Hepatic stellate cells are activated by the exosomes
which are secreted by hepatocytes with lipotoxicity [4]. Dysbiosis is an alteration in gut microbiome
that increases intestinal permeability and hence increase transfer of bacterial endotoxins via portal vein
into liver [5]. High fat diet (HFD), obesity and NAFLD have been related to the presence of intestinal
dysbiosis [5]. Endotoxins in liver, activate Kupffer cells (KCs) and promote release of proinflammatory
cytokines, such as tumor necrosis factor-alpha (TNFa), interleukin-1 (IL-1) and IL-6 [6]. Transforming
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growth factor-B, which is a profibrotic mediator, activates hepatic
stellate cells (HSCs) which contribute to fibrotic transformation of
liver after hepatocyte death [6]. Hepatic steatosis and steatohepatitis
are also caused by chronic alcohol usage which is similar to non-
alcoholic hepatosteatosis and steatohepatitis [7]. Both alcoholic and
non-alcoholic steatohepatitis can lead to significant hepatocyte death
which is replaced by the tissues after activation of quiescent HSC
in liver [8]. HSCs secrete fibrin causing liver fibrosis which after
scarring of liver tissue becomes liver cirrhosis which is a fatal disease.
Hepatosteatosis and steatohepatitis are reversible but if not reversed
lead to liver fibrosis and cirrhosis. Progression from steatohepatitis to
fibrosis can also lead to hepatocellular carcinoma [9].

NAFLD is a chronic disease with an occurrence of 20-40%
among general population in industrialized nations. Among these,
a portion of 10-20% progress to NASH. NAFLD and NASH are
common occurrences among individuals with metabolic syndrome.
NASH is closely associated with obesity and T2D, a major global
health issue among individuals suffering from obesity and insulin
independent diabetes [10]. The incidence of NAFLD could be as
high as 90% among individuals with morbid obesity and up to 70%
among diabetic patients [11,12].

Several cellular interactions among liver cells, such as hepatocytes,
HSCs, and KCs occur during the development of NAFLD [13,14].
NAFLD is driven by overnutrition which causes expansion of adipose
depots and ectopic fact accumulation. Macrophage accumulation in
these adipose tissues, especially in visceral adipose tissues, creates
proinflammatory transition [15]. This creates insulin resistance. With
increased insulin, increased lipolysis occurs, which sends unabated
fatty acids to liver where increased lipid synthesis occurs de-novo.
The imbalance in the utilization of lipids by liver produces lipotoxic
lipids, thereby producing cellular stress and endoplasmic stress [2].
This leads to the activation of inflammasome (NLRP3), resulting
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into hepatocyte death, subsequent inflammation, regeneration
of tissue, resulting in fibrogenesis [16,17]. Transition of NAFLD
to NASH requires multiple contributing factors, such as insulin
resistance, hypoadiponectinemia, inflammation and expansion of
visceral adipose tissues. Often increased levels of insulin are found
among T2D individuals while the values of insulin could be lower
as well in individuals with increased insulin clearance [18]. The
proposed hypothesis for NASH is the two-hit to multiple-hit models
where, especially in the first hit, lipid infiltrates to liver and second
hit involves inflammation [19]. The level of TNFa is increased with
increased toll-like receptors (TLR4 and TLRY) agonists in portal
circulation after changes in gut microbiota [20]. The process of
NAFLD and contributing factors for developing NASH is depicted
in Figure 1.

Insulin and activation of transcription factors

Insulin binds to insulin receptor, a tyrosine kinase receptor.
The signals are further carried by G-protein coupled receptor by
activation of Raf serine/threonine kinases (Raf) which activates
the MAPK/ERK kinase (MEK) followed by the extracellular
signal-regulated kinase (ERK)(Raf/MEK/ERK) and PI3kinase
(phosphoinositide 3-kinase)/protein kinase B (also known as Akt),
as well as phospholipase C gamma (PLCy) pathways in target cells
[21]. Insulin receptor activation, after binding of insulin, induces
biosynthesis of early growth response protein (Egr-1) transcription
factor [22] which is activated by ETS Like-1 protein (Elk-1) [23].
In addition to pancreatic B-Islets of Langerhans, Egr-1 activation
also occurs in hepatocytes and lack of Egr-1 delays the hepatocyte
mitotic progression [24]. Additionally, Elk-1 regulates activator
protein-1 (AP-1) transcription factor [25]. Activation of Elk-1, Egr-1
and AP-1 are important in glucose homeostasis [26-28]. Erg-2, also
called Krox20, an Elk-1 related transcription factor is also activated
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Figure 1. The process of development of NAFLD and NASH from normal liver. Adopted from one of our earlier publications on this series (Saghir et

al. [159]).
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in adipocytes, thus insulin plays an important role in regulation of
adipogenesis [29].

Insulin-mediated increased transcription of genes from upstream
stimulatory factors (USF-1 and USEF-2) have been observed [30].
USF binds to E-box (5-CANNTG-3’) and can synergize to sterol
regulatory element binding protein lc (SREBP-1c) resulting in
activation of lipogenic genes [31]. USF regulates gene transcription
of fatty acid synthase (FAS) which converts acetyl-CoA and malonyl-
CoA into palmitic acid. FAS gene contains two E-box, one sterol-
response element (SRE), and one liver X receptor response element
(LXRE) in the proximal promoter [32]. Other genes involved in
lipogenesis, such as acetyl-CoA carboxylase (ACC), ATP-citrate
lyase, and mitochondrial glycerol-3-phosphate acyltransferase, also
contain E-box and SREBP-1c binding site and are regulated by
insulin and nutrients [33]. Posttranslational modification by insulin
phosphorylation and nutrients acetylation plays a significant role in
activation of genes of fatty acid synthesis by USF [34,35].

SREBP gene produces two active forms, SREBP-1a and SREBP-
lc which are involved in regulation of lipogenic genes by binding
to SRE (5’-ATCACCCCAC-3’) or its variations. Insulin treatment
causes activation of FAS gene which is mediated by SREBP-1c
[36,37]. SREBP expression is regulated by LXR and glycogen
synthase kinase-3 (GSK-3). c-AMP mediated phosphorylation
of LXR activates SREBP-1 gene while glycogen synthase kinase-3
(GSK-3) phosphorylation of SREBP results in its degradation by
ubiquitin ligase [38-40]. Insulin inhibits GSK-3, thus protecting
SREBP-1c from its degradation and activating the lipogenic genes.
SREBP-1c functions as a negative regulator of phosphoenolpyruvate
carboxykinase (PEPCK) in liver, the enzyme responsible for
gluconeogenesis. Insulin treatment shuts down PEPCK expression,
thus blocking gluconeogenesis. It occurs due to the presence of two
SRE sites in the proximal promoter of PEPCK [41].

SREBP-1c is the transcription factor activator, which reduces
fatty acid synthesis by 50% in SREBP-1c knock out mice, indicating
involvement of other transcription factor(s) [42]. The glucose
influx by glucose facilitator, GLUT4, after insulin injection results

in activation of carbohydrate response-element binding protein
(ChREBP) which is another lipogenic transcription factor expressed
in both hepatocytes and adipocytes [43-45]. ChREBP is a single gene
expressed by alternate promoters producing two isoforms, ChREBPa
and ChREBPP. ChREBP heterodimerizes with Max-like factor X
(Mlx) and binds to 5-CAYGNGNNNNNCNCRTG-3’ [46,47].
ChREBP is retained in cytoplasm by protein 14-3-3 and breaking
of the 14-3-3- from ChREBP causes ChREBP to translocate to
nucleus and mediate the transcription from carbohydrate response
element (ChORE) [43]. ChORE has been identified in ACC, FAS,
and SCD [48]. Together with SREBP-1c, ChREBP regulates the
lipogenic genes, ChREBP also regulates enzymes of glycolysis and
pentose phosphate pathway, thus providing essential intermediates

for lipogenesis [48,49].

Insulin mediated enhanced activity of LXR has been observed
in primary hepatocytes [50] and two of LXR, LXRa and LXRf are
abundantly present in adipose tissues. LXR is a member of nuclear
receptor superfamily and heterodimerizes with 9-cis retinoic acid
receptor (RAR) and binds to 5-AGGTCANNNNAGGTCA-3’ and
controls insulin-mediated lipogenesis by activating FAS, ACC, and
SCD genes [51]. Knock down of LXRa and LXRa/f abolishes the
expression of genes of lipogenic processes [50,52]. LXR also activates
SREBP and ChREBP, thus activating the process of lipogenesis
[53,54].

Modular Structure of Nuclear Receptors

The nuclear receptors (NR) possess a common modular structure
which is depicted in Figure 2 [55]. Except for small heterodimer
partner (SHP) and dosage-sensitive sex reversal-adrenal hypoplasia
congenita critical region on the X chromosome, gene (DAX)
(orphan members of the NR), NR possesses six domains from A-F,
in some NRs, F domain may be absent. The NHz—terminal domain
varies in length and seems highly disorganized when the detailed
structure of all 48 receptors of mammalian NRs is examined. The
NH,-terminal domain contains activator function-1 (AF-1) which
can interact with coregulators in a promoter-specific manner [56].
Variations in NH,-terminal produce isoforms through alternative
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Figure 2. Modular structure of nuclear receptors.
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splicing such as multiple forms of the glucocorticoid receptor (GR),
GRB, and GRA [57] and thyroid receptor (TR) [58] while variation
in the carboxylic end also produces isoforms such as multiple forms
of estrogen receptor-B (ERB) [59]. Modular structure of selective
NRs is presented in Figure 3.

Role of PPAR in Lipid Metabolism

Peroxisome  proliferator-activated  receptors (PPARs) are
members of NR superfamily and regulate gene transcription from
PPAR response element (PPRE) after binding with metabolic ligand
[60]. PPARs are heteromeric partner of retinoid X receptor (RXR)
and are unable to bind PPRE as homodimer [60]. PPRE are atypical
nuclear hormone receptor binding site, AGGTCA repeat separated
by one nucleotide hence referred as direct repeat (DR1) [61]. PPRE
contains 5’-extended adenine residues; a consensus PPRE sequence is
AACTAGGNCA A AGGTCA [62]. PPARs interact at 5’-sequence
while RXR binds at the 3’-sequence. PPAR-RXR also can bind
with DR2 element of Rev-erb orphan receptor which can bind to
A/T rich sequence in 5’-extension with C and T (DR2) in between
AGGTCA repeats. A similar 5’-sequence between PPARE and REV-
DR2 sequence opens the possibility of crosstalk between PPARs and
Rev-erb [63]. Significant cross talk occurs among the NR members,
such as hepatocyte nuclear factor-4 and chicken ovalbumin upstream
promoter transcription factor II (HNF4, COUP-TF) and outside
of the NR members, nuclear factor-kappaB and activator protein
1 (NF-kB, AP-1). These will be described in detail to establish the
role of PPARs in lipid, glucose metabolism, energy homeostatis,
and inflammation which manifest as atherosclerosis, diabetes, and
certain cancers [64].

PPARs were identified as factors responsible for peroxisome
proliferation which is the basis of current nomenclature [65]. There
are three PPARs (PPARa, PPARP/S, and PPARY) expressed non-
uniformly in various body organs [66]. PPARa was identified as
intracellular target of clofibrate which is a rodent hepatocarcinogen
and causes the proliferation of peroxisome, hence the name PPAR
[67]. Clofibrate causes peroxisome proliferation in rodents but
clofibrate and other activators of PPARs do not cause peroxisome

proliferation in humans [68] as PPARs in human has additional
functions such as regulation of genes for the metabolic control [68].

PPARa is expressed in many organs, such as liver, kidney,
and heart while PPARS is widely expressed [69]. PPARy has
limited expression especially in adipose tissues and macrophages
which makes PPARY as the target for treatment of obesity, insulin
insensitivity and obesity/insulin insensitivity mediated NAFLD
[70]. PPARy induces adipocyte differentiation and the antidiabetic
properties of thiazolidinediones (TZDs) are due to selective
activation of adipose resident PPARy [71]. By differentiating
adipose tissue formation, paradoxically, TZDs function as insulin
sensitizer although excess adipose tissue and increased deposited
fat remains commonly linked to insulin resistance [72]. This
discrepancy results in the generation of metabolically dysfunctional
adipocytes which start secreting TNFa; the adipocytes undergo
enhanced lipolysis due to TNFa-mediated insulin resistance [73].
The enhanced lipolysis causes increased release of free fatty acids
which requires to be stored in other body organs, such as liver,
resulting into steatosis (hepatosteatosis) and lipotoxicity; these when
coupled with inflammatory condition, NASH can lead to cirrhosis
and fibrosis [74,75]. PPARY disrupts the cycle of increased fat by
promoting the insulin-sensitive adipose tissue which can sequester
free fatty acids reducing potential lipotoxicity in liver and other
tissues [73,76]. In response to TZD, PPARy upregulates fatty acid
translocase (also known as cluster of differentiation [CD] CD36),
lipoprotein lipase and adipocyte protein 2. All of these upregulated
proteins are responsible for lipid uptake in adipose tissues [77,78].
Activation of PPARY causes upregulation of PEPCK, an enzyme of
gluconeogenesis, producing glycerol, which is when esterified with
free fatty acids produces intracellular triacylglycerol (lipid) causing
free fatty acids mediated lipotoxicity [79,80].

In liver hepatocytes, PPARy regulates lipid metabolism and
carries out de novo lipogenesis (DNL). In response to high fat diet
(over nutrition), lipolysis occurs in adipose tissues resulting in
hyperlipidemia, forcing the liver to function as secondary fat depot
for excess fat [74]. This results in activation of PPARY which carries
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Figure 3. Modular structure of selected nuclear receptors.
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out adipogenic transformation of hepatocytes [81,82]. In liver,
PPARY activates adipocyte protein 2, CD36, FAS, and ACC1 which
causes accumulation of triacylglycerol in hepatocytes [81,83,84].
PPARY is adipogenic in hepatocytes, hepatocyte specific knockout
of the PPARy in mice abolishes fat accumulation in livers than
wildtype control mice [85,86]. Additionally, PPARY knockout
in ob/ob mice increases circulating free fatty acids while reducing
hepatic lipids [84]. This leads to excess fat delivery to other body
organs, such as striated muscles, resulting in insulin insensitivity,
subsequently developing T2D [84,87]. PPARY is a two-edge sword,
on one edge, it benefits in reducing the lipid accumulation in liver
while promoting insulin insensitivity in muscles leading to T2D.

Using the knockout animal model, PPARy is lipogenic in
liver and its agonism creates hepatosteatosis. It is anticipated that
increase in PPARy expression in hepatocytes will increase DNL
and is reported among NAFLD patients [82,88]. In clinical trials,
however, the PPARy agonists, rosiglitazone, and pioglitazone,
exhibit significant reduction in hepatic fat accumulation which is
contrary to the observation in animal studies [89-91].

PPARSs activation can down-regulate inflammation. A knockout
of PPARa in mice led to prolonged inflammatory response [92].
In rodent model, PPARa ligands, fibrates, negatively regulate the
markers of inflammation, such as acute-phase response protein
secretion from liver which includes fibrinogen, and C-reactive
protein (CRP) [93]. Clinical trial among hyperlipidemic and
atherosclerotic patients, fibrate treatment reduces the plasma
levels of fibrinogen, CRE, TNFa, and interferon-y (IFNy). PPARy
ligands also decrease the production of inflammatory molecules
and cytokines from various cells, such as macrophages, dendritic
cells, and lymphocytes in addition to epithelial and smooth muscle
cells [94,95]. PPARy ligands treatment finds beneficial effects
due to anti-inflammatory effects on obesity-mediated insulin
resistance. The down regulation of inflammatory genes, such as
CRP, metalloproteinase-9 (MMP9), and TNFa may be the basis
of rosiglitazone mediated insulin sensitization effects in humans
[96]. Animal knockout of PPARy demonstrates that these animals
become more susceptible to experimentally induced inflammatory
bowel disease and arthritis [97,98]. PPARs reduce the inflammatory
markers via direct interference with inflammatory transcription
factors, such as NF-kB, AP-1, CAAT enhancer binding protein (C/
EBP), signal transduction and activation of transcription (STAT),
and nuclear factor activator (NF-AT) [64].

Adipose tissues are source of signaling molecules, such as TNFa
and adiponectin [99,100]. The putative adiponectin is not well
defined; however, adiponectin activates AMP-activated protein kinase
(AMPK) resulting in B-oxidation of fatty acids, compensating the
energy needs by reducing gluconeogenesis and insulin insensitivity
[101]. Treatment of ob/ob mice with adiponectin reduces hepatic
lipid level and TNFa [102]. Therefore, if the levels of adipokines can
be increased, it may offer protection against NAFLD. The clinical
trial with TZD has reported an increase in adiponectin level and
amelioration of hepatosteatosis [103,104]. TZD was found to be
a key player in adiponectin null mice which was dependent on
adiponectin [105]. One of the animal models for NAFLD is choline-
methionine deficient feeding model, studies in this animal model
support a direct role of adiponectin in NAFLD [105]. Recombinant
adiponectin may differ in glycosylation and therefore in the activity,
however, presence of adiponectin in multimeric forms could be

the reason of inconsistent results with recombinant adiponectin in

treating NAFLD patients [104].

In addition to activation of adiponectin by TZD, PPARY is also
activated which reduced the levels of TNFa from adipose tissues
and thus reduced the inflammation. Reduction in TNFa reduced
the phosphorylation of insulin receptor substrate (IRS) at tyrosine,
permitting the insulin mediated serine phosphorylation of IRS, thus
enhancing insulin activity, and increasing the insulin sensitivity
[106]. Activation of PPARY is beneficial for increasing insulin
sensitivity while it increases the adipose tissue, another co-morbidity.
Consequently, a PPARy agonist is needed which can increase the
sensitivity of insulin but not stimulate additional storage of fa, i.e.,
no effect on the body fat level.

Role of Farnesoid X Receptor in Lipid Metabolism

Farnesoid receptors (FXR) are two variants (FXRa and FXRp)
with FXRP being a pseudogene. Besides liver and intestine, it is also
expressed in adipose tissues, adrenal gland, and kidney [107]. FXR
plays a central role in bile acid metabolism [107]. FXR regulates
genes of lipid, glucose, and lipoprotein metabolism at transcriptional
levels. FXR increases nutrients absorption from intestine and
activates metabolism of nutrients after meal. The effect is defined as
gut:liver axis in the fed state [108]. Ligand mediated activation of
FXR reduces hepatosteatosis, inflammation, and fibrogenesis among
NAFLD patients. The FXR expressions in liver is decreased among
NAFLD patients with concomitant increase in LXR [109,110]. In
animal models, 6-ethylchenodeoxycholic acid (OCA) reduces both
steatosis and obesity [111]. OCA also decreases hepatosteatosis and
obesity among NAFLD patients [112]. A recent clinical trial indicates
that activation of FXR by agonist, OCA treatment for 72 weeks
of NASH patients improved hepatosteatosis, inflammation, and
fibrosis as compared to placebo-treated NASH patients [112]. FXR
inhibits SREBP-1c (activated in T2D patients) mediated lipogenesis
while activating PPARa [113]. OCA is a synthetic variant with 100-
fold higher activity compared with chenodeoxycholic acid which is a
natural bile acid [114]. OCA treatment of NASH patients worsened
certain parameters, such as cholesterol and HOMA-IR which is a
negative observation and does not fit to NAFLD parameters [112].
Hypercholesterolemia was observed with OCA treatment in clinical
trial, the FXR ligand obeticholic acid in NASH treatment (FLINT)
study [112]. The contrasting benefits require further clinical trials
using synthetic ligands. In certain studies, FXR activation has been
observed to exacerbate weight increase and glucose intolerance

[115,116].
Role of LXR and CAR in Lipid Metabolism

There are two isotypes of LXR: LXRa which is expressed in the
liver, kidneys, intestines, adrenal glands, and the lungs and LXRf
(also known as ubiquitous receptor) which can be found nearly in
all organs and tissues [117-119]. LXRs contribute to metabolism of
various substances including hepatic glucose, lipids, and cholesterol;
as a result, they can protect against certain disorders such as
atherosclerosis, diabetes, chronic inflammation, Alzheimer disease,
cancer, and lipid disorders [120-123]. Endogenous substances
such as 27-hydroxycholesterol, 22(R)-hydroxycholesterol, 20(S)-
hydroxycholesterol, 24(S)-hydroxycholesterol and 24(S), and 25-
epoxy cholesterol, which are oxidative products of cholesterol, can
stimulate both LXRa and LXRP receptors [118,124,125]. LXRs
activation will enhance hepatic fatty acid synthesis by promoting
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expression of the enzymes, fatty acid synthase, ACCI1, stearoyl-CoA
desaturase 1 and also SREBP-1c¢ [53,126,127]. Stimulation of LXRs
can also invert cholesterol transports resulting in overall reduction
of cholesterol in the body through induction of sterol metabolism
and transporter systems like CYP7A1, ATP-binding cassette sub-
family A member 1, 5 and 8, and apolipoprotein E [128-130]. LXR
stimulators were found to reduce hepatic and blood cholesterol levels
and improve glucose tolerance in mice studies; some LXR promoters
with single nucleotide polymorphisms (SNPs) like rs35463555
and 1517373080 have showed to regulate sensibility to T2D using
human functional and genetic analysis [131].

Constitutive androstane receptor (CAR) is a member of the
NR1I3 family, only expressed in liver and functions as xenobiotic
nuclear receptor [132]. Although CAR was initially defined
as orphan nuclear receptor, ligand binding can lead to nuclear
translocation [132]. CAR not only has a fundamental role in the
regulation of drug metabolism, but also in energy homeostasis and
cancer development by modulating the transcription of its several
target genes [133]. Structurally, CAR and typical NRs have similar
functional characteristics, including a highly variable N-terminal
AF1 domain, a DNA binding domain (DBD), a ligand-binding
domain (LBD), and a C-terminal AF2 domain [133].

The effect of CAR on lipid metabolism is controversial. Manty
studies have demonstrated that modulation of CAR might lead
to changes in hepatic triglyceride levels and therefore, forms an
important adverse outcome pathway (AOP) in metabolic effects
of xenobiotic compounds [134,135]. In rodent studies, CAR has
been identified as a crucial factor in safeguarding against steatosis by
inhibiting the production of fats and sugars. Moreover, stimulating
CAR activity has been shown to provide protection against fatty
liver [136]. Activation of CAR has been linked to improving hepatic

steatosis and fatty liver by inhibiting lipogenesis and B-oxidation in
high fat diet (HFD)-fed and TCPOBOP-treated mice [137,138].
Treating mice with high levels of lipids using CAR agonists decreases
the amount of cholesterol in the liver by promoting its conversion
into bile acids. Activation of CAR lowers the levels of bile acids in
the bloodstream by increasing the expression of genes responsible for
bile acid metabolism and elimination, including CYPs, UGTs, and
SULTs [139,140].

Current Clinical Trials for NAFLD

Targeting fat accumulation in liver is the key in the treatment
of NAFLD. This can be achieved by blocking fat absorption
from intestine, regulating fat metabolism, and/or treating T2D
using various drugs. New drugs are developed to achieve the goal
of attacking fat accumulation in liver, many are under different
phases of preclinical and/or clinical trials (Table 1) for NAFLD
and associated diseases. For example, ezetimibe, which inhibits
cholesterol absorption at the brush border of the small intestine
mediated by the sterol transporter Niemann-Pick Cl-Like-1
(NPCI1L1), was approved by the FDA in 2022 and now under
clinical trial for NAFLD and associated diseases [157]. Drugs
targeting fatty acid synthase inhibitors are also under clinical
trials to treat NAFLD and associated diseases. T2D treatment by
inhibiting sodium glucose type 2 transporter (SGLT?2) inhibitors
(e.g., dapagliflozin, empagliflozin, tofogliflozin and ipragliflozin)
are under trial for NAFLD and associated conditions. Another
class of drug which is currently used for T2D treatment which are
agonist of glucagon like peptide-1 (GLP-1), such as semaglutide,
efinopegdutide, and liraglutide, are also used for weight reduction
are under clinical trials for NAFLD and associated diseases. Drugs
targeting nuclear receptors especially using fibrates for PPARa
(pemafibrate) and PPARY (-glitazones, such as pioglitazone) are also

Table 1. Review of drugs used in the treatment of non-alcoholic fatty liver disease.
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two-center, the bro ortii)n SO e receiving semaglutide and (estimated) and more subjects
phase 1 clinical, achinir? p— redchtion " 30 subjects (90.9%) receiving | achieved > 30% reduction in liver fat
pharmacology trial. liver . g= °f baseli placebo completed the trial. content with semaglutide at weeks 24,
iver fat content from baseline. | -4 had evaluable 48-week. 48 and 72.
84 patients were randomly
assigned 2:1 by a computer-
Multicenter, el changg Loty e sjystem toreceive Resmetirom-treated patients showed
. assessed hepatic fat compared | resmetirom 80 mg or A . .
. randomized, . . . a relative reduction of hepatic fat
Harrison et - with placebo at week 12 in matching placebo orally
double-blind, . B . compared to placebo (at week 12
al.[142] patients who had both a once a day. Serial hepatic fat .
placebo-controlled, . . (-32.9% resmetirom vs —10.4%
hase 2 trial baseline and week 12 MRI- measurements were obtained e
P : PDFF. at weeks 12 and 36, and :
a second liver biopsy was
obtained at week 36.
40 eligible paltlents were Changes in hepatic steatosis after
Open-label, randomly assigned (1:1)
. . . L 24 weeks of treatment showed a
Yoneda et prospective, single- | Absolute change in MRI-PDFF | to receive either 20 mg L .
. e significant decrease in both groups
al. [143] center, randomized | at 24 weeks. tofogliflozin or 15-30 mg . S
. . . (=7.54% and —4.12% in the pioglitazone
clinical. pioglitazone, orally, once daily and tofogliflozin groups, respectively)
for 24 weeks. 9 groups, resp v
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44 patients with T2D and IHL decreased more in the
NAFLD were randomly empagliflozin (-5.2%) than in the
Hirumaet | Randomized Changes in (H-MRS) assigned to receive either sitagliptin group (=1.9%).
al. [144] controlled trial. £ ’ empagliflozin 10 mg/day or | Early administration of SGLT2 inhibitors
sitagliptin 100 mg/day for 12 | is preferable for T2D patients with
weeks. NAFLD.
Phase lla, 145 participants were
randomized, . . randomized 1:1 to The relative reduction from baseline
Romero- . Relative reduction from . . .
. active-comparator- L efinopegdutide 10 mg in LFC at week 24 was significantly
Gomez et baseline in LFC (%) after 24 . . .
al. [145] controlled, parallel- B g e or semaglutide 1 mg greater with efinopegdutide (72.7%)
: group, open-label ’ subcutaneously once weekly | than semaglutide (42.3%).
study. for 24 weeks.
70 participants with Significant reductions from baseline for
confirmed NAFLD were both combination and monotherapy
Choetal Open label Liver fat change measured as assigned to receive either groups (12.3-18.1% and 12.4-15.0
[146] ’ randomized average values in each of nine | ezetimibe 10 mg plus respectively). Individuals with higher
controlled trial. liver segments by (MRI-PDFF). | rosuvastatin 5 mg daily or BMI, T2D, insulin resistance, and severe
rosuvastatin 5 mg for up to liver fibrosis were good responders to
24 weeks. treatment with ezetimibe.
Nonsignificant difference between
) Primary: percentage change the groups in the primary endpoint
Double-blind, . :V p 9 ang 118 patients randomized (1:1) | (=5.3% vs —4.2%). Stiffness, determined
" placebo-controlled, | in MRI-PDFF from baseline to / .
Nakajima et randomized - to either 0.2 mg pemafibrate by MRE, significantly decreased from
al. [147] multicenter. phase o or placebo, orally, twice daily | Placebo at week 48 (difference -5.7%).
2 trial P '::;g_nki Z’é’&?iizerrgilfr:zl;n @i for 72 weeks. Pemafibrate did not decrease liver fat
: levels but significantly reduced MRE-
based liver stiffness.
Among the 222 patients who
h b 1. Improvement in fibrosis underwent randomization, The percentage of patients who met
P asg 2b, (reduction by >1 stage) with 219 received subcutaneous NASH criteria were 2% in placebo, 37%
L b (ngrer;,tﬁr'd . no worsening of NASH at pegozafermin (fibroblast in 15-mg pegozafermin, 23% in 30-mg
a??::g? et WZ:k ?;ntlir:)r;ﬂze_d week-24. growth factor 21 analogue) pegozafermin group, and 26% in the
' Dlacebo.controlled | 2- NASH resolution without | atadoseof 15mgor30mg | 44-mg pegozafermin groups.
il worsening of fibrosis at week- | weekly or 44 mg once every Pegozafermin improved fibrosis and
24, 2 weeks or placebo weekly or | warrants a phase 3 trial.
every 2 weeks.
In the liraglutide and sitagliptin groups,
MRI-PDFF significantly decreased
105 patients were from baseline to week 26 (liraglutide,
rand?)mized 14141 to receive 15.4% to 12.5% and sitagliptin, 15.5%
. R " to 11.7%). MRI-PDFF VAT did not
Open-label, active- . . either subcutaneous o .
Change in [HL from baseline ; . . change significantly from baseline in
Yan et al. controlled, parallel- . liraglutide 1.8 mg once daily, L2 .
. to week 26 as quantified by TN the insulin glargine group. MRI-PDFF,
[149] group, multicenter oral sitagliptin 100 mg once . : .
) MRI-PDFF. . . . VAT in the liraglutide group was
trial. daily, or subcutaneous insulin | . . - . .
. . significantly higher than in the insulin
glargine at bedtime plus larai
metformin for 26 weeks glargine group (-4.0 vs —0.8), and MRI-
’ PDFF, VAT in the sitagliptin group was
also significantly higher than in the
insulin glargine group (—3.8 vs. —0.8).
Two reviewers searched Patients from both groups showed
PubMed, SCOPUS, Cochrane improvement in AST (WMD 1.21), ALT
Hameed et | A systematic review Change in ALT, AST, and GGT Central, and clinical.trial.s.gov | (WMD -0.46), GGT (WMD -0.47), and
al. [150] ang meta-analvsis and improvement in steatosis | for randomized controlled hepatic fibrosis (WMD 0.11). SGLT2
. ysis. and fibrosis. trials of patients with NAFLD inhibitors, however, resulted in a
with or without T2D receiving | significant decrease in VFA and body
TZDs, and SGLT2 inhibitors. weight.
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Participants were given e
ipragliflozin at a dose of Ipraglifozin significantly decreased
Primary: glycemic control and 5% n? once adavand a HbA1c, HbA1c did not change from
obesity. contr%l group W}}nlo performed its baseline in control group. None of
Takahashi Multicenter, qpen Secondary: hepatic outcomes et e e e the participants dgveloped NASH in
etal [151] label randomlzed (including changes in Tyl e exe’rcise treatment, .3.3.3% |n. control .dev.eloped
controlled trial. pathological findings between S A NASH. Participants in Ipraglifozin
the first and second liver antidiat;etic drugs except oy group with NASH at baseline (66.7%)
biopsies). SGLT2, pioglitazone, or GLP-1 showed .resolutlon without worsening
of fibrosis.
analogs, for 72 weeks.
Alterations in (LFC), and . .
Prospective, open pancreatic fat content (PFC) zigigewn;x;:giafnd At week 24, dapagliflozin group
Shietal. label, randomized, assessed by MRI-PDFF after assianed to receive ei{her significantly reduced LFC (P<0.001)
[152] controlled clinical 24 weeks of treatment, 9 . and PFC (P = 0.033) compared to the
dapagliflozin (n = 42) or serve
trial. comparing the dapagliflozin control group.
. as controls (n =42).
group with the control group.
In the LBAS (n=113), 8 (20%) of
Multicenter, 41 patients in placebo had an
randomized, Assess efficacy and safety 128 patients were randomly improvement in fibrosis of at least 1
Harrison et | double-blind, in patients with NASH and assigned to placebo (n=43), stage and no worsening of NASH by
al. [153] placebo-controlled, moderate (F2) or severe (F3) efruxifermin 28 mg (n=42), or | week 24 versus 15 (39%) of 38 patients
96-week, phase 2b fibrosis. efruxifermin 50 mg (n=43). in the efruxifermin 28 mg group,
trial. and 14 (41%) of 34 patients in the
efruxifermin 50 mg group.
Patients with biopsy-
. . . confirmed NASH and stage 2 | Aldafermin (analogue of gut hormone
Randomized, Improvement in liver fibrosis . K
. . A or 3 fibrosis were randomly fibroblast growth factor 19) was devoid
Harrison et | double-blind, of at least one stage with no R . . L
. assigned with 1:1:1:1 ratioto | of a significant dose response on
al. [154] placebo-controlled, | worsening of NASH at week . . ha
ey 24 receive placebo, aldafermin fibrosis improvement of at least one
P : : 0.3 mg, 1 mg, or 3 mg once stage with no worsening of NASH.
daily for 24 weeks.
Electronic databases,
Iannccljlfl'dhlzgcgz:mk:::z Iil;?xed A total of 22 RCTs involving 1698
were searched s stematiz'all eligible patients were analyzed. Both
for eliaible studi);s from Y| direct and indirect analysis indicated
Zhang etal. | Network meta- . . g that saroglitazar was significantly
. Network meta-analysis. inception to 20 July 2022. . e .
[155] analysis. RTCs investigated AST ALT superior to GLP-1RAs in improving ALT
and trial ce?ide Ievels’for ! levels. Metformin effects in improving
PPARagP)l,’ARy GLP-TRAs ALT levels were not as good as
agonist and metformin in salocliaect
patients with NAFLD.
Adults with > 8% liver fat, Liver fat increased in the placebo
assessed by MRI-PDFF, and cohort by 4.5% than baseline. TVB-
Randomized evidence of liver fibrosis 2640 reduced liver fat by 9.6% in
! . . by MRE > 2.5 kPa or liver the 25-mg cohort, and 28.1% in the
Loombaet | placebo-controlled, | Safety and relative changein : ; . . L
. . . biopsy. Ninety-nine patients 50-mg cohort. TVB-2640 significantly
al. [156] single-blind phase liver fat after treatment. . - . -
2a trial randomly received either reduced liver fat, fibrotic markers, and
’ placebo or 25 mg or 50 mg of | inflammation after 12 weeks, in a dose-
TVB-2640 (orally, once-daily dependent manner in patients with
for 12 weeks). NASH.

ALT: Alanine Transaminase; AST: Aspartate Aminotransferase; GGT: Gamma-Glutamyl Transferase; GLP-1Ras: Glucagon-Like Peptide-1 Receptor
Agonists; HbA1c: Hemoglobin A1c; H-MRS: Proton Magnetic Resonance Spectroscopy; IHL: Intrahepatic Lipid Content; kPa: Kilopascals; LBAS: Liver
Biopsy Analysis Set; LFC: Liver Fat Content; LFMRE: Liver Fibrosis by Magnetic Resonance Elastography; MRE: Magnetic Resonance Imaging; MRI-
PDFF: Magnetic Resonance Imaging-Proton Density Fat Fraction; NASH: Non-alcoholic Steatohepatitis; PFC: Pancreatic Fat Content; RCT: Randomized
Controlled Trials; T2D: Type-2 Diabetes; VAT: Visceral Adipose Tissue; WMD: Weighted Mean Differences
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under clinical trials. Similarly, fibroblast growth factors (FGF), such
as FGF21 (pegozafermin) and FGF19 (efruxifermin) analogues are
under clinical trials. FGFs are regulators of metabolism and have
found application in management of diabetes. Studies demonstrate
that FGF21 reduces blood glucose and triglycerides and brings to
almost normal levels, the reason used for clinical trials of FGFs
for NAFLD. These clinical trials for classes of drugs like SGLT2
inhibitors, PPARs agonists, fatty acid synthase inhibitor, cholesterol
absorption inhibitor, FGF agonist, and GLP-1 receptor agonist are
summarized in Table 1. Resmetiron has recently been approved
by Food and Drug administration (FDA) for the treatment of
noncirrhotic and non-alcoholic  steatohepatitis. Resmetirom is
a highly selective thyroid hormone receptor-B (TRP), a nuclear
receptor superfamily, agonist. Resmetirom significantly decreases
intra-hepatic lipids mainly through increased mitochondrial
oxidation and thus improving hepatocyte mitochondrial function in
NASH patients [158].

Concluding Remarks

NAFLD and NASH incidences are increasing worldwide. The
scourge of obesity and T2D is linked to the development of NAFLD
which can progress to NASH. There is no effective treatment but
only exercise to increase the insulin sensitivity as an attempt to
ameliorate T2D to lower the effects of insulin on NAFLD. The other
prospects of future remedy could be adiponectin when the putative
uniformly active recombinant adiponectin can be identified and
produced for treatment. There are other targets for treatment which
includes nuclear receptors, especially PPARy. The prospects of an
agonist of PPARY to be successful include that the agonist is active
in liver but is devoid of effects on adipose tissues as PPARY increases
the amounts of adipose tissues and thus exacerbate obesity in the
individuals who are already suffering from obesity and its associated
effects of NAFLD. Many clinical trials are currently exploring this
path for possible treatment of NAFLD and its progression to NASH.
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