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Nuclear receptors and transcriptional regulation
in non-alcoholic fatty liver disease
Yang Xiao 1,2, Mindy Kim 1,2, Mitchell A. Lazar 1,2,3,*
ABSTRACT

Background: As a result of a sedentary lifestyle and excess food consumption in modern society, non-alcoholic fatty liver disease (NAFLD)
characterized by fat accumulation in the liver is becoming a major disease burden. Non-alcoholic steatohepatitis (NASH) is an advanced form of
NAFLD characterized by inflammation and fibrosis that can lead to hepatocellular carcinoma and liver failure. Nuclear receptors (NRs) are a family
of ligand-regulated transcription factors that closely control multiple aspects of metabolism. Their transcriptional activity is modulated by various
ligands, including hormones and lipids. NRs serve as potential pharmacological targets for NAFLD/NASH and other metabolic diseases.
Scope of review: In this review, we provide a comprehensive overview of NRs that have been studied in the context of NAFLD/NASH with a focus
on their transcriptional regulation, function in preclinical models, and studies of their clinical utility.
Major conclusions: The transcriptional regulation of NRs is context-dependent. During the dynamic progression of NAFLD/NASH, NRs play
diverse roles in multiple organs and different cell types in the liver, which highlights the necessity of targeting NRs in a stage-specific and cell-
type-specific manner to enhance the efficacy and safety of treatment methods.
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is increasing in lockstep with
the obesity pandemic [1]. NAFLD refers to fat accumulation in the liver
and is mostly asymptomatic. However, approximately 20% of NAFLD
patients progress to a more advanced stage of NAFLD called non-
alcoholic steatohepatitis (NASH) that is characterized by inflamma-
tion and fibrosis in addition to fatty liver and often leads to liver
dysfunction and liver cancer. Currently, there is no FDA-approved
pharmacological therapy for NASH [2].
The nuclear receptor (NR) superfamily has great potential for thera-
peutic targeting, especially for metabolic diseases [3], and serves as a
target for w16% of approved small molecule drugs [4]. NRs function
directly at the genome to control transcription, often in response to
small lipophilic ligands. Endogenous ligands include steroid and thy-
roid hormones, retinoids, and metabolites of vitamins, fatty acids, and
cholesterol [5]. Drugs targeting numerous NRs, including farnesoid X
receptor (FXR), peroxisome proliferator-activated receptors (PPARs),
and thyroid hormone receptor (TR), are currently in clinical trials for
treating NASH. However, while this review was being written, one
promising candidate, the FXR agonist obeticholic acid, proved to be
disappointing in phase III clinical trials as significant fibrosis resolution
was not observed [6]. Thus, understanding NRs’ biology at a finer
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resolution is imperative for enhancing the efficacy and safety of po-
tential NASH treatments.
Humans have 48 NRs as defined by shared structural and functional
features, including DNA-binding and ligand-binding domains (DBD and
LBD, respectively), which have been comprehensively summarized
[3,7]. NRs with known important functions in the liver have been re-
ported to play a role in NAFLD/NASH development. NAFLD/NASH is a
multicellular disease during its progression, and NRs regulate a variety
of metabolic and inflammatory pathways in different liver cell pop-
ulations (Figure 1). NRs with particular relevance to NAFLD/NASH are
discussed in four groups. The first group comprises classical hormone
receptors, including glucocorticoid receptor (GR), estrogen receptor
(ER), thyroid hormone receptor (TR), and vitamin D receptor (VDR). The
second group consists of peroxisome proliferator-activated receptors
(PPARs), liver X receptor (LXR), farnesoid X receptor (FXR), and preg-
nane X receptor (PXR), which mainly utilize dietary lipids as their li-
gands. Many of these NRs function as heterodimers with retinoid X
receptor (RXR) [5]. The third group contains REV-ERBs and retinoic acid
receptor-related orphan receptors (RORs), which were both tradition-
ally categorized as orphan receptors but are now featured with well-
studied circadian transcriptional regulation. The fourth group is
composed of orphan receptors whose endogenous ligands remain
uncertain, including estrogen-related receptor (ERR), constitutive
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Figure 1: Nuclear receptors (NRs) in the development and potential treatment of NAFLD/NASH. Numerous ligands, including bile acids, fatty acids, hormones, and drugs,
bind to NRs and modulate their transcriptional activity. In hepatocytes and other cell types in the liver, NRs control multiple metabolic and inflammatory processes that influence the
development of NAFLD/NASH. Although specific pathways are more commonly associated with particular hepatic cell types, it should be recognized that some or all may pertain to
multiple cell populations.

Review
androstane receptor (CAR), small heterodimer partner (SHP), and he-
patocyte nuclear factor 4 a (HNF4a).

2. CLASSICAL HORMONE RECEPTORS

2.1. Glucocorticoid receptor (GR)
The GR plays essential roles in regulating the transcription of genes
related to glucose homeostasis, stress response, and inflammation. GR
is activated upon binding of an endogenous glucocorticoid (cortisol in
humans) as well as pharmaceutical ligands, which are commonly
prescribed as anti-inflammatory drugs. Fatty liver is one of many
adverse metabolic effects of chronic glucocorticoid usage [8].
GR has two major isoforms, of which GRa is more thoroughly studied
and responsive to glucocorticoids [9]. The canonical view is that GR
undergoes conformational changes upon ligand binding that allows for
the dimerization and translocation to the nucleus and then binds to a
GR-binding site (GBS) to drive gene transcription by recruiting tran-
scriptional coactivators such as the SRC family [10]. GR has also been
shown to repress gene expression through different mechanisms such
as transrepression or acting through non-canonical GBS [11,12]. In the
liver, CCAAT-enhancer-binding protein beta (CEBPb) maintains chro-
matin accessibility for GR binding [13]. GR monomers have also been
found to co-localize with another NR, HNF4a, on chromatin. Hepatic-
specific effects of GR action may involve interactions with physiolog-
ically regulated coactivators such as peroxisome proliferator-activated
receptor gamma coactivator 1 alpha (PGC-1a), which is induced by
fasting [14]. The fasting state alters the chromatin landscape by
exposing enhancer sites and allows crosstalk to occur between GR and
cAMP-responsive element-binding protein 1 (CREB1) for increased
expression of gluconeogenic genes in a short fasting period or between
GR and peroxisome proliferator-activated receptor alpha (PPARa) in
expressing ketogenic or fatty acid oxidation genes during prolonged
fasting [15]. Glucocorticoid levels have a circadian rhythm [16] and,
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intriguingly, higher circulating concentrations of glucocorticoids during
the night promotes GR binding to distant metabolic enhancers asso-
ciated with lipid and amino acid metabolism in rodents [17]. The
circadian NR, REV-ERBa, has been suggested to maintain temporal
glucocorticoid response of genes involved in carbohydrate and lipid
metabolism but not inflammation [18].
Mouse models have demonstrated links between GR and NAFLD. Due
to the essential role of GR for survival, global knockout mouse models
are not viable [19]. Liver-specific GR knockout mice have normal
hepatic histology [20], but loss of GR in the livers of genetically obese
mice, db/db mice, ameliorates the hepatic steatosis phenotype by
derepressing the direct GR target gene, hairy enhancer of split 1 (Hes1)
[21] (Table 1). Macrophages have been shown to closely mediate
inflammation in NASH [22], and decreased GR expression in Kupffer
cells contributes to obesity-induced liver inflammation by lowering the
expression of a direct GR target anti-inflammatory effector,
glucocorticoid-induced leucine zipper (Tsc22d3) [23]. Comprehensive
genome-wide binding studies of macrophage GR revealed a more
complex transcriptional regulation mechanism [24].
In NAFLD patients, serum and urinary cortisol levels are elevated [25].
GR expression was shown to negatively correlate with liver steatosis
and inflammation but not fibrosis in a cohort of pediatric NAFLD pa-
tients [26]. Conversely, glucocorticoid therapy, which is widely used to
treat inflammatory disorders, may contribute to NAFLD [27] in part by
stimulating lipolysis in adipose tissue [28]. Even with the potential of
glucocorticoids in ameliorating inflammation in NASH, given the
complex pharmacology, GR is not necessarily an attractive target for
NAFLD/NASH treatment.

2.2. Estrogen receptor (ER)
Estrogens are essential for the development and function of the
reproductive system, especially in females. The effects of the classic
estrogenic hormone estradiol (E2) are mediated by ER [29e31]. There
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Summary of nuclear receptors involved with transcriptional regulation in NAFLD/NASH.

Nuclear receptor Alias used
in this review

Gene name Endogenous
ligands

Knockout (KO) mouse models NASH therapeutics in clinical trials

Classical hormone receptors
Glucocorticoid
receptor

GR NR3C1 (human)
Nr3c1 (mouse)

Cortisol Global KO models are not viable [19].
Liver-specific KO mice have normal hepatic
histology [20].
Liver-specific KO in db/db mice ameliorates
hepatic steatosis phenotype [21].

None

Estrogen receptor aa ERa ESR1 (human)
Esr1 (mouse)

Estradiol Global and liver-specific KO of ERa induces
hepatic steatosis [44].

None

Thyroid receptor ba TRb THRB (human)
Thrb (mouse)

Thyroid hormone Expression of a TRb mutant that is unable to
bind to TH led to hepatic steatosis [69].

TRb agonists (MGL-3196 and VK2809
[66,72,73])

Vitamin D receptor N/A VDR (human)
Vdr (mouse)

1,25(OH)D3, bile acid VDR-deficient mice have various reported
hepatic inflammation and fibrosis phenotypes
[81e85].

None

Non-steroid hormone receptors
Peroxisome
proliferator-
activated receptor
aa

PPARa PPARA (human)
Ppara (mouse)

Fatty acid derivatives Global KO and liver-specific KO have
exacerbated liver steatosis and obesity
phenotype induced by HFD or NASH diets
[93,98,99].

Fibrate drugs (clofibrate and fenofibrate
[104,105])
PPARa/d agonist (elafibranor [106])

Peroxisome
proliferator-
activated receptor
ga

PPARg PPARG (human)
Pparg (mouse)

Fatty acid derivatives Liver-specific KO protected mice from fatty
liver in HFD-induced or obese mouse models
[110,111].

PPARg agonists (rosiglitazone and
pioglitazone [120e124])
PPARa/g dual agonist (saroglitazar
[120])

Liver X receptor aa LXRa NR1H3 (human)
Nr1h3 (mouse)

Oxidized cholesterol
derivatives

Global and liver-specific KO mice had
cholesterol accumulation in the liver when
fed a high-cholesterol diet [129,134].

None

Farnesoid X receptor FXR NR1H4 (human)
Nr1h4 (mouse)

Bile acids Global KO led to systemic and hepatic
elevation of cholesterol and triglyceride levels
[171].

FXR agonists (obeticholic acid [6,174])

Pregnane X receptor PXR NR1I2 (human)
Nr1i2 (mouse)

Endobiotics (bile acid,
cholesterol and steroid
derivatives)

PXR deficiency has various reported effects
on NAFLD [180e183].

None

Circadian nuclear receptors
REV-ERBa REV-ERBa NR1D1 (human)

Nr1d1 (mouse)
Heme Global KO led to decreased bile acid

synthesis and accumulation of hepatic
steatosis [190,205].

None

REV-ERBb REV-ERBb NR1D2 (human)
Nr1d2 (mouse)

Heme Global REV-ERBa/b KO exacerbated hepatic
steatosis phenotype that was present in REV-
ERBa null mice [196].
Liver-specific REV-ERBa/b KO had increased
hepatic triglyceride levels under HFD
conditions [207].

None

Retinoic acid receptor-
related orphan
receptor a

RORa RORA (human)
Rora (mouse)

Cholesterol derivatives Global or liver-specific RORa deficiency has
various reported effects on NAFLD [218
e220].
Monocyte/macrophage-specific KO
exacerbated HFD-induced hepatosteatosis
and inflammation [222].

None

Retinoic acid receptor-
related orphan
receptor g

RORg RORC (human)
Rorc (mouse)

Cholesterol derivatives Both global and liver-specific KO models had
improved insulin sensitivity and reduced
hepatic gluconeogenesis [223].
RORa/RORg double-KO elevated hepatic
triglyceride levels in mice treated with HFD
[217].

None

Orphan receptors
Estrogen-related
receptor aa

ERRa ESRRA (human)
Esrra (mouse)

Endogenous ligand
unclear

Global KO mice were resistant to HFD-
induced NAFLD [234].

None

Constitutive
androstane
receptor

CAR NR1I3 (human)
Nr1i3 (mouse)

Endogenous ligand
unclear

Global KO mice had reduced serum
triglyceride levels on an HFD without
increased hepatic triglyceride levels [247]
and attenuated NASH diet-induced fibrosis
[248].

None

Small heterodimer
partner

SHP NR0B2 (human)
Nr0b2 (mouse)

No confirmed
endogenous ligands

SHP deficiency has various reported effects
on NAFLD/NASH [259e262].

None

Hepatocyte nuclear
factor 4a

HNF4a HNF4A (human)
Hnf41 (mouse)

Potentially fatty acids Global KO leads to early embryonic lethality
[281].
Liver-specific KO has fatty liver,
hepatomegaly, and increased plasmid bile
acid levels [276,282].

None

a The selected isoforms of the respective NRs presented in this table are those that are more relevant for NAFLD/NASH.
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Review
are two ER isoforms [32], with ERa being the most well-characterized
in the liver. Upon binding to an estrogenic ligand, ERs disassociate
from cytoplasmic heat shock protein 90 and translocate into the nu-
cleus [33], although recent studies have shown that E2 is not abso-
lutely required for the transcriptional and DNA-binding activity of ERs
[34]. ERs recruit coactivators of the p160 (SRC) family to activate target
gene transcription. ERa also indirectly binds to DNA in a tethered
fashion through other transcription factors such as the Forkhead box
(FOX) family and activator protein 1 (AP-1), which can activate or
repress transcription activity of target genes [35e37].
The pattern of ER binding to chromatin is tissue-specific. The common
ER-binding sites between the liver and other tissues match the ca-
nonical estrogen response elements (ERE), and these sites are less
accessible prior to E2 treatment. In contrast, liver-specific ER binding is
suggested to occur through tethering, and binding is more accessible
prior to E2 induction [38,39]. In the liver, the majority of ERa-binding
sites are enriched with the transcription factor AP-1, suggesting that
the dominant mode of binding in chromatin is cooperative. Genes with
enriched ERa-binding sites at promoter regions such as Nr0b2 (SHP)
and Stat3 are associated with lipid and glucose metabolism [40]. The
beneficial effect of estradiol on the liver, including repressing lipid
biosynthesis and gluconeogenesis, can be indirectly mediated by a
direct target of ERa, Stat3 [41,42]. The activation of Stat3 has been
corroborated in isolated hepatocytes [43].
Multiple genetic mouse models of whole-body or liver-specific ERa
knockout have been reported. Loss of ERa induces hepatosteatosis in
both male and female mice [44] (Table 1). Liver-protective metabolic
effects of estrogen are mediated not only by hepatic ERs, but also
through its function in extrahepatic tissues such as promoting fatty
acid oxidation and insulin response in skeletal muscle and adipose
tissue [45,46]. Interestingly, the estrous cycle has been shown to in-
fluence the liver transcriptome in female mice, with the lowest
expression of hepatic lipid synthesis genes when estrogen was at the
highest level; acute E2 treatment of mice also decreased the
expression of these lipid-synthesis genes [47]. In humans, meno-
pausal women are at increased risk of developing NAFLD [48,49].
Estrogen treatment of diabetic patients demonstrated a protective
effect on the liver as well as whole-body metabolism [50], but at
present, ER is not a widely investigated clinical target for NAFLD/NASH
therapies.

2.3. Thyroid hormone receptor (TR)
Thyroid hormones (TH) crucially control growth and metabolism. Triio-
dothyronine (T3), the major active form of TH, can both upregulate and
downregulate genes involved in lipid, carbohydrate, and amino acid
metabolism. For example, T3 activates the transcription of fatty acid
anabolism genes Fasn and Acaca [51,52] and the lipid catabolism gene
zinc-a2-glycoprotein [53]. T3 also negatively regulates the transcription
of lipogenic genes such as Srebf1 and Vldlr [54,55]. Two major re-
ceptors, TRa and TRb, mediate TH actions [56,57]. TRb is the pre-
dominant isoform in the liver and regulates transcription by binding to TH
response elements (TREs) in chromatin, predominantly as heterodimers
with RXR [58,59]. Other NRs that heterodimerize with RXR such as LXR
[60] and PPARa [61], have been shown to bind to TRE-binding elements,
indicating a competition mechanism among these NRs.
In the absence of TH, TR represses basal gene expression by recruiting
a corepressor complex containing nuclear receptor corepressor (NCoR)
and histone deacetylase 3 (HDAC3) [62,63]. TH binding leads to the
dissociation of TR from corepressors while stabilizing the recruitment
of coactivators such as the SRC family, which results in chromatin
becoming more accessible and increasing gene transcription [64]. This
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model is likely oversimplified, as recent studies suggested that sup-
pression of some TRb1 target genes in the hypothyroid liver is NCoR1-
independent [55], while others showed that the corepressor can be
dismissed without further recruitment of coactivators or remain at
functional enhancers while coactivators are recruited [65].
Preclinical studies have demonstrated a protective role for TH in NAFLD
[66,67]. Conversely, mice expressing a TRb mutant that cannot bind
TH (TRbPV) developed liver steatosis [68] (Table 1). TR agonism targets
various steps of lipid metabolism and reduces hepatic steatosis and
inflammation in rats and mice [69,70], and there is epidemiological
evidence that hypothyroidism is a risk factor for NAFLD [71]. In
humans, several thyroid hormone receptor b (TRb) agonists have
demonstrated beneficial effects in clinical trials in reducing serum and
liver lipid levels as well as improving liver function in patients with
NAFLD/NASH [66,72,73].

2.4. Vitamin D receptor (VDR)
VDR mediates the genomic actions of vitamin D. VDR can either
homodimerize or heterodimerize with RXR on DNA [74]. The major
active form of vitamin D is 1,25(OH)2D3, and the VDR ligand converts
DNA-bound VDR homodimers into VDR-RXR heterodimers [75], which
recruit corepressors or coactivators to regulate gene transcription [76].
While best known for its physiological function in skeletal health [77],
vitamin D has more recently been implicated in metabolic syndrome
and NAFLD [78].
In rodent models, exposing mice to artificial sunlight or treating them
with 1,25(OH)2D3, attenuated high-fat diet (HFD)-induced hepatic
steatosis and NASH diet-induced liver inflammation and fibrosis
[79,80]. However, there is some controversy regarding the function of
VDR. Several groups reported that VDR-deficient mice are resistant to
HFD-induced or ob/ob model-induced liver steatosis and inflammation
by reducing lipid synthesis and increasing fatty acid oxidation [81e83],
while other long-term studies reported that the lack of VDR can
exacerbate hepatic inflammation and fibrosis [84,85] (Table 1).
Notably, although VDR has minimal expression in normal hepatocytes,
it is upregulated in NAFLD [83]. However, non-parenchymal cells in the
liver, especially stellate cells, Kupffer cells, and biliary epithelial cells,
exhibit abundant expression of VDR [84,85]. The VDR agonist calci-
potriol or 1,25(OH)2D3 is able to ameliorate TGF1b-induced stellate
cell activation in vitro, and HFD-induced liver steatosis and inflam-
mation in vivo [84,85]. In stellate cells, the proposed mechanism in-
volves genomic antagonism between VDR and TGF-b downstream
effector Smad3 [85].
This paradox of physiological effects between VDR and vitamin D can
be explained by their distinct functions, including a VDR-independent
mechanism in mediating the biological effect of vitamin D and the
receptor’s ability to bind to other endogenous ligands such as bile acid
[86]. Moreover, the conflicting results of VDR function in NAFLD may be
attributed to the diverse roles of VDR at different stages of NAFLD
development [83,87]. This notion is supported by upregulated VDR in
the liver of NAFLD human patients with simple steatosis but to a lesser
extent in individuals with NASH [83], suggesting the necessity of
interrogating VDR function with NAFLD progression in a tissue/cell-type
specific manner. As the role of VDR is not fully clear, there are currently
no clinical trials targeting VDR for treating NAFLD/NASH.

3. NON-STEROID HORMONE RECEPTORS

3.1. Peroxisome proliferator-activated receptors (PPARs)
PPAR, as a key regulator of lipid metabolism, is one of the most
thoroughly studied NRs in the context of NAFLD. PPAR has three
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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isoforms, alpha (a), beta/delta (b/d), and gamma (g), which are
distributed differently across tissues [88]. PPARa is mainly expressed
in the liver and brown adipose tissue. PPARb/d is more ubiquitously
expressed. PPARg is predominant in adipose tissue but can be robustly
induced in the liver in obese/NAFLD conditions [89,90]. Fatty acid
derivatives are the main endogenous ligands of PPARs. PPARb/
d shares several similar functions to PPARa in terms of promoting fatty
acid oxidation and improving NAFLD by functioning in the liver and
extrahepatic tissues [91,92]. However, few studies have generated a
comprehensive view of transcriptional regulation of PPARb/d in the
liver. Therefore, we focus mainly on PPARa and PPARg in this review.

3.1.1. PPARa
PPARa is a nutrient sensor and its expression and activity in the liver
can be stimulated by fasting or HFD [93]. The regulation of tran-
scription by PPARa in various contexts has been comprehensively
detailed elsewhere [94]. In the liver, PPARa binds to chromatin, often
as a heterodimer with RXR, and upon ligand binding, lipid catabolism is
largely promoted by activating genes associated with mitochondrial
and peroxisomal fatty acid oxidation [95]. PPARa also exerts repres-
sion activity on gene transcription, in some cases by PPARa interfering
with the recruitment of GR [96], and in others by tethering to other
transcription factors [94].
PPARa plays an important role in NAFLD development. In mouse
models, HFD elevates hepatic PPARa expression in a circadian
rhythmic manner. Interestingly, the lipid-lowering effect of a PPARa
agonist is more prominent at the peak expression of PPARa [97].
PPARa null and liver-specific PPARa knockout mice both exacerbated
HFD- or NASH diet-induced obesity and liver steatosis [93,98,99]
(Table 1). Moreover, PPARa inhibits NASH diet-induced fibrotic and
inflammatory gene expression by physically interacting with NF-kB and
AP-1 [95,100].
In humans, PPARa expression negatively correlates with NASH severity
[101]. Fibrate drugs that mainly activate PPARa such as clofibrate and
fenofibrate have been used clinically to treat elevated triglyceride levels
[102,103], but their effect on NASH has been disappointing [104,105].
However, a dual PPARa/d agonist elafibranor showed promise as a
NASH therapy in a clinical trial [106].

3.1.2. PPARg
PPARg is the master regulator of adipocyte biology [107]. The domi-
nant chromatin-binding mode of PPARg is to form a heterodimer with
RXR and switch from corepressor to coactivator complex recruitment
upon ligand activation [108]. It is expressed at very low levels in the
liver. However, interestingly, HFD upregulates hepatic PPARg
expression in a circadian rhythmic manner and results in an oscillatory
change of target gene expression [97,109]. Hepatocyte-specific
deletion of PPARg protects mice from fatty liver in HFD-induced or
obese mouse models [110,111] by reducing the expression of genes
associated with lipogenesis and lipid transport (Table 1). Paradoxically,
PPARg agonists, including anti-diabetic thiazolidinedione drugs
(TZDs), are able to ameliorate NAFLD in part by redirecting fatty acids
and triglycerides to be stored in adipose tissue [112].
PPARg is also present in Kupffer cells and stellate cells. Indeed, PPARg
agonists reduce the expression of pro-inflammatory genes in Kupffer
cells, contributing to the amelioration of inflammation in HFD-induced
hepatosteatosis [113]. The anti-inflammatory effect of PPARg can be
explained by its transrepression activity [114]. Furthermore, the PPARg
cistrome in peritoneal macrophages revealed that macrophage lineage
factors SPI1 (PU.1) and CEBPb co-occupy with PPARg [115,116],
which then enhance permissive chromatin configuration compared to
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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sites with PPARg binding alone. Ectopic expression of PPARg in
macrophages selectively enhances chromatin accessibility and gene
transcription at sites that may be open prior to PPARg binding but not
at sites with repressive histone marks, suggesting a facilitating role of
PPARg in regulating transcription [116]. In stellate cells, PPARg
expression is predominantly in the quiescent state but diminished in
the activated state. PPARg ligand treatment in activated stellate cells
or a liver fibrotic mouse model can reduce collagen gene expression
both in vitro and in vivo, but the mechanism of how PPARg functions
on chromatin to suppress gene expression is not completely under-
stood [117,118].
In humans, liver PPARg transcript levels are elevated in patients with
NAFLD/NASH [119]. TZDs, including rosiglitazone and pioglitazone,
which are widely used to treat diabetes, have been evaluated in several
clinical trials and were shown to alleviate steatosis and inflammation,
but with minimal reduction of fibrosis [120e124]. A PPARa/g dual
agonist saroglitazar has been approved for NASH treatment in India,
and a prospective randomized clinical trial is being conducted (https://
clinicaltrials.gov/ct2/show/NCT02265276) [120].

3.2. Liver X receptor (LXR)
LXR plays an essential role in whole-body cholesterol homeostasis.
LXR has two isoforms, LXRa and LXRb. LXRa is highly expressed in
the liver, macrophages, and intestine, while LXRb is more ubiquitously
expressed. Oxidized cholesterol derivatives appear to be the main
physiological ligands for LXR [125,126].
Earlier studies and the recent genome-wide approach consistently
demonstrated that LXR function on chromatin mainly occurs as a
heterodimer with RXR [60,125,127]. They are mostly located within
open chromatin regions, suggesting that the LXR-RXR heterodimer
is a binding pattern that promotes gene transcription. Moreover, LXR
agonist treatment can induce a great number of new binding sites,
illustrating a dynamic rather than stationary binding of LXR,
switching from a corepressor to a coactivator interaction upon
ligand treatment [60].
The activation of LXRs stimulates direct cholesterol secretion from the
intestine and cholesterol efflux, the process with which cholesterol is
delivered to the liver for excretion and subsequently eliminated from
the body [128e131]. This protective process mainly occurs through
direct LXR transcriptional regulation such as enhancing the expression
of the ATP-binding cassette (ABC) transporter family [132,133]. Global
and liver-specific deletion of LXRa in mice fed a high-cholesterol diet
result in cholesterol accumulation in the liver [129,134] (Table 1).
Nonetheless, activation of LXR can also stimulate triglyceride synthesis
in the liver by directly and indirectly activating lipogenic genes,
exacerbating steatosis and hypertriglyceridemia [135e137].
Another essential role of LXR in NAFLD/NASH is its anti-fibrotic and
anti-inflammatory activity [138,139]. Compared to its function in
stellate cells, LXR in macrophages/Kupffer cells is more extensively
characterized. A Kupffer cell-specific LXRa knockout mouse model
revealed that LXRa is required to maintain the identity of Kupffer cells
[140]. LXR binding is positively correlated with active histone modifi-
cations, and the consumption of a NASH diet largely redistributed LXR-
binding sites. A SUMOylation-dependent transrepression model of LXR
has been proposed [141,142], although the overall importance of
transcriptional repression by LXR is controversial [143]. Conversely,
the inhibitory effect of LXRs on inflammatory genes was also shown to
be SUMOylation-independent, and more importantly, secondary to the
activation of a direct target gene of LXR, Abca1 [144]. Additionally, LXR
can repress a subset of inflammatory genes by directly binding to their
enhancer elements and reducing chromatin accessibility [145].
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One study observed the expression of LXRa in humans to be positively
associated with the severity of NAFLD, including not only steatosis but
also inflammation and fibrosis [146]. However, another group found
that the expression of LXRa was unchanged in NASH patients [147].
Overall, the stimulation of triglyceride synthesis and hyper-
triglyceridemia has been a major barrier to the therapeutic potential of
LXR due to increased hepatic steatosis when treating with an LXR
agonist.

3.3. Farnesoid X receptor (FXR)
FXR controls multiple metabolic pathways throughout the body,
including the homeostasis of bile acid, lipids/cholesterol, and glucose
[148]. FXR is mainly expressed in the liver, intestine, and kidney
[149]. Bile acids serve as endogenous ligands that activate FXR
transcriptional activity, and upon activation, can reduce its ligand
level by suppressing the bile acid synthesis enzyme cholesterol 7a-
hydroxylase (Cyp7a1) [150], indicating the negative feedback regu-
latory role of FXR.
FXR mainly acts as a heterodimer with RXR [151]. FXR cistromes in the
liver also corroborated that FXR positively regulates target gene tran-
scription [152e154]. In addition to RXR, liver receptor homolog-1
(LRH-1) was found to co-localize with 20% of FXR-binding sites and
augmented FXR transcriptional activation on the genes mostly involved
with lipid metabolic processes [153,155].
Several studies have proposed that the direct gene repression by FXR
contributes to its anti-inflammatory effect [156]. Notably, the func-
tioning motif contains shared elements with other NRs and is inde-
pendent of the canonical FXR-binding motif [157e159]. For example,
FXR competes with PPARa and recruits corepressors, which can then
suppress the expression of autophagy genes such as Map1lc3a (LC3a)
[160]. Additionally, the interaction between PPARa and HNF4a is
rather complex and occurs in a gene-selective manner [161].
FXR can also indirectly repress gene expression. FXR physically in-
teracts with CREB1 and transrepresses the interaction between CREB1
and CRTC2, which serves as the transcriptional activation complex of
autophagy genes [162]. Moreover, FXR transrepresses carbohydrate-
response element-binding protein (ChREBP) and HNF4a to inhibit
glucose-induced glycolytic gene expression [163]. The anti-
inflammatory effect of FXR can also be attributed to the trans-
repression of NF-kB [164,165]. Another well-recognized indirect FXR
gene suppression mechanism is the transcriptional activation of
another nuclear receptor, SHP [166e169], which is further elaborated
in the SHP section of this review. SHP-mediated FXR function not only
substantially mediates the metabolic functions of FXR such as reducing
lipogenesis, but also modulates its anti-fibrotic effect [170].
Knocking out FXR in mice leads to systematic-elevated and hepatic-
elevated cholesterol and triglyceride levels [171] (Table 1). FXR
ligand treatment was found to lower blood glucose and triglyceride
levels as well as hepatic lipid accumulation in diabetic mouse models.
Moreover, treating mice with an FXR agonist attenuated NASH diet-
induced inflammation and fibrosis in the liver [172]. This systematic
beneficial effect is primarily mediated by FXR transcriptional regulation
in the liver, which impacts various metabolic processes, including
glycogen synthesis, gluconeogenesis, lipid synthesis, and the main-
tenance of lipoprotein levels [154,169,173]. In humans, the expression
of FXR was attenuated in NASH patients [147]. The FXR agonist
obeticholic acid was approved by the FDA for biliary cholangitis ther-
apy, but the recent outcome of a clinical trial for NASH resolution was
disappointing [6,174]. Nevertheless, FXR remains an attractive target
for NAFLD/NASH [175,176].
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3.4. Pregnane X receptor (PXR)
PXR crucially connects environmental chemicals, mainly foods, drugs,
and toxicants, with whole-body metabolism. PXR is predominantly
expressed in the liver and intestine. It is a xenobiotic sensor as well as
the receptor of endobiotics, including bile acid, cholesterol, and steroid
derivatives [177]. Multiple steroid hormones and their derivatives have
been shown to activate PXR by enhancing the interaction between PXR
and transcriptional coactivator SRC-1 [177]. Clinical medications for
treating metabolic diseases such as statins and metformin can inter-
fere with PXR activity and sometimes result in unwanted side effects
such as an increase in hepatic gluconeogenesis [178].
Similar to many other NRs, PXR binds to DNA as a heterodimer with
RXR to exert its direct transcriptional regulation [127]. Genome-wide
PXR binding and transcriptional regulation within the livers of mice
revealed that approximately 20% of upregulated and downregulated
genes after PXR activation contain enhanced PXR binding, suggesting
that PXR may also act as a transcriptional repressor. Notably, upre-
gulated PXR target genes are mostly involved in cell proliferation and
drug metabolism, whereas downregulated PXR target genes are
enriched for amino acid and carbohydrate metabolic pathways [179].
The effect of PXR on hepatic lipid metabolism is still unclear due to
conflicting mouse studies, in which loss of PXR can either ameliorate
or worsen NAFLD [180e183] (Table 1). The more prevalent opinion is
that PXR activation induces hepatosteatosis. PXR directly activates the
transcription of lipid uptake genes Cd36 and lipogenic genes PPARg
[184], but regulation of some lipogenic genes appears to be more
controversial [183]. Additionally, PXR can repress b oxidation and
ketogenesis in the liver by transrepressing FoxA2 [182].
PXR has been reported to function differently in human and mouse
hepatocytes with regard to gluconeogenesis. In mice, activating PXR
reduces hepatic glucose output, mostly by indirect repression. PXR
interacts with FOXO1 and CREB1, preventing transcriptional activation
of gluconeogenic genes [185,186]. Furthermore, PXR has been shown
to compete with HNF4a for the coactivator PGC-1a and impairs
HNF4a-induced gene expression associated with bile acid synthesis
and gluconeogenesis [187]. Nonetheless, in some human studies,
positive regulation of gluconeogenesis along with distinct mechanisms
have been reported and summarized [183]. In NASH patients, PXR
expression was reduced [188]. With a controversial role in the liver,
PXR is not being targeted in clinical trials for NAFLD/NASH treatment at
this time.

4. CIRCADIAN NUCLEAR RECEPTORS

4.1. REV-ERBs
As a key component of the negative feedback loop of the circadian
clock in mammals, REV-ERBs in the liver crucially synchronize whole-
body metabolism with food and other zeitgeber stimuli from the
environment [189,190]. The REV-ERB family has two isoforms, REV-
ERBa and REV-ERBb. REV-ERBs are highly expressed in various or-
gans, including the liver, heart, and brain [191e193]. Although REV-
ERBs were traditionally considered orphan receptors, heme has
recently been identified as the endogenous ligand of REV-ERBs and
enhances transcriptional repression activity [194,195].
Unlike many other NRs, REV-ERBs are a constitutive transcriptional
repressor. Importantly, the mRNA, protein, and chromatin binding of
REV-ERBs all occur in a circadian rhythmic pattern in the liver
[189,190,196]. REV-ERBs can function as a monomer or homodimer
[197]. The homodimer form of REV-ERBs is required for recruiting
corepressors such as NCoR/SMRT as well as HDAC3 and exerting
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stronger gene repression activity [190,198,199]. A direct competing
model between REV-ERBs and ROR on chromatin binding, especially in
regulating liver circadian genes, was revealed in multiple studies
[189,200]. Interestingly, in contrast to the competition model, a
“facilitated repression” mode was also proposed for the interaction
between RORa and REV-ERB on chromatin in regulating fatty acid and
steroid metabolic pathways [201].
The current paradigm of how REV-ERBs transcriptionally regulate liver
metabolism and circadian rhythm was previously described [202]. The
majority of REV-ERB binding is tissue-specific. The liver-specific
binding sites that are mainly associated with metabolism and REV-
ERBs bind to chromatin in a tethered mode through several other
transcription factors such as HNF6 [200,203]. The common sites
across different tissues only constitute a small portion of REV-ERB
binding, which are mainly enriched with circadian genes such as
Arntl (Bmal1) and Npas2. In contrast to tethered binding onto liver
metabolism genes, REV-ERBs directly bind to chromatin to repress the
transcription of clock genes. A chromatin-looping mechanism of REV-
ERBs has been suggested to influence circadian transcriptional
regulation [204].
REV-ERBa null mice exhibit hepatic steatosis and reduced bile acid
synthesis [190,205]. The hepatic steatosis phenotype can also be
exacerbated by knocking down REV-ERBb [196]. Moreover, disrupted
circadian behavior only becomes more pronounced in the REV-ERBa/b
double-knockout model, suggesting a redundant function of REV-ERBa
and REV-ERBb [206]. The hepatic-specific knockout of REV-ERBa/b
displayed an increase in hepatic triglyceride levels under HFD condi-
tions, which further strengthens a functioning role of REV-ERBa/b,
specifically in hepatocytes [207] (Table 1). Additionally, knocking out
REV-ERBs leads to the decreased expression of some genes, sug-
gesting a secondary mechanism of REV-ERBs in repressing another
repressor such as E4 promoter-binding protein 4 (NFIL3) [205,208].
Synthetic REV-ERB ligands display beneficial metabolic effects, but
their specificity remains controversial [209,210].
Studies of REV-ERBa in NAFLD patients are limited. One group re-
ported a marginally significant downregulation of REV-ERBa in pedi-
atric NASH patients [26]. Although a putative REV-ERB agonist is
commercially available as a dietary supplement for human con-
sumption, there are no ongoing clinical trials targeting REV-ERB for
NAFLD/NASH therapy.

4.2. Retinoic acid receptor-related orphan receptors (RORs)
In contrast to REV-ERBs, ROR is generally considered a transcriptional
activator, and RORa and RORg coordinate the circadian rhythms of lipid
metabolism and inflammation in the liver [211]. Different cholesterol
derivatives can serve as either agonists or inverse agonists of ROR
[212e214]. There are three major members in the ROR family. RORa
and RORg are the predominant RORs expressed in the liver [215].
RORg has multiple isoforms, including RORgt, whose expression is
restricted to inflammatory T cells [216].
Genome-wide cistrome profiling revealed that RORs act predominantly
as transcriptional activators and bind to shared motifs with REV-ERBs
[217]. RORa binding peaks at the trough of REV-ERB expression. In
REV-ERB-deficient and over-expressed mice, RORa binding is
enhanced and reduced, respectively, especially at the promoters of
circadian clock genes such as Bmal1. Almost half of RORa-binding
sites overlap with REV-ERBs, but more importantly, they appear at the
opposite time phase, suggesting a highly collaborative regulation of
ROR and REV-ERBs on the rhythmic expression of target genes [200].
In mouse studies, the function of RORs during NAFLD progression is
not consistently reported, which can be attributed to several factors,
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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including diverse roles of ROR in different organs/cells, circadian
rhythmic activity, and several isoforms with redundant and distinct
functions. It has been shown that RORa-deficient staggerer mice
developed elevated triglyceride levels in the liver [218]. However,
several groups found improved metabolic features in both the plasma
and livers of staggerer mice under normal chow diet or HFD [219,220].
Significant elevation of hepatic triglyceride levels was observed in
hepatic specific RORa/RORg double-knockout mice treated with HFD
but not in single-knockout mice (Table 1). More importantly, the dis-
rupted rhythmic pattern of lipogenic genes in ROR-deficient mice
depended on nutrient status, highlighting the role of ROR in integrating
feeding status and liver metabolism [217].
In contrast to the minimal liver phenotype observed in ROR single-
knockout mice mentioned above, another group found a prominent
metabolic phenotype, including obesity, insulin resistance, and hepatic
steatosis [221]. The conflicting results between these two studies
might be due to different genetic mouse models. Interestingly, the
transcriptional repression activity of RORa has indicated that RORa
recruits HDAC3 and antagonizes the transcriptional activation of
PPARg on lipogenic genes [221]. In addition to its role in hepatocytes,
RORa in monocytes/macrophages also plays a role in HFD-induced
hepatosteatosis and inflammation [222] (Table 1). Mechanistically,
RORa directly drove the transcription of Kruppel-like factor 4 (Klf4) to
promote the resolution of inflammation.
Regarding the function of RORg, whole-body knockout and hepatocyte
conditional deletion mouse lines displayed a beneficial role of RORg
deficiency [223], which abolished the direct transcriptional activation
of gluconeogenic genes especially at their peak expression, leading to
improved insulin sensitivity and a reduction in hepatic gluconeogen-
esis. Interestingly, cistrome analyses of RORa and ROR g suggested
limited redundancy of RORa and RORg, which contradicts the findings
mentioned above [217] (Table 1).
In NAFLD/NASH patients, the downregulation of RORa and RORg in
the liver was reported [224], but RORgt, the predominant isoform of
RORg in lymphoid cells, was found to be increased in NASH patients
[225]. Similar to the puzzling results from mouse genetic studies,
both synthetic agonists and inverse agonists demonstrated a pro-
tective effect on liver metabolism and inflammation in NAFLD mouse
models [222,226,227]. Thus, the clinical application of targeting ROR
remains to be determined for NAFLD/NASH pharmacological
therapeutics.

5. ORPHAN RECEPTORS

5.1. Estrogen-related receptor (ERR)
The ERR family has been identified to play a role in the regulation of
energy homeostasis. Of the three ERR isoforms, ERRa has had multiple
studies indicating its role in regulating the transcription of genes
related to glucose/lipid handling and mitochondrial oxidative capacity
[228,229]. ERRa is almost ubiquitously expressed with tissue-specific
responses of mitochondrial biogenesis and activity [230]. There are
currently no confirmed endogenous ligands for ERRs.
ERRs can bind to DNA as a monomer, homodimer, or heterodimer of
two ERR isoforms through the ERR response element (ERRE) [229].
Importantly, the transcriptional activity of ERRa is weak and largely
depends on coregulators such as PGC-1a/b and corepressor receptor-
interacting protein 140 (RIP140) to drive and repress transcription,
respectively [231], which critically determines the diverse roles of
ERRa in different tissues. Specifically in the liver, ERRa is mainly
assisted by PGC-1a to directly activate the expression of a plethora of
mitochondrial genes and therefore enhance mitochondrial activity and
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fatty acid oxidation [231,232]. Homeobox protein prospero-related
homeobox 1 (Prox1) was proposed to be a possible negative regu-
lator by interfering with the interaction between ERRa and PGC-1a
[233]. However, as an exception, ERRa has been reported to interfere
with PGC-1a recruitment and suppress the expression of the gluco-
neogenesis gene Pck1 in hepatocytes [232].
The function of ERRa in the liver has been reviewed in detail [231], and
the role of ERRa in NAFLD has been identified to be context-dependent
and involved with multiple tissues [234]. Loss of ERRa seems to have a
protective effect as ERRa null mice are resistant to HFD-induced
NAFLD due to reduced expression of direct targets such as Fasn,
which is involved in de novo lipogenesis [234,235]. However, ERRa is
also shown to be required for post-prandial alleviation of fasting-
induced hepatic steatosis mediated by the liver-adipose crosstalk
[234] (Table 1). Therefore, a liver-specific knockout of ERRa would be
informative to further determine the function of ERRa specifically in the
liver. Several synthetic ERRa inverse agonists have been developed
and some were shown to improve whole-body metabolism in diet-
induced obese animal models [236], suggesting that it would be
worthwhile to further investigate the link between ERRa and NAFLD.
ERRa studies in human NAFLD patients are limited. A pediatric cohort
revealed a minimal association between ERRa expression and NAFLD
severity [26]. There are no current ongoing clinical trials targeting
ERRa to treat NAFLD/NASH.

5.2. Constitutive androstane receptor (CAR)
Originally identified as a player in drug metabolism and detoxification,
CAR has recently been recognized to be associated with energy
metabolism [237e240]. CAR is abundantly expressed in the liver.
Although there are currently no confirmed endogenous ligands,
exogenous ligands have been identified such as the anti-epileptic drug
phenobarbital (PB) and the synthetic agonist TCPOBOP, which is
commonly used in basic research to activate CAR [241].
CAR is a constitutive transcriptional activator [242]. Upon activation,
CAR translocates from the cytoplasm to the nucleus and hetero-
dimerizes with RXR mainly through phenobarbital-responsive
enhancer modules (PBREM) to drive the transcription of xenobiotic-
metabolizing enzymes such as the CYP family [239,243]. As the
role of CAR expanded to include the regulation of hepatic energy
metabolism, its interaction with different metabolic regulators has
been of interest since CAR shares similar binding sites with other
NRs. CAR decreases the hepatic transcriptional activity of HNF4a by
competing for coactivators, which likely contributes to the down-
regulation of hepatic lipid and glucose metabolism [244]. The
interaction of CAR with other NRs in regulating liver energy meta-
bolism was systematically investigated. A promoter competition
model was proposed in which CAR shifts the transcription of energy
metabolic genes that were originally regulated by other NRs through
diverting the enhancers to different promoters [245].
The role of CAR in NAFLD pathogenesis remains controversial. Treating
genetically obese mice with a CAR agonist improved glucose tolerance,
insulin resistance, and reduced lipid accumulation in the liver [246].
However, CAR null mice were reported to normalize the elevated HFD-
induced serum triglyceride levels in wild-type mice without increasing
hepatic triglyceride levels [247]. Moreover, CAR deficiency was sug-
gested to attenuate fibrosis induced by a NASH-promoting diet [248]
(Table 1). In pediatric NAFLD patients, CAR expression was negatively
associated with fibrosis but not with steatosis [26]. Thus, the rela-
tionship between CAR and NAFLD/NASH should be further assessed,
and there are currently no therapies targeting CAR in clinical trials.
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5.3. Small heterodimer partner (SHP)
SHP is an atypical NR that lacks a DNA-binding domain and has been
found to be predominantly expressed in the liver [166,249]. A small
molecule for treating leukemia was shown to bind to SHP, but no
endogenous ligands have been identified [250]. SHP often inhibits
transactivation driven by other NRs, likely in two steps [251e253].
First, SHP utilizes LXXLL motifs to bind to the ligand-dependent acti-
vation function domain (AF2) within target NRs such as GR and ER. The
LXXLL-AF2 interaction mode is shared with many coactivators, and
thus SHP competes with coactivators for binding to other NRs [252]. In
addition, an inherent repression domain or the recruitment of co-
repressors has been suggested to be required for SHP to exert full
repression activity [254e258].
Current studies regarding the role of SHP in NAFLD are not completely
understood, which may be due to the divergent function of SHP with
NAFLD progression [259]. Overexpressing SHP in the liver was found to
increase hepatic triglyceride levels partially through the direct
repression of FXR transcription [260]. Likewise, SHP�/� was shown
to ameliorate hepatic steatosis in obese leptin-deficient mice [261].
However, another study indicated that the hepatocyte-specific deletion
of SHP resulted in inflammation and fibrosis [259]. Consistently,
hepatocyte-specific SHP overexpression attenuated NASH diet-induced
inflammation and fibrosis by transrepressing NF-kB without affecting
steatosis [259,262] (Table 1). In human patients, several studies
showed a more pronounced reduction in SHP levels in advanced
stages compared to mild NAFLD [262e264], suggesting a stage-
specific function of SHP during NAFLD development. Since the func-
tion of SHP in NAFLD development remains unclear, no clinical trials
are being conducted at this time.

5.4. Hepatocyte nuclear factor 4a (HNF4a)
HNF4a is a master regulator in hepatocyte differentiation and liver
function [265,266]. It is abundantly expressed in the liver, pancreas,
and several other tissues [267,268]. Fatty acids and several com-
pounds such as acyl-CoA thioesters have been proposed to be
endogenous HNF4a ligands [269,270]. HNF4a is generally consid-
ered a transcriptional activator [271] and can act as a homodimer or
isoform heterodimer [272,273] that regulate different gene expres-
sion subsets [273]. HNF4a is known to directly drive the transcription
of a broad spectrum of genes related to essential liver functions
involving lipid, glucose, drug, and bile acid metabolism as well as
inflammatory response such as Cyp7a1, Abcg5, Apoa4, and Ppara
[273e280]. Moreover, HNF4a has been shown to interact with other
NRs on chromatin to regulate gene transcription, which also con-
tributes to multiple fundamental processes including glycolysis,
gluconeogenesis, hepatic lipid metabolism, and cholesterol homeo-
stasis [161,163,187,244].
Given its crucial role in development, global knockout of HNF4a leads
to early embryonic lethality in mice [281]. Liver-specific HNF4a
knockout mice were found to have a fatty liver phenotype and hepa-
tomegaly as well as increased bile acid levels in plasma compared to
controls [276,282] (Table 1). Furthermore, overexpressing HNF4a in
the liver reduces hepatic triglycerides and plasma cholesterol [12].
Synthetic HNF4a antagonists have been discovered and result in he-
patic steatosis when administrated in vivo [270].
NASH patients have been demonstrated to have decreased expression
levels of HNF4a in the liver attributed to an increased amount of miR-
34a, impacting lipid and lipoprotein metabolism [283]. Moreover, the
reduction in HNF4a has been shown to play a potential role in the
pathogenesis of NAFLD as its direct downstream target and regulator
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of triglyceride homeostasis, carboxylesterase 2 (CES2), was identified
to be downregulated in NASH patients [284]. Since the dysregulation of
HNF4a is associated with NASH/NAFLD along with its significant
regulatory role in the liver, examining the potential of HNF4a as a
therapeutic would be worthwhile.

6. CONCLUSIONS AND PERSPECTIVES

In this review, we summarized the potential roles of NRs in the
development and prospective treatment of NAFLD. The diverse actions
of NRs often occur simultaneously in multiple organs and affect the
metabolic crosstalk with multiple layers of complexity, highlighting the
importance of dissecting the tissue-specific role of NRs for more
precise pharmacological treatments. Moreover, NAFLD development is
a dynamic process with distinct features that involve various cell types
in the liver, which suggests that the targeting strategies for NRs should
include not only reversing metabolic disturbances in hepatocytes, but
also combating the excessive inflammation/fibrosis in non-
parenchymal cells associated with NAFLD progression. Indeed,
effective therapies may need to independently target lipid accumula-
tion and hepatic inflammation. Further, in addition to NR ligand-based
therapies, it may be desirable to target post-translational modifications
such as acetylation of NRs and coregulators [285], which can spe-
cifically determine the transcriptional activity of NRs in response to
environmental stimuli. Given the heterogeneity of the large population
at risk, personalized treatment based on genetic background should
also be considered in the future [286e288].

ACKNOWLEDGMENTS/FUNDING

Work in the Lazar lab related to NAFLD/NASH was funded by NIH grants DK43806,

DK45586, DK49780, the Cox Institute for Medical Research, and the JPB

Foundation.

CONFLICT OF INTEREST

M.A.L. is an advisory board member for Pfizer Inc., consultant to Novartis, Madrigal,

Third Rock Ventures, and Calico, and receives research funding from Pfizer.

REFERENCES

[1] Younossi, Z.M., 2019. Non-alcoholic fatty liver disease - a global public

health perspective. Journal of Hepatology 70(3):531e544.

[2] Diehl, A.M., Day, C., 2017. Cause, pathogenesis, and treatment of nonal-

coholic steatohepatitis. New England Journal of Medicine 377(21):2063e

2072.

[3] Chawla, A., Repa, J.J., Evans, R.M., Mangelsdorf, D.J., 2001. Nuclear re-

ceptors and lipid physiology: opening the X-files. Science 294(5548):1866e

1870.

[4] Santos, R., Ursu, O., Gaulton, A., Bento, A.P., Donadi, R.S., Bologa, C.G.,

et al., 2017. A comprehensive map of molecular drug targets. Nature Re-

views Drug Discovery 16(1):19e34.

[5] Evans, R.M., Mangelsdorf, D.J., 2014. Nuclear receptors, RXR, and the Big

Bang. Cell 157(1):255e266.

[6] Intercept’s NASH hopes dashed. Nature Biotechnology 38(8), 2020:911.

[7] Mangelsdorf, D.J., Evans, R.M., 1995. The RXR heterodimers and orphan

receptors. Cell 83(6):841e850.

[8] Schäcke, H., Döcke, W.D., Asadullah, K., 2002. Mechanisms involved in

the side effects of glucocorticoids. Pharmacology & Therapeutics 96(1):

23e43.
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
[9] Hollenberg, S.M., Weinberger, C., Ong, E.S., Cerelli, G., Oro, A., Lebo, R.,

et al., 1985. Primary structure and expression of a functional human

glucocorticoid receptor cDNA. Nature 318(6047):635e641.

[10] Li, X., Wong, J., Tsai, S.Y., Tsai, M.J., O’Malley, B.W., 2003. Progesterone

and glucocorticoid receptors recruit distinct coactivator complexes and pro-

mote distinct patterns of local chromatin modification. Molecular and Cellular

Biology 23(11):3763e3773.

[11] Sheppard, K.A., Phelps, K.M., Williams, A.J., Thanos, D., Glass, C.K.,

Rosenfeld, M.G., et al., 1998. Nuclear integration of glucocorticoid receptor

and nuclear factor-kappaB signaling by CREB-binding protein and steroid

receptor coactivator-1. Journal of Biological Chemistry 273(45):29291e

29294.

[12] Surjit, M., Ganti, K.P., Mukherji, A., Ye, T., Hua, G., Metzger, D., et al., 2011.

Widespread negative response elements mediate direct repression by

agonist-liganded glucocorticoid receptor. Cell 145(2):224e241.

[13] Grøntved, L., John, S., Baek, S., Liu, Y., Buckley, J.R., Vinson, C., et al.,

2013. C/EBP maintains chromatin accessibility in liver and facilitates

glucocorticoid receptor recruitment to steroid response elements. The EMBO

Journal 32(11):1568e1583.

[14] Knutti, D., Kaul, A., Kralli, A., 2000. A tissue-specific coactivator of steroid

receptors, identified in a functional genetic screen 20(7):2411e2422.

[15] Goldstein, I., Baek, S., Presman, D.M., Paakinaho, V., Swinstead, E.E.,

Hager, G.L., 2017. Transcription factor assisted loading and enhancer dynamics

dictate the hepatic fasting response. Genome Research 27(3):427e439.

[16] Buttgereit, F., Doering, G., Schaeffler, A., Witte, S., Sierakowski, S.,

Gromnica-Ihle, E., et al., 2008. Efficacy of modified-release versus standard

prednisone to reduce duration of morning stiffness of the joints in rheumatoid

arthritis (CAPRA-1): a double-blind, randomised controlled trial. Lancet

371(9608):205e214.

[17] Quagliarini, F., Mir, A.A., Balazs, K., Wierer, M., Dyar, K.A., Jouffe, C., et al.,

2019. Cistromic reprogramming of the diurnal glucocorticoid hormone

response by high-fat diet. Molecular Cell 76(4):531e545 e535.

[18] Caratti, G., Iqbal, M., Hunter, L., Kim, D., Wang, P., Vonslow, R.M., et al.,

2018. REVERBa couples the circadian clock to hepatic glucocorticoid action.

Journal of Clinical Investigation 128(10):4454e4471.

[19] Cole, T.J., Blendy, J.A., Monaghan, A.P., Krieglstein, K., Schmid, W.,

Aguzzi, A., et al., 1995. Targeted disruption of the glucocorticoid receptor

gene blocks adrenergic chromaffin cell development and severely retards

lung maturation. Genes & Development 9(13):1608e1621.

[20] Opherk, C., Tronche, F., Kellendonk, C., Kohlmüller, D., Schulze, A.,

Schmid, W., et al., 2004. Inactivation of the glucocorticoid receptor in he-

patocytes leads to fasting hypoglycemia and ameliorates hyperglycemia in

streptozotocin-induced diabetes mellitus. Molecular Endocrinology 18(6):

1346e1353.

[21] Lemke, U., Krones-Herzig, A., Berriel Diaz, M., Narvekar, P., Ziegler, A.,

Vegiopoulos, A., et al., 2008. The glucocorticoid receptor controls hepatic

dyslipidemia through Hes1. Cell Metabolism 8(3):212e223.

[22] Lefkowitch, J.H., Haythe, J.H., Regent, N., 2002. Kupffer cell aggregation and

perivenular distribution in steatohepatitis. Modern Pathology 15(7):699e704.

[23] Robert, O., Boujedidi, H., Bigorgne, A., Ferrere, G., Voican, C.S., Vettorazzi, S.,

et al., 2016. Decreased expression of the glucocorticoid receptor-GILZ

pathway in Kupffer cells promotes liver inflammation in obese mice. Jour-

nal of Hepatology 64(4):916e924.

[24] Uhlenhaut, N.H., Barish, G.D., Yu, R.T., Downes, M., Karunasiri, M.,

Liddle, C., et al., 2013. Insights into negative regulation by the glucocorticoid

receptor from genome-wide profiling of inflammatory cistromes. Molecular

Cell 49(1):158e171.

[25] Targher, G., Bertolini, L., Rodella, S., Zoppini, G., Zenari, L., Falezza, G.,

2006. Associations between liver histology and cortisol secretion in subjects

with nonalcoholic fatty liver disease. Clinical Endocrinology 64(3):337e341.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref1
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref1
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref1
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref2
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref2
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref2
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref3
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref3
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref3
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref4
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref4
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref4
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref4
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref5
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref5
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref5
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref6
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref7
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref7
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref7
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref8
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref8
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref8
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref8
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref9
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref9
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref9
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref9
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref10
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref10
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref10
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref10
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref10
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref11
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref11
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref11
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref11
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref11
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref12
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref12
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref12
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref12
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref13
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref13
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref13
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref13
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref13
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref14
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref14
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref14
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref15
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref15
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref15
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref15
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref16
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref16
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref16
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref16
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref16
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref16
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref17
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref17
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref17
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref17
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref18
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref18
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref18
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref18
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref19
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref19
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref19
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref19
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref19
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref20
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref20
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref20
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref20
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref20
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref20
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref21
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref21
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref21
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref21
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref22
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref22
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref22
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref23
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref23
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref23
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref23
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref23
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref24
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref24
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref24
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref24
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref24
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref25
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref25
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref25
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref25
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
[26] Elbel, E.E., Lavine, J.E., Downes, M., Van Natta, M., Yu, R., Schwimmer, J.B.,

et al., 2018. Hepatic nuclear receptor expression associates with features of

histology in pediatric nonalcoholic fatty liver disease. Hepatol Commun 2(10):

1213e1226.

[27] Woods, C.P., Hazlehurst, J.M., Tomlinson, J.W., 2015. Glucocorticoids and

non-alcoholic fatty liver disease. The Journal of Steroid Biochemistry and

Molecular Biology 154:94e103.

[28] Abulizi, A., Camporez, J.P., Jurczak, M.J., Høyer, K.F., Zhang, D., Cline, G.W.,

et al., 2019. Adipose glucocorticoid action influences whole-body metabolism

via modulation of hepatic insulin action. The FASEB Journal 33(7):8174e

8185.

[29] Walter, P., Green, S., Greene, G., Krust, A., Bornert, J.M., Jeltsch, J.M., et al.,

1985. Cloning of the human estrogen receptor cDNA. Proceedings of the

National Academy of Sciences of the U S A 82(23):7889e7893.

[30] Green, S., Walter, P., Kumar, V., Krust, A., Bornert, J.M., Argos, P., et al.,

1986. Human oestrogen receptor cDNA: sequence, expression and homology

to v-erb-A. Nature 320(6058):134e139.

[31] Tsai, M.J., O’Malley, B.W., 1994. Molecular mechanisms of action of steroid/

thyroid receptor superfamily members. Annual Review of Biochemistry 63:

451e486.

[32] Kuiper, G.G., Enmark, E., Pelto-Huikko, M., Nilsson, S., Gustafsson, J.A.,

1996. Cloning of a novel receptor expressed in rat prostate and ovary.

Proceedings of the National Academy of Sciences of the U S A 93(12):5925e

5930.

[33] Osborne, C.K., Schiff, R., 2005. Estrogen-receptor biology: continuing prog-

ress and therapeutic implications. Journal of Clinical Oncology 23(8):1616e

1622.

[34] Carascossa, S., Dudek, P., Cenni, B., Briand, P.A., Picard, D., 2010. CARM1

mediates the ligand-independent and tamoxifen-resistant activation of the

estrogen receptor alpha by cAMP. Genes & Development 24(7):708e719.

[35] Li, Z., Tuteja, G., Schug, J., Kaestner, K.H., 2012. Foxa1 and Foxa2 are

essential for sexual dimorphism in liver cancer. Cell 148(1e2):72e83.

[36] Lupien, M., Eeckhoute, J., Meyer, C.A., Wang, Q., Zhang, Y., Li, W., et al.,

2008. FoxA1 translates epigenetic signatures into enhancer-driven lineage-

specific transcription. Cell 132(6):958e970.

[37] Carroll, J.S., Liu, X.S., Brodsky, A.S., Li, W., Meyer, C.A., Szary, A.J., et al.,

2005. Chromosome-wide mapping of estrogen receptor binding reveals long-

range regulation requiring the forkhead protein FoxA1. Cell 122(1):33e43.

[38] Gertz, J., Savic, D., Varley, K.E., Partridge, E.C., Safi, A., Jain, P., et al., 2013.

Distinct properties of cell-type-specific and shared transcription factor

binding sites. Molecular Cell 52(1):25e36.

[39] Gordon, F.K., Vallaster, C.S., Westerling, T., Iyer, L.K., Brown, M.,

Schnitzler, G.R., 2014. Research resource: aorta- and liver-specific ERalpha-

binding patterns and gene regulation by estrogen. Molecular Endocrinology

28(8):1337e1351.

[40] Gao, H., Falt, S., Sandelin, A., Gustafsson, J.A., Dahlman-Wright, K., 2008.

Genome-wide identification of estrogen receptor alpha-binding sites in

mouse liver. Molecular Endocrinology 22(1):10e22.

[41] Gao, H., Bryzgalova, G., Hedman, E., Khan, A., Efendic, S.,

Gustafsson, J.A., et al., 2006. Long-term administration of estradiol de-

creases expression of hepatic lipogenic genes and improves insulin

sensitivity in ob/ob mice: a possible mechanism is through direct regu-

lation of signal transducer and activator of transcription 3. Molecular

Endocrinology 20(6):1287e1299.

[42] Inoue, H., Ogawa, W., Ozaki, M., Haga, S., Matsumoto, M., Furukawa, K.,

et al., 2004. Role of STAT-3 in regulation of hepatic gluconeogenic genes and

carbohydrate metabolism in vivo. Nature Medicine 10(2):168e174.

[43] Handgraaf, S., Riant, E., Fabre, A., Waget, A., Burcelin, R., Liere, P., et al.,

2013. Prevention of obesity and insulin resistance by estrogens requires

ERalpha activation function-2 (ERalphaAF-2), whereas ERalphaAF-1 is

dispensable. Diabetes 62(12):4098e4108.
10 MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. T
[44] Grossmann, M., Wierman, M.E., Angus, P., Handelsman, D.J., 2019.

Reproductive endocrinology of nonalcoholic fatty liver disease. Endocrine

Reviews 40(2):417e446.

[45] Palmisano, B.T., Zhu, L., Stafford, J.M., 2017. Role of estrogens in the

regulation of liver lipid metabolism. Advances in Experimental Medicine &

Biology 1043:227e256.

[46] Della Torre, S., Rando, G., Meda, C., Stell, A., Chambon, P., Krust, A., et al.,

2011. Amino acid-dependent activation of liver estrogen receptor alpha in-

tegrates metabolic and reproductive functions via IGF-1. Cell Metabolism

13(2):205e214.

[47] Villa, A., Della Torre, S., Stell, A., Cook, J., Brown, M., Maggi, A., 2012.

Tetradian oscillation of estrogen receptor alpha is necessary to prevent liver

lipid deposition. Proceedings of the National Academy of Sciences of the U S

A 109(29):11806e11811.

[48] Völzke, H., Schwarz, S., Baumeister, S.E., Wallaschofski, H., Schwahn, C.,

Grabe, H.J., et al., 2007. Menopausal status and hepatic steatosis in a

general female population. Gut 56(4):594e595.

[49] Park, S.H., Jeon, W.K., Kim, S.H., Kim, H.J., Park, D.I., Cho, Y.K., et al., 2006.

Prevalence and risk factors of non-alcoholic fatty liver disease among Korean

adults. Journal of Gastroenterology and Hepatology 21(1 Pt 1):138e143.

[50] McKenzie, J., Fisher, B.M., Jaap, A.J., Stanley, A., Paterson, K., Sattar, N.,

2006. Effects of HRT on liver enzyme levels in women with type 2 diabetes: a

randomized placebo-controlled trial. Clinical Endocrinology 65(1):40e44.

[51] Radenne, A., Akpa, M., Martel, C., Sawadogo, S., Mauvoisin, D., Mounier, C.,

2008. Hepatic regulation of fatty acid synthase by insulin and T3: evidence

for T3 genomic and nongenomic actions. American Journal of Physiology.

Endocrinology and Metabolism 295(4):E884eE894.

[52] Zhang, Y., Yin, L., Hillgartner, F.B., 2001. Thyroid hormone stimulates acetyl-

coA carboxylase-alpha transcription in hepatocytes by modulating the

composition of nuclear receptor complexes bound to a thyroid hormone

response element. Journal of Biological Chemistry 276(2):974e983.

[53] Simo, R., Hernandez, C., Saez-Lopez, C., Soldevila, B., Puig-Domingo, M.,

Selva, D.M., 2014. Thyroid hormone upregulates zinc-alpha2-glycoprotein

production in the liver but not in adipose tissue. PloS One 9(1):e85753.

[54] Hashimoto, K., Yamada, M., Matsumoto, S., Monden, T., Satoh, T., Mori, M.,

2006. Mouse sterol response element binding protein-1c gene expression is

negatively regulated by thyroid hormone. Endocrinology 147(9):4292e4302.

[55] Mendoza, A., Astapova, I., Shimizu, H., Gallop, M.R., Al-Sowaimel, L.,

MacGowan, S.M.D., et al., 2017. NCoR1-independent mechanism plays a

role in the action of the unliganded thyroid hormone receptor. Proceedings of

the National Academy of Sciences of the U S A 114(40):E8458eE8467.

[56] Sap, J., Muñoz, A., Damm, K., Goldberg, Y., Ghysdael, J., Leutz, A., et al.,

1986. The c-erb-A protein is a high-affinity receptor for thyroid hormone.

Nature 324(6098):635e640.

[57] Weinberger, C., Thompson, C.C., Ong, E.S., Lebo, R., Gruol, D.J.,

Evans, R.M., 1986. The c-erb-A gene encodes a thyroid hormone receptor.

Nature 324(6098):641e646.

[58] Yen, P.M., 2001. Physiological and molecular basis of thyroid hormone ac-

tion. Physiological Reviews 81(3):1097e1142.

[59] Lazar, M.A., Berrodin, T.J., Harding, H.P., 1991. Differential DNA binding by

monomeric, homodimeric, and potentially heteromeric forms of the thyroid

hormone receptor. Molecular and Cellular Biology 11(10):5005e5015.

[60] Boergesen, M., Pedersen, T.A., Gross, B., van Heeringen, S.J.,

Hagenbeek, D., Bindesboll, C., et al., 2012. Genome-wide profiling of liver X

receptor, retinoid X receptor, and peroxisome proliferator-activated receptor

alpha in mouse liver reveals extensive sharing of binding sites. Molecular and

Cellular Biology 32(4):852e867.

[61] Kliewer, S.A., Umesono, K., Noonan, D.J., Heyman, R.A., Evans, R.M., 1992.

Convergence of 9-cis retinoic acid and peroxisome proliferator signalling

pathways through heterodimer formation of their receptors. Nature

358(6389):771e774.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref26
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref26
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref26
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref26
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref26
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref27
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref27
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref27
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref27
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref28
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref28
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref28
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref28
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref29
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref29
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref29
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref29
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref30
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref30
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref30
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref30
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref31
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref31
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref31
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref31
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref32
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref32
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref32
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref32
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref33
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref33
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref33
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref34
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref34
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref34
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref34
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref35
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref35
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref35
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref35
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref36
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref36
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref36
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref36
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref37
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref37
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref37
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref37
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref38
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref38
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref38
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref38
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref39
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref39
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref39
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref39
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref39
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref40
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref40
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref40
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref40
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref41
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref42
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref42
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref42
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref42
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref43
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref43
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref43
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref43
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref43
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref44
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref44
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref44
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref44
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref45
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref45
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref45
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref45
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref46
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref46
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref46
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref46
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref46
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref47
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref47
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref47
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref47
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref47
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref48
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref48
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref48
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref48
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref49
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref49
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref49
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref49
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref50
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref50
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref50
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref50
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref51
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref51
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref51
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref51
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref51
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref52
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref52
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref52
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref52
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref52
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref53
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref53
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref53
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref54
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref54
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref54
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref54
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref55
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref55
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref55
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref55
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref55
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref56
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref56
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref56
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref56
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref57
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref57
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref57
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref57
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref58
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref58
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref58
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref59
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref59
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref59
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref59
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref60
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref60
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref60
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref60
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref60
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref60
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref61
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref61
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref61
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref61
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref61
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


[62] Hörlein, A.J., Näär, A.M., Heinzel, T., Torchia, J., Gloss, B., Kurokawa, R.,

et al., 1995. Ligand-independent repression by the thyroid hormone receptor

mediated by a nuclear receptor co-repressor. Nature 377(6548):397e404.

[63] Ishizuka, T., Lazar, M.A., 2003. The N-CoR/histone deacetylase 3 complex is

required for repression by thyroid hormone receptor. Molecular and Cellular

Biology 23(15):5122e5131.

[64] Xu, L., Glass, C.K., Rosenfeld, M.G., 1999. Coactivator and corepressor

complexes in nuclear receptor function. Current Opinion in Genetics &

Development 9(2):140e147.

[65] Grøntved, L., Waterfall, J.J., Kim, D.W., Baek, S., Sung, M.H., Zhao, L., et al.,

2015. Transcriptional activation by the thyroid hormone receptor through

ligand-dependent receptor recruitment and chromatin remodelling. Nature

Communications 6:7048.

[66] Sinha, R.A., Bruinstroop, E., Singh, B.K., Yen, P.M., 2019. Nonalcoholic fatty

liver disease and hypercholesterolemia: roles of thyroid hormones, metabo-

lites, and agonists. Thyroid 29(9):1173e1191.

[67] Sinha, R.A., Singh, B.K., Yen, P.M., 2018. Direct effects of thyroid hormones

on hepatic lipid metabolism. Nature Reviews Endocrinology 14(5):259e269.

[68] Araki, O., Ying, H., Zhu, X.G., Willingham, M.C., Cheng, S.Y., 2009. Distinct

dysregulation of lipid metabolism by unliganded thyroid hormone receptor

isoforms. Molecular Endocrinology 23(3):308e315.

[69] Cable, E.E., Finn, P.D., Stebbins, J.W., Hou, J., Ito, B.R., van Poelje, P.D.,

et al., 2009. Reduction of hepatic steatosis in rats and mice after treatment

with a liver-targeted thyroid hormone receptor agonist. Hepatology 49(2):

407e417.

[70] Perra, A., Simbula, G., Simbula, M., Pibiri, M., Kowalik, M.A., Sulas, P., et al.,

2008. Thyroid hormone (T3) and TRbeta agonist GC-1 inhibit/reverse

nonalcoholic fatty liver in rats. The FASEB Journal 22(8):2981e2989.

[71] Mantovani, A., Nascimbeni, F., Lonardo, A., Zoppini, G., Bonora, E.,

Mantzoros, C.S., et al., 2018. Association between primary hypothyroidism

and nonalcoholic fatty liver disease: a systematic review and meta-analysis.

Thyroid 28(10):1270e1284.

[72] Harrison, S.A., Bashir, M.R., Guy, C.D., Zhou, R., Moylan, C.A., Frias, J.P.,

et al., 2019. Resmetirom (MGL-3196) for the treatment of non-alcoholic

steatohepatitis: a multicentre, randomised, double-blind, placebo-

controlled, phase 2 trial. The Lancet 394(10213):2012e2024.

[73] Loomba, R., Neutel, J., Mohseni, R., Bernard, D., Severance, R., Dao, M.,

et al., 2019. LBP-20-VK2809, a novel liver-directed thyroid receptor beta

agonist, significantly reduces liver fat with both low and high doses in pa-

tients with non-alcoholic fatty liver disease: a phase 2 randomized, placebo-

controlled trial. Journal of Hepatology 70(1):e150ee151.

[74] Takeshita, A., Ozawa, Y., Chin, W.W., 2000. Nuclear receptor coactivators

facilitate vitamin D receptor homodimer action on direct repeat hormone

response elements. Endocrinology 141(3):1281e1284.

[75] Cheskis, B., Freedman, L.P., 1994. Ligand modulates the conversion of DNA-

bound vitamin D3 receptor (VDR) homodimers into VDR-retinoid X receptor

heterodimers. Molecular and Cellular Biology 14(5):3329e3338.

[76] Meyer, M.B., Pike, J.W., 2013. Corepressors (NCoR and SMRT) as well as

coactivators are recruited to positively regulated 1alpha,25-dihydroxyvitamin

D3-responsive genes. The Journal of Steroid Biochemistry and Molecular

Biology 136:120e124.

[77] Pike, J.W., Meyer, M.B., Lee, S.M., Onal, M., Benkusky, N.A., 2017. The

vitamin D receptor: contemporary genomic approaches reveal new basic and

translational insights. Journal of Clinical Investigation 127(4):1146e1154.

[78] Ford, E.S., Ajani, U.A., McGuire, L.C., Liu, S., 2005. Concentrations of serum

vitamin D and the metabolic syndrome among U.S. adults. Diabetes Care

28(5):1228e1230.

[79] Nakano, T., Cheng, Y.F., Lai, C.Y., Hsu, L.W., Chang, Y.C., Deng, J.Y., et al.,

2011. Impact of artificial sunlight therapy on the progress of non-alcoholic

fatty liver disease in rats. Journal of Hepatology 55(2):415e425.
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
[80] Yin, Y., Yu, Z., Xia, M., Luo, X., Lu, X., Ling, W., 2012. Vitamin D attenuates

high fat diet-induced hepatic steatosis in rats by modulating lipid metabolism.

European Journal of Clinical Investigation 42(11):1189e1196.

[81] Wong, K.E., Szeto, F.L., Zhang, W., Ye, H., Kong, J., Zhang, Z., et al., 2009.

Involvement of the vitamin D receptor in energy metabolism: regulation of

uncoupling proteins. American Journal of Physiology. Endocrinology and

Metabolism 296(4):E820eE828.

[82] Narvaez, C.J., Matthews, D., Broun, E., Chan, M., Welsh, J., 2009. Lean

phenotype and resistance to diet-induced obesity in vitamin D receptor

knockout mice correlates with induction of uncoupling protein-1 in white

adipose tissue. Endocrinology 150(2):651e661.

[83] Bozic, M., Guzman, C., Benet, M., Sanchez-Campos, S., Garcia-Monzon, C.,

Gari, E., et al., 2016. Hepatocyte vitamin D receptor regulates lipid meta-

bolism and mediates experimental diet-induced steatosis. Journal of Hep-

atology 65(4):748e757.

[84] Dong, B., Zhou, Y., Wang, W., Scott, J., Kim, K., Sun, Z., et al., 2020. Vitamin

D receptor activation in liver macrophages ameliorates hepatic inflammation,

steatosis, and insulin resistance in mice. Hepatology 71(5):1559e1574.

[85] Ding, N., Yu, R.T., Subramaniam, N., Sherman, M.H., Wilson, C., Rao, R.,

et al., 2013. A vitamin D receptor/SMAD genomic circuit gates hepatic fibrotic

response. Cell 153(3):601e613.

[86] Makishima, M., Lu, T.T., Xie, W., Whitfield, G.K., Domoto, H., Evans, R.M.,

et al., 2002. Vitamin D receptor as an intestinal bile acid sensor. Science

296(5571):1313e1316.

[87] Jahn, D., Dorbath, D., Schilling, A.K., Gildein, L., Meier, C., Vuille-Dit-

Bille, R.N., et al., 2019. Intestinal vitamin D receptor modulates lipid meta-

bolism, adipose tissue inflammation and liver steatosis in obese mice. Bio-

chimica et Biophysica Acta - Molecular Basis of Disease 1865(6):1567e

1578.

[88] Wahli, W., Michalik, L., 2012. PPARs at the crossroads of lipid signaling and

inflammation. Trends in Endocrinology and Metabolism 23(7):351e363.

[89] Vidal-Puig, A., Jimenez-Linan, M., Lowell, B.B., Hamann, A., Hu, E.,

Spiegelman, B., et al., 1996. Regulation of PPAR gamma gene expression by

nutrition and obesity in rodents. Journal of Clinical Investigation 97(11):

2553e2561.

[90] Inoue, M., Ohtake, T., Motomura, W., Takahashi, N., Hosoki, Y., Miyoshi, S.,

et al., 2005. Increased expression of PPARgamma in high fat diet-induced

liver steatosis in mice. Biochemical and Biophysical Research Communica-

tions 336(1):215e222.

[91] Tanaka, T., Yamamoto, J., Iwasaki, S., Asaba, H., Hamura, H., Ikeda, Y.,

et al., 2003. Activation of peroxisome proliferator-activated receptor delta

induces fatty acid beta-oxidation in skeletal muscle and attenuates metabolic

syndrome. Proceedings of the National Academy of Sciences of the U S A

100(26):15924e15929.

[92] Liu, S., Hatano, B., Zhao, M., Yen, C.C., Kang, K., Reilly, S.M., et al., 2011.

Role of peroxisome proliferator-activated receptor {delta}/{beta} in hepatic

metabolic regulation. Journal of Biological Chemistry 286(2):1237e1247.

[93] Patsouris, D., Reddy, J.K., Muller, M., Kersten, S., 2006. Peroxisome

proliferator-activated receptor alpha mediates the effects of high-fat diet on

hepatic gene expression. Endocrinology 147(3):1508e1516.

[94] Pawlak, M., Lefebvre, P., Staels, B., 2015. Molecular mechanism of PPAR-

alpha action and its impact on lipid metabolism, inflammation and fibrosis in

non-alcoholic fatty liver disease. Journal of Hepatology 62(3):720e733.

[95] Pawlak, M., Bauge, E., Bourguet, W., De Bosscher, K., Lalloyer, F.,

Tailleux, A., et al., 2014. The transrepressive activity of peroxisome

proliferator-activated receptor alpha is necessary and sufficient to prevent

liver fibrosis in mice. Hepatology 60(5):1593e1606.

[96] Bougarne, N., Paumelle, R., Caron, S., Hennuyer, N., Mansouri, R.,

Gervois, P., et al., 2009. PPARalpha blocks glucocorticoid receptor alpha-

mediated transactivation but cooperates with the activated glucocorticoid
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref62
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref62
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref62
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref62
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref63
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref63
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref63
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref63
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref64
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref64
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref64
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref64
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref65
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref65
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref65
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref65
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref66
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref66
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref66
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref66
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref67
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref67
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref67
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref68
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref68
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref68
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref68
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref69
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref69
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref69
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref69
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref69
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref70
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref70
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref70
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref70
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref71
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref71
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref71
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref71
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref71
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref72
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref72
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref72
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref72
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref72
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref73
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref73
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref73
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref73
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref73
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref73
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref74
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref74
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref74
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref74
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref75
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref75
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref75
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref75
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref76
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref76
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref76
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref76
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref76
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref77
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref77
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref77
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref77
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref78
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref78
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref78
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref78
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref79
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref79
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref79
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref79
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref80
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref80
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref80
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref80
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref81
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref81
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref81
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref81
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref81
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref82
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref82
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref82
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref82
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref82
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref83
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref83
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref83
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref83
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref83
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref84
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref84
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref84
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref84
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref85
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref85
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref85
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref85
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref86
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref86
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref86
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref86
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref87
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref87
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref87
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref87
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref87
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref88
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref88
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref88
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref89
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref89
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref89
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref89
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref89
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref90
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref90
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref90
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref90
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref90
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref91
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref91
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref91
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref91
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref91
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref91
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref92
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref92
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref92
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref92
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref93
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref93
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref93
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref93
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref94
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref94
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref94
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref94
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref95
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref95
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref95
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref95
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref95
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref96
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref96
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref96
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
receptor alpha for transrepression on NF-kappaB. Proceedings of the National

Academy of Sciences of the U S A 106(18):7397e7402.

[97] Guan, D., Xiong, Y., Borck, P.C., Jang, C., Doulias, P.T., Papazyan, R., et al.,

2018. Diet-induced circadian enhancer remodeling synchronizes opposing

hepatic lipid metabolic processes. Cell 174(4):831e842 e812.

[98] Kersten, S., Seydoux, J., Peters, J.M., Gonzalez, F.J., Desvergne, B.,

Wahli, W., 1999. Peroxisome proliferator-activated receptor alpha mediates

the adaptive response to fasting. Journal of Clinical Investigation 103(11):

1489e1498.

[99] Montagner, A., Polizzi, A., Fouche, E., Ducheix, S., Lippi, Y., Lasserre, F.,

et al., 2016. Liver PPARalpha is crucial for whole-body fatty acid homeostasis

and is protective against NAFLD. Gut 65(7):1202e1214.

[100] Gervois, P., Vu-Dac, N., Kleemann, R., Kockx, M., Dubois, G., Laine, B., et al.,

2001. Negative regulation of human fibrinogen gene expression by peroxi-

some proliferator-activated receptor alpha agonists via inhibition of CCAAT

box/enhancer-binding protein beta. Journal of Biological Chemistry 276(36):

33471e33477.

[101] Francque, S., Verrijken, A., Caron, S., Prawitt, J., Paumelle, R., Derudas, B.,

et al., 2015. PPARa gene expression correlates with severity and histological

treatment response in patients with non-alcoholic steatohepatitis. Journal of

Hepatology 63(1):164e173.

[102] Staels, B., Dallongeville, J., Auwerx, J., Schoonjans, K., Leitersdorf, E.,

Fruchart, J.C., 1998. Mechanism of action of fibrates on lipid and lipoprotein

metabolism. Circulation 98(19):2088e2093.

[103] Rosenson, R.S., 2008. Fenofibrate: treatment of hyperlipidemia and beyond.

Expert Rev Cardiovasc Ther 6(10):1319e1330.

[104] Laurin, J., Lindor, K.D., Crippin, J.S., Gossard, A., Gores, G.J., Ludwig, J.,

et al., 1996. Ursodeoxycholic acid or clofibrate in the treatment of non-

alcohol-induced steatohepatitis: a pilot study. Hepatology 23(6):1464e1467.

[105] Fernández-Miranda, C., Pérez-Carreras, M., Colina, F., López-Alonso, G.,

Vargas, C., Solís-Herruzo, J.A., 2008. A pilot trial of fenofibrate for the

treatment of non-alcoholic fatty liver disease. Digestive and Liver Disease

40(3):200e205.

[106] Ratziu, V., Harrison, S.A., Francque, S., Bedossa, P., Lehert, P., Serfaty, L.,

et al., 2016. Elafibranor, an agonist of the peroxisome proliferator-activated

receptor-a and -d, induces resolution of nonalcoholic steatohepatitis without

fibrosis worsening. Gastroenterology 150(5):1147e1159 e1145.

[107] Lehrke, M., Lazar, M.A., 2005. The many faces of PPARgamma. Cell 123(6):

993e999.

[108] Lefterova, M.I., Haakonsson, A.K., Lazar, M.A., Mandrup, S., 2014. PPAR-

gamma and the global map of adipogenesis and beyond. Trends in Endo-

crinology and Metabolism 25(6):293e302.

[109] Eckel-Mahan, K.L., Patel, V.R., de Mateo, S., Orozco-Solis, R., Ceglia, N.J.,

Sahar, S., et al., 2013. Reprogramming of the circadian clock by nutritional

challenge. Cell 155(7):1464e1478.

[110] Moran-Salvador, E., Lopez-Parra, M., Garcia-Alonso, V., Titos, E., Martinez-

Clemente, M., Gonzalez-Periz, A., et al., 2011. Role for PPARgamma in

obesity-induced hepatic steatosis as determined by hepatocyte- and

macrophage-specific conditional knockouts. The FASEB Journal 25(8):

2538e2550.

[111] Matsusue, K., Haluzik, M., Lambert, G., Yim, S.H., Gavrilova, O., Ward, J.M.,

et al., 2003. Liver-specific disruption of PPARgamma in leptin-deficient mice

improves fatty liver but aggravates diabetic phenotypes. Journal of Clinical

Investigation 111(5):737e747.

[112] Skat-Rørdam, J., Højland Ipsen, D., Lykkesfeldt, J., Tveden-Nyborg, P., 2019.

A role of peroxisome proliferator-activated receptor g in non-alcoholic fatty

liver disease. Basic and Clinical Pharmacology and Toxicology 124(5):528e

537.

[113] Luo, W., Xu, Q., Wang, Q., Wu, H., Hua, J., 2017. Effect of modulation of

PPAR-gamma activity on Kupffer cells M1/M2 polarization in the development

of non-alcoholic fatty liver disease. Scientific Reports 7:44612.
12 MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. T
[114] Pascual, G., Fong, A.L., Ogawa, S., Gamliel, A., Li, A.C., Perissi, V., et al.,

2005. A SUMOylation-dependent pathway mediates transrepression of

inflammatory response genes by PPAR-gamma. Nature 437(7059):759e

763.

[115] Pott, S., Kamrani, N.K., Bourque, G., Pettersson, S., Liu, E.T., 2012. PPARG

binding landscapes in macrophages suggest a genome-wide contribution of

PU.1 to divergent PPARG binding in human and mouse. PloS One 7(10):

e48102.

[116] Lefterova, M.I., Steger, D.J., Zhuo, D., Qatanani, M., Mullican, S.E.,

Tuteja, G., et al., 2010. Cell-specific determinants of peroxisome proliferator-

activated receptor gamma function in adipocytes and macrophages. Mo-

lecular and Cellular Biology 30(9):2078e2089.

[117] Miyahara, T., Schrum, L., Rippe, R., Xiong, S., Yee Jr., H.F., Motomura, K.,

et al., 2000. Peroxisome proliferator-activated receptors and hepatic stellate

cell activation. Journal of Biological Chemistry 275(46):35715e35722.

[118] Liu, X., Xu, J., Rosenthal, S., Zhang, L.J., McCubbin, R., Meshgin, N., et al.,

2020. Identification of lineage-specific transcription factors that prevent

activation of hepatic stellate cells and promote fibrosis resolution. Gastro-

enterology 158(6):1728e1744 e1714.

[119] Pettinelli, P., Videla, L.A., 2011. Up-regulation of PPAR-gamma mRNA

expression in the liver of obese patients: an additional reinforcing lipogenic

mechanism to SREBP-1c induction. Journal of Clinical Endocrinology &

Metabolism 96(5):1424e1430.

[120] Liss, K.H., Finck, B.N., 2017. PPARs and nonalcoholic fatty liver disease.

Biochimie 136:65e74.

[121] Ratziu, V., Giral, P., Jacqueminet, S., Charlotte, F., Hartemann-Heurtier, A.,

Serfaty, L., et al., 2008. Rosiglitazone for nonalcoholic steatohepatitis: one-

year results of the randomized placebo-controlled fatty liver improvement

with rosiglitazone therapy (FLIRT) trial. Gastroenterology 135(1):100e110.

[122] Belfort, R., Harrison, S.A., Brown, K., Darland, C., Finch, J., Hardies, J., et al.,

2006. A placebo-controlled trial of pioglitazone in subjects with nonalcoholic

steatohepatitis. New England Journal of Medicine 355(22):2297e2307.

[123] Cusi, K., Orsak, B., Bril, F., Lomonaco, R., Hecht, J., Ortiz-Lopez, C., et al.,

2016. Long-term pioglitazone treatment for patients with nonalcoholic

steatohepatitis and prediabetes or type 2 diabetes mellitus: a randomized

trial. Annals of Internal Medicine 165(5):305e315.

[124] Harrison, S.A., Alkhouri, N., Davison, B.A., Sanyal, A., Edwards, C.,

Colca, J.R., et al., 2020. Insulin sensitizer MSDC-0602K in non-alcoholic

steatohepatitis: a randomized, double-blind, placebo-controlled phase IIb

study. Journal of Hepatology 72(4):613e626.

[125] Willy, P.J., Umesono, K., Ong, E.S., Evans, R.M., Heyman, R.A.,

Mangelsdorf, D.J., 1995. LXR, a nuclear receptor that defines a distinct

retinoid response pathway. Genes & Development 9(9):1033e1045.

[126] Repa, J.J., Mangelsdorf, D.J., 2000. The role of orphan nuclear receptors in

the regulation of cholesterol homeostasis. Annual Review of Cell and

Developmental Biology 16:459e481.

[127] Frank, C., Makkonen, H., Dunlop, T.W., Matilainen, M., Väisänen, S.,

Carlberg, C., 2005. Identification of pregnane X receptor binding sites in the

regulatory regions of genes involved in bile acid homeostasis. Journal of

Molecular Biology 346(2):505e519.

[128] Repa, J.J., Turley, S.D., Lobaccaro, J.A., Medina, J., Li, L., Lustig, K., et al.,

2000. Regulation of absorption and ABC1-mediated efflux of cholesterol by

RXR heterodimers. Science 289(5484):1524e1529.

[129] Zhang, Y., Breevoort, S.R., Angdisen, J., Fu, M., Schmidt, D.R.,

Holmstrom, S.R., et al., 2012. Liver LXRalpha expression is crucial for whole

body cholesterol homeostasis and reverse cholesterol transport in mice.

Journal of Clinical Investigation 122(5):1688e1699.

[130] Lo Sasso, G., Murzilli, S., Salvatore, L., D’Errico, I., Petruzzelli, M.,

Conca, P., et al., 2010. Intestinal specific LXR activation stimulates reverse

cholesterol transport and protects from atherosclerosis. Cell Metabolism

12(2):187e193.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref96
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref96
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref96
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref97
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref97
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref97
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref97
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref98
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref98
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref98
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref98
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref98
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref99
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref99
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref99
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref99
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref100
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref100
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref100
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref100
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref100
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref100
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref101
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref101
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref101
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref101
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref101
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref102
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref102
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref102
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref102
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref103
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref103
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref103
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref104
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref104
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref104
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref104
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref105
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref105
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref105
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref105
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref105
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref106
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref106
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref106
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref106
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref106
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref107
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref107
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref107
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref108
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref108
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref108
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref108
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref109
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref109
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref109
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref109
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref110
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref110
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref110
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref110
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref110
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref110
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref111
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref111
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref111
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref111
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref111
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref112
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref112
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref112
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref112
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref113
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref113
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref113
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref114
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref114
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref114
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref114
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref115
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref115
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref115
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref115
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref116
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref116
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref116
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref116
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref116
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref117
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref117
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref117
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref117
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref118
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref118
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref118
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref118
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref118
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref119
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref119
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref119
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref119
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref119
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref120
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref120
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref120
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref121
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref121
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref121
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref121
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref121
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref122
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref122
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref122
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref122
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref123
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref123
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref123
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref123
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref123
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref124
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref124
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref124
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref124
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref124
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref125
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref125
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref125
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref125
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref126
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref126
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref126
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref126
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref127
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref127
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref127
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref127
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref127
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref128
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref128
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref128
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref128
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref129
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref129
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref129
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref129
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref129
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref130
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref130
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref130
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref130
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref130
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


[131] Calkin, A.C., Tontonoz, P., 2012. Transcriptional integration of metabolism by

the nuclear sterol-activated receptors LXR and FXR. Nature Reviews Mo-

lecular Cell Biology 13(4):213e224.

[132] Janowski, B.A., Grogan, M.J., Jones, S.A., Wisely, G.B., Kliewer, S.A.,

Corey, E.J., et al., 1999. Structural requirements of ligands for the oxysterol

liver X receptors LXRalpha and LXRbeta. Proceedings of the National Acad-

emy of Sciences of the U S A 96(1):266e271.

[133] Costet, P., Luo, Y., Wang, N., Tall, A.R., 2000. Sterol-dependent trans-

activation of the ABC1 promoter by the liver X receptor/retinoid X receptor.

Journal of Biological Chemistry 275(36):28240e28245.

[134] Peet, D.J., Turley, S.D., Ma, W., Janowski, B.A., Lobaccaro, J.M.,

Hammer, R.E., et al., 1998. Cholesterol and bile acid metabolism are

impaired in mice lacking the nuclear oxysterol receptor LXR alpha. Cell 93(5):

693e704.

[135] Yoshikawa, T., Shimano, H., Amemiya-Kudo, M., Yahagi, N., Hasty, A.H.,

Matsuzaka, T., et al., 2001. Identification of liver X receptor-retinoid X re-

ceptor as an activator of the sterol regulatory element-binding protein 1c

gene promoter. Molecular and Cellular Biology 21(9):2991e3000.

[136] Joseph, S.B., Laffitte, B.A., Patel, P.H., Watson, M.A., Matsukuma, K.E.,

Walczak, R., et al., 2002. Direct and indirect mechanisms for regulation of

fatty acid synthase gene expression by liver X receptors. Journal of Biological

Chemistry 277(13):11019e11025.

[137] Repa, J.J., Liang, G., Ou, J., Bashmakov, Y., Lobaccaro, J.M., Shimomura, I.,

et al., 2000. Regulation of mouse sterol regulatory element-binding protein-

1c gene (SREBP-1c) by oxysterol receptors, LXRalpha and LXRbeta. Genes &

Development 14(22):2819e2830.

[138] Beaven, S.W., Wroblewski, K., Wang, J., Hong, C., Bensinger, S.,

Tsukamoto, H., et al., 2011. Liver X receptor signaling is a determinant of

stellate cell activation and susceptibility to fibrotic liver disease. Gastroen-

terology 140(3):1052e1062.

[139] Becares, N., Gage, M.C., Voisin, M., Shrestha, E., Martin-Gutierrez, L.,

Liang, N., et al., 2019. Impaired LXRalpha phosphorylation attenuates pro-

gression of fatty liver disease. Cell Reports 26(4):984e995 e986.

[140] Scott, C.L., T’Jonck, W., Martens, L., Todorov, H., Sichien, D., Soen, B., et al.,

2018. The transcription factor ZEB2 is required to maintain the tissue-

specific identities of macrophages. Immunity 49(2):312e325 e315.

[141] Ghisletti, S., Huang, W., Ogawa, S., Pascual, G., Lin, M.E., Willson, T.M.,

et al., 2007. Parallel SUMOylation-dependent pathways mediate gene- and

signal-specific transrepression by LXRs and PPARgamma. Molecular Cell

25(1):57e70.

[142] Venteclef, N., Jakobsson, T., Ehrlund, A., Damdimopoulos, A., Mikkonen, L.,

Ellis, E., et al., 2010. GPS2-dependent corepressor/SUMO pathways govern

anti-inflammatory actions of LRH-1 and LXRbeta in the hepatic acute phase

response. Genes & Development 24(4):381e395.

[143] Seidman, J.S., Troutman, T.D., Sakai, M., Gola, A., Spann, N.J., Bennett, H.,

et al., 2020. Niche-specific reprogramming of epigenetic landscapes drives

myeloid cell diversity in nonalcoholic steatohepatitis. Immunity 52(6):1057e

1074 e1057.

[144] Ito, A., Hong, C., Rong, X., Zhu, X., Tarling, E.J., Hedde, P.N., et al., 2015.

LXRs link metabolism to inflammation through Abca1-dependent regulation

of membrane composition and TLR signaling. Elife 4:e08009.

[145] Thomas, D.G., Doran, A.C., Fotakis, P., Westerterp, M., Antonson, P.,

Jiang, H., et al., 2018. LXR suppresses inflammatory gene expression and

neutrophil migration through cis-repression and cholesterol efflux. Cell Re-

ports 25(13):3774e3785 e3774.

[146] Ahn, S.B., Jang, K., Jun, D.W., Lee, B.H., Shin, K.J., 2014. Expression of liver

X receptor correlates with intrahepatic inflammation and fibrosis in patients

with nonalcoholic fatty liver disease. Digestive Diseases and Sciences 59(12):

2975e2982.

[147] Aguilar-Olivos, N.E., Carrillo-Córdova, D., Oria-Hernández, J., Sánchez-

Valle, V., Ponciano-Rodríguez, G., Ramírez-Jaramillo, M., et al., 2015. The
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
nuclear receptor FXR, but not LXR, up-regulates bile acid transporter

expression in non-alcoholic fatty liver disease. Annals of Hepatology 14(4):

487e493.

[148] Wang, Y.D., Chen, W.D., Moore, D.D., Huang, W., 2008. FXR: a metabolic

regulator and cell protector. Cell Research 18(11):1087e1095.

[149] Forman, B.M., Goode, E., Chen, J., Oro, A.E., Bradley, D.J., Perlmann, T.,

et al., 1995. Identification of a nuclear receptor that is activated by farnesol

metabolites. Cell 81(5):687e693.

[150] Wang, H., Chen, J., Hollister, K., Sowers, L.C., Forman, B.M., 1999.

Endogenous bile acids are ligands for the nuclear receptor FXR/BAR. Mo-

lecular Cell 3(5):543e553.

[151] Laffitte, B.A., Kast, H.R., Nguyen, C.M., Zavacki, A.M., Moore, D.D.,

Edwards, P.A., 2000. Identification of the DNA binding specificity and po-

tential target genes for the farnesoid X-activated receptor. Journal of Bio-

logical Chemistry 275(14):10638e10647.

[152] Thomas, A.M., Hart, S.N., Kong, B., Fang, J., Zhong, X.B., Guo, G.L., 2010.

Genome-wide tissue-specific farnesoid X receptor binding in mouse liver and

intestine. Hepatology 51(4):1410e1419.

[153] Chong, H.K., Infante, A.M., Seo, Y.K., Jeon, T.I., Zhang, Y., Edwards, P.A.,

et al., 2010. Genome-wide interrogation of hepatic FXR reveals an asym-

metric IR-1 motif and synergy with LRH-1. Nucleic Acids Research 38(18):

6007e6017.

[154] Lee, J., Seok, S., Yu, P., Kim, K., Smith, Z., Rivas-Astroza, M., et al., 2012.

Genomic analysis of hepatic farnesoid X receptor binding sites reveals altered

binding in obesity and direct gene repression by farnesoid X receptor in mice.

Hepatology 56(1):108e117.

[155] Chong, H.K., Biesinger, J., Seo, Y.K., Xie, X., Osborne, T.F., 2012. Genome-

wide analysis of hepatic LRH-1 reveals a promoter binding preference and

suggests a role in regulating genes of lipid metabolism in concert with FXR.

BMC Genomics 13:51.

[156] Li, L., Zhang, Q., Peng, J., Jiang, C., Zhang, Y., Shen, L., et al., 2015.

Activation of farnesoid X receptor downregulates monocyte chemoattractant

protein-1 in murine macrophage. Biochemical and Biophysical Research

Communications 467(4):841e846.

[157] Claudel, T., Sturm, E., Duez, H., Torra, I.P., Sirvent, A., Kosykh, V., et al.,

2002. Bile acid-activated nuclear receptor FXR suppresses apolipoprotein A-I

transcription via a negative FXR response element. Journal of Clinical

Investigation 109(7):961e971.

[158] Claudel, T., Inoue, Y., Barbier, O., Duran-Sandoval, D., Kosykh, V.,

Fruchart, J., et al., 2003. Farnesoid X receptor agonists suppress hepatic

apolipoprotein CIII expression. Gastroenterology 125(2):544e555.

[159] Chennamsetty, I., Claudel, T., Kostner, K.M., Baghdasaryan, A., Kratky, D.,

Levak-Frank, S., et al., 2011. Farnesoid X receptor represses hepatic

human APOA gene expression. Journal of Clinical Investigation 121(9):

3724e3734.

[160] Lee, J.M., Wagner, M., Xiao, R., Kim, K.H., Feng, D., Lazar, M.A., et al., 2014.

Nutrient-sensing nuclear receptors coordinate autophagy. Nature 516(7529):

112e115.

[161] Thomas, A.M., Hart, S.N., Li, G., Lu, H., Fang, Y., Fang, J., et al., 2013.

Hepatocyte nuclear factor 4 alpha and farnesoid X receptor co-regulates gene

transcription in mouse livers on a genome-wide scale. Pharmaceutical

Research 30(9):2188e2198.

[162] Seok, S., Fu, T., Choi, S.-E., Li, Y., Zhu, R., Kumar, S., et al., 2014. Tran-

scriptional regulation of autophagy by an FXReCREB axis. Nature 516(7529):

108e111.

[163] Caron, S., Huaman Samanez, C., Dehondt, H., Ploton, M., Briand, O., Lien, F.,

et al., 2013. Farnesoid X receptor inhibits the transcriptional activity of

carbohydrate response element binding protein in human hepatocytes. Mo-

lecular and Cellular Biology 33(11):2202e2211.

[164] Balasubramaniyan, N., Ananthanarayanan, M., Suchy, F.J., 2016. Nuclear

factor-kappaB regulates the expression of multiple genes encoding liver
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref131
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref131
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref131
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref131
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref132
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref132
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref132
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref132
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref132
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref133
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref133
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref133
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref133
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref134
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref134
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref134
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref134
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref134
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref135
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref135
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref135
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref135
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref135
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref136
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref136
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref136
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref136
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref136
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref137
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref137
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref137
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref137
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref137
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref138
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref138
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref138
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref138
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref138
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref139
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref139
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref139
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref139
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref140
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref140
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref140
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref140
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref141
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref141
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref141
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref141
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref141
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref142
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref142
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref142
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref142
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref142
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref143
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref143
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref143
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref143
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref144
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref144
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref144
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref145
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref145
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref145
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref145
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref145
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref146
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref146
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref146
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref146
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref146
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref147
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref147
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref147
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref147
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref147
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref147
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref148
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref148
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref148
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref149
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref149
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref149
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref149
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref150
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref150
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref150
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref150
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref151
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref151
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref151
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref151
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref151
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref152
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref152
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref152
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref152
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref153
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref153
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref153
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref153
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref153
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref154
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref154
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref154
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref154
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref154
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref155
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref155
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref155
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref155
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref156
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref156
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref156
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref156
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref156
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref157
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref157
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref157
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref157
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref157
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref158
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref158
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref158
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref158
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref159
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref159
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref159
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref159
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref159
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref160
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref160
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref160
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref160
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref161
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref161
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref161
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref161
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref161
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref162
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref162
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref162
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref162
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref162
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref163
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref163
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref163
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref163
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref163
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref164
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref164
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
transport proteins. American Journal of Physiology - Gastrointestinal and

Liver Physiology 310(8):G618eG628.

[165] Wang, Y.D., Chen, W.D., Wang, M., Yu, D., Forman, B.M., Huang, W., 2008.

Farnesoid X receptor antagonizes nuclear factor kappaB in hepatic inflam-

matory response. Hepatology 48(5):1632e1643.

[166] Seol, W., Choi, H.S., Moore, D.D., 1996. An orphan nuclear hormone receptor

that lacks a DNA binding domain and heterodimerizes with other receptors.

Science 272(5266):1336e1339.

[167] Xi, Y., Li, H., 2020. Role of farnesoid X receptor in hepatic steatosis in

nonalcoholic fatty liver disease. Biomedicine & Pharmacotherapy 121:

109609.

[168] Goodwin, B., Jones, S.A., Price, R.R., Watson, M.A., McKee, D.D.,

Moore, L.B., et al., 2000. A regulatory cascade of the nuclear receptors FXR,

SHP-1, and LRH-1 represses bile acid biosynthesis. Molecular Cell 6(3):517e

526.

[169] Watanabe, M., Houten, S.M., Wang, L., Moschetta, A., Mangelsdorf, D.J.,

Heyman, R.A., et al., 2004. Bile acids lower triglyceride levels via a pathway

involving FXR, SHP, and SREBP-1c. Journal of Clinical Investigation 113(10):

1408e1418.

[170] Fiorucci, S., Antonelli, E., Rizzo, G., Renga, B., Mencarelli, A., Riccardi, L.,

et al., 2004. The nuclear receptor SHP mediates inhibition of hepatic stellate

cells by FXR and protects against liver fibrosis. Gastroenterology 127(5):

1497e1512.

[171] Sinal, C.J., Tohkin, M., Miyata, M., Ward, J.M., Lambert, G., Gonzalez, F.J.,

2000. Targeted disruption of the nuclear receptor FXR/BAR impairs bile acid

and lipid homeostasis. Cell 102(6):731e744.

[172] Zhang, S., Wang, J., Liu, Q., Harnish, D.C., 2009. Farnesoid X receptor

agonist WAY-362450 attenuates liver inflammation and fibrosis in murine

model of non-alcoholic steatohepatitis. Journal of Hepatology 51(2):380e

388.

[173] Zhang, Y., Lee, F.Y., Barrera, G., Lee, H., Vales, C., Gonzalez, F.J., et al.,

2006. Activation of the nuclear receptor FXR improves hyperglycemia and

hyperlipidemia in diabetic mice. Proceedings of the National Academy of

Sciences of the U S A 103(4):1006e1011.

[174] Chapman, R.W., Lynch, K.D., 2020. Obeticholic acid-a new therapy in PBC

and NASH. British Medical Bulletin 133(1):95e104.

[175] Neuschwander-Tetri, B.A., Loomba, R., Sanyal, A.J., Lavine, J.E., Van

Natta, M.L., Abdelmalek, M.F., et al., 2015. Farnesoid X nuclear receptor

ligand obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT):

a multicentre, randomised, placebo-controlled trial. The Lancet 385(9972):

956e965.

[176] Polyzos, S.A., Kang, E.S., Boutari, C., Rhee, E.J., Mantzoros, C.S., 2020.

Current and emerging pharmacological options for the treatment of nonal-

coholic steatohepatitis. Metabolism, 154203.

[177] Kliewer, S.A., Moore, J.T., Wade, L., Staudinger, J.L., Watson, M.A.,

Jones, S.A., et al., 1998. An orphan nuclear receptor activated by pregnanes

defines a novel steroid signaling pathway. Cell 92(1):73e82.

[178] Gotoh, S., Negishi, M., 2015. Statin-activated nuclear receptor PXR promotes

SGK2 dephosphorylation by scaffolding PP2C to induce hepatic gluconeo-

genesis. Scientific Reports 5(1):14076.

[179] Cui, J.Y., Gunewardena, S.S., Rockwell, C.E., Klaassen, C.D., 2010. ChIPing

the cistrome of PXR in mouse liver. Nucleic Acids Research 38(22):7943e

7963.

[180] Spruiell, K., Richardson, R.M., Cullen, J.M., Awumey, E.M., Gonzalez, F.J.,

Gyamfi, M.A., 2014. Role of pregnane X receptor in obesity and glucose ho-

meostasis in male mice. Journal of Biological Chemistry 289(6):3244e3261.

[181] He, J., Gao, J., Xu, M., Ren, S., Stefanovic-Racic, M., O’Doherty, R.M., et al.,

2013. PXR ablation alleviates diet-induced and genetic obesity and insulin

resistance in mice. Diabetes 62(6):1876e1887.

[182] Nakamura, K., Moore, R., Negishi, M., Sueyoshi, T., 2007. Nuclear pregnane

X receptor cross-talk with FoxA2 to mediate drug-induced regulation of lipid
14 MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. T
metabolism in fasting mouse liver. Journal of Biological Chemistry 282(13):

9768e9776.

[183] Hakkola, J., Rysa, J., Hukkanen, J., 2016. Regulation of hepatic energy

metabolism by the nuclear receptor PXR. Biochimica et Biophysica Acta

1859(9):1072e1082.

[184] Zhou, J., Febbraio, M., Wada, T., Zhai, Y., Kuruba, R., He, J., et al.,

2008. Hepatic fatty acid transporter Cd36 is a common target of LXR,

PXR, and PPARgamma in promoting steatosis. Gastroenterology 134(2):

556e567.

[185] Kodama, S., Koike, C., Negishi, M., Yamamoto, Y., 2004. Nuclear receptors

CAR and PXR cross talk with FOXO1 to regulate genes that encode drug-

metabolizing and gluconeogenic enzymes. Molecular and Cellular Biology

24(18):7931e7940.

[186] Kodama, S., Moore, R., Yamamoto, Y., Negishi, M., 2007. Human nuclear

pregnane X receptor cross-talk with CREB to repress cAMP activation of the

glucose-6-phosphatase gene. Biochemical Journal 407(3):373e381.

[187] Bhalla, S., Ozalp, C., Fang, S., Xiang, L., Kemper, J.K., 2004. Ligand-acti-

vated pregnane X receptor interferes with HNF-4 signaling by targeting a

common coactivator PGC-1alpha. Functional implications in hepatic choles-

terol and glucose metabolism. Journal of Biological Chemistry 279(43):

45139e45147.

[188] Bitter, A., Rümmele, P., Klein, K., Kandel, B.A., Rieger, J.K., Nüssler, A.K.,

et al., 2015. Pregnane X receptor activation and silencing promote steatosis

of human hepatic cells by distinct lipogenic mechanisms. Archives of Toxi-

cology 89(11):2089e2103.

[189] Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D.,

Albrecht, U., et al., 2002. The orphan nuclear receptor REV-ERBalpha con-

trols circadian transcription within the positive limb of the mammalian

circadian oscillator. Cell 110(2):251e260.

[190] Feng, D., Liu, T., Sun, Z., Bugge, A., Mullican, S.E., Alenghat, T., et al., 2011.

A circadian rhythm orchestrated by histone deacetylase 3 controls hepatic

lipid metabolism. Science 331(6022):1315e1319.

[191] Lazar, M.A., Hodin, R.A., Darling, D.S., Chin, W.W., 1989. A novel member of

the thyroid/steroid hormone receptor family is encoded by the opposite strand

of the rat c-erbA alpha transcriptional unit. Molecular and Cellular Biology

9(3):1128e1136.

[192] Forman, B.M., Chen, J., Blumberg, B., Kliewer, S.A., Henshaw, R., Ong, E.S.,

et al., 1994. Cross-talk among ROR alpha 1 and the Rev-erb family of orphan

nuclear receptors. Molecular Endocrinology 8(9):1253e1261.

[193] Dumas, B., Harding, H.P., Choi, H.S., Lehmann, K.A., Chung, M., Lazar, M.A.,

et al., 1994. A new orphan member of the nuclear hormone receptor su-

perfamily closely related to Rev-Erb. Molecular Endocrinology 8(8):996e

1005.

[194] Yin, L., Wu, N., Curtin, J.C., Qatanani, M., Szwergold, N.R., Reid, R.A., et al.,

2007. Rev-erbalpha, a heme sensor that coordinates metabolic and circadian

pathways. Science 318(5857):1786e1789.

[195] Raghuram, S., Stayrook, K.R., Huang, P., Rogers, P.M., Nosie, A.K.,

McClure, D.B., et al., 2007. Identification of heme as the ligand for the

orphan nuclear receptors REV-ERBalpha and REV-ERBbeta. Nature Structural

& Molecular Biology 14(12):1207e1213.

[196] Bugge, A., Feng, D., Everett, L.J., Briggs, E.R., Mullican, S.E., Wang, F., et al.,

2012. Rev-erbalpha and Rev-erbbeta coordinately protect the circadian clock

and normal metabolic function. Genes & Development 26(7):657e667.

[197] Harding, H.P., Lazar, M.A., 1995. The monomer-binding orphan receptor

Rev-Erb represses transcription as a dimer on a novel direct repeat. Mo-

lecular and Cellular Biology 15(9):4791e4802.

[198] Zamir, I., Zhang, J., Lazar, M.A., 1997. Stoichiometric and steric principles

governing repression by nuclear hormone receptors. Genes & Development

11(7):835e846.

[199] Everett, L.J., Lazar, M.A., 2014. Nuclear receptor Rev-erba: up, down, and

all around. Trends in Endocrinology and Metabolism 25(11):586e592.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref164
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref164
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref164
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref165
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref165
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref165
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref165
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref166
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref166
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref166
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref166
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref167
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref167
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref167
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref168
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref168
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref168
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref168
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref169
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref169
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref169
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref169
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref169
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref170
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref170
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref170
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref170
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref170
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref171
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref171
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref171
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref171
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref172
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref172
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref172
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref172
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref173
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref173
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref173
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref173
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref173
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref174
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref174
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref174
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref175
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref175
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref175
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref175
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref175
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref175
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref176
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref176
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref176
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref177
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref177
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref177
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref177
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref178
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref178
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref178
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref179
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref179
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref179
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref180
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref180
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref180
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref180
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref181
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref181
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref181
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref181
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref182
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref182
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref182
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref182
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref182
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref183
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref183
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref183
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref183
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref184
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref184
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref184
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref184
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref184
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref185
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref185
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref185
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref185
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref185
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref186
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref186
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref186
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref186
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref187
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref187
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref187
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref187
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref187
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref187
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref188
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref188
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref188
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref188
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref188
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref189
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref189
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref189
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref189
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref189
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref190
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref190
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref190
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref190
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref191
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref191
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref191
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref191
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref191
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref192
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref192
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref192
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref192
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref193
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref193
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref193
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref193
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref194
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref194
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref194
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref194
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref195
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref195
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref195
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref195
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref195
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref196
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref196
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref196
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref196
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref197
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref197
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref197
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref197
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref198
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref198
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref198
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref198
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref199
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref199
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref199
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


[200] Zhang, Y., Fang, B., Emmett, M.J., Damle, M., Sun, Z., Feng, D., et al., 2015.

GENE REGULATION. Discrete functions of nuclear receptor Rev-erba couple

metabolism to the clock. Science 348(6242):1488e1492.

[201] Zhu, B., Gates, L.A., Stashi, E., Dasgupta, S., Gonzales, N., Dean, A., et al.,

2015. Coactivator-dependent oscillation of chromatin accessibility dictates

circadian gene amplitude via REV-ERB loading. Molecular Cell 60(5):769e

783.

[202] Fang, B., Lazar, M.A., 2015. Dissecting the rev-erbalpha cistrome and the

mechanisms controlling circadian transcription in liver. Cold Spring Harbor

Symposia on Quantitative Biology 80:233e238.

[203] Zhang, Y., Fang, B., Damle, M., Guan, D., Li, Z., Kim, Y.H., et al., 2016. HNF6

and Rev-erbalpha integrate hepatic lipid metabolism by overlapping and

distinct transcriptional mechanisms. Genes & Development 30(14):1636e

1644.

[204] Kim, Y.H., Marhon, S.A., Zhang, Y., Steger, D.J., Won, K.J., Lazar, M.A.,

2018. Rev-erba dynamically modulates chromatin looping to control circa-

dian gene transcription. Science 359(6381):1274e1277.

[205] Duez, H., van der Veen, J.N., Duhem, C., Pourcet, B., Touvier, T.,

Fontaine, C., et al., 2008. Regulation of bile acid synthesis by the nuclear

receptor Rev-erbalpha. Gastroenterology 135(2):689e698.

[206] Cho, H., Zhao, X., Hatori, M., Yu, R.T., Barish, G.D., Lam, M.T., et al., 2012.

Regulation of circadian behaviour and metabolism by REV-ERB-alpha and

REV-ERB-beta. Nature 485(7396):123e127.

[207] Guan, D., Xiong, Y., Trinh, T.M., Xiao, Y., Hu, W., Jiang, C., et al., 2020. The

hepatocyte clock and feeding control chronophysiology of multiple liver cell

types. Science.

[208] Fang, B., Everett, L.J., Jager, J., Briggs, E., Armour, S.M., Feng, D., et al.,

2014. Circadian enhancers coordinate multiple phases of rhythmic gene

transcription in vivo. Cell 159(5):1140e1152.

[209] Solt, L.A., Wang, Y., Banerjee, S., Hughes, T., Kojetin, D.J., Lundasen, T.,

et al., 2012. Regulation of circadian behaviour and metabolism by synthetic

REV-ERB agonists. Nature 485(7396):62e68.

[210] Dierickx, P., Emmett, M.J., Jiang, C., Uehara, K., Liu, M., Adlanmerini, M.,

et al., 2019. SR9009 has REV-ERB-independent effects on cell proliferation

and metabolism. Proceedings of the National Academy of Sciences of the U S

A 116(25):12147e12152.

[211] Duez, H., Staels, B., 2008. The nuclear receptors Rev-erbs and RORs inte-

grate circadian rhythms and metabolism. Diabetes and Vascular Disease

Research 5(2):82e88.

[212] Kallen, J., Schlaeppi, J.M., Bitsch, F., Delhon, I., Fournier, B., 2004. Crystal

structure of the human RORalpha Ligand binding domain in complex with

cholesterol sulfate at 2.2 A. Journal of Biological Chemistry 279(14):14033e

14038.

[213] Wang, Y., Kumar, N., Solt, L.A., Richardson, T.I., Helvering, L.M.,

Crumbley, C., et al., 2010. Modulation of retinoic acid receptor-related

orphan receptor alpha and gamma activity by 7-oxygenated sterol ligands.

Journal of Biological Chemistry 285(7):5013e5025.

[214] Solt, L.A., Burris, T.P., 2012. Action of RORs and their ligands in (patho)

physiology. Trends in Endocrinology and Metabolism 23(12):619e627.

[215] Giguère, V., Tini, M., Flock, G., Ong, E., Evans, R.M., Otulakowski, G., 1994.

Isoform-specific amino-terminal domains dictate DNA-binding properties of

ROR alpha, a novel family of orphan hormone nuclear receptors. Genes &

Development 8(5):538e553.

[216] He, Y.W., Deftos, M.L., Ojala, E.W., Bevan, M.J., 1998. RORgamma t, a novel

isoform of an orphan receptor, negatively regulates Fas ligand expression and

IL-2 production in T cells. Immunity 9(6):797e806.

[217] Zhang, Y., Papazyan, R., Damle, M., Fang, B., Jager, J., Feng, D., et al.,

2017. The hepatic circadian clock fine-tunes the lipogenic response to

feeding through RORalpha/gamma. Genes & Development 31(12):1202e

1211.
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
[218] Wada, T., Kang, H.S., Angers, M., Gong, H., Bhatia, S., Khadem, S., et al.,

2008. Identification of oxysterol 7alpha-hydroxylase (Cyp7b1) as a novel

retinoid-related orphan receptor alpha (RORalpha) (NR1F1) target gene and a

functional cross-talk between RORalpha and liver X receptor (NR1H3). Mo-

lecular Pharmacology 73(3):891e899.

[219] Lau, P., Fitzsimmons, R.L., Raichur, S., Wang, S.C., Lechtken, A.,

Muscat, G.E., 2008. The orphan nuclear receptor, RORalpha, regulates gene

expression that controls lipid metabolism: staggerer (SG/SG) mice are

resistant to diet-induced obesity. Journal of Biological Chemistry 283(26):

18411e18421.

[220] Kang, H.S., Angers, M., Beak, J.Y., Wu, X., Gimble, J.M., Wada, T., et al.,

2007. Gene expression profiling reveals a regulatory role for ROR alpha and

ROR gamma in phase I and phase II metabolism. Physiological Genomics

31(2):281e294.

[221] Kim, K., Boo, K., Yu, Y.S., Oh, S.K., Kim, H., Jeon, Y., et al.,

2017. RORalpha controls hepatic lipid homeostasis via negative

regulation of PPARgamma transcriptional network. Nature Communi-

cations 8(1):162.

[222] Han, Y.H., Kim, H.J., Na, H., Nam, M.W., Kim, J.Y., Kim, J.S., et al., 2017.

RORalpha induces KLF4-mediated M2 polarization in the liver macrophages

that protect against nonalcoholic steatohepatitis. Cell Reports 20(1):124e

135.

[223] Takeda, Y., Kang, H.S., Lih, F.B., Jiang, H., Blaner, W.S., Jetten, A.M., 2014.

Retinoid acid-related orphan receptor gamma, RORgamma, participates in

diurnal transcriptional regulation of lipid metabolic genes. Nucleic Acids

Research 42(16):10448e10459.

[224] Ou, Z., Shi, X., Gilroy, R.K., Kirisci, L., Romkes, M., Lynch, C., et al., 2013.

Regulation of the human hydroxysteroid sulfotransferase (SULT2A1) by RORa

and RORg and its potential relevance to human liver diseases. Molecular

Endocrinology 27(1):106e115.

[225] Tang, Y., Bian, Z., Zhao, L., Liu, Y., Liang, S., Wang, Q., et al., 2011.

Interleukin-17 exacerbates hepatic steatosis and inflammation in non-

alcoholic fatty liver disease. Clinical and Experimental Immunology 166(2):

281e290.

[226] Kumar, N., Kojetin, D.J., Solt, L.A., Kumar, K.G., Nuhant, P., Duckett, D.R.,

et al., 2011. Identification of SR3335 (ML-176): a synthetic RORalpha se-

lective inverse agonist. ACS Chemical Biology 6(3):218e222.

[227] He, B., Nohara, K., Park, N., Park, Y.S., Guillory, B., Zhao, Z., et al., 2016. The

small molecule nobiletin targets the molecular oscillator to enhance circadian

rhythms and protect against metabolic syndrome. Cell Metabolism 23(4):

610e621.

[228] Giguère, V., Yang, N., Segui, P., Evans, R.M., 1988. Identification of a new

class of steroid hormone receptors. Nature 331(6151):91e94.

[229] Giguère, V., 2008. Transcriptional control of energy homeostasis by the

estrogen-related receptors. Endocrine Reviews 29(6):677e696.

[230] Bookout, A.L., Jeong, Y., Downes, M., Yu, R.T., Evans, R.M.,

Mangelsdorf, D.J., 2006. Anatomical profiling of nuclear receptor

expression reveals a hierarchical transcriptional network. Cell 126(4):

789e799.

[231] Xia, H., Dufour, C.R., Giguère, V., 2019. ERRa as a bridge between tran-

scription and function: role in liver metabolism and disease. Frontiers in

Endocrinology 10:206.

[232] Herzog, B., Cardenas, J., Hall, R.K., Villena, J.A., Budge, P.J., Giguère, V.,

et al., 2006. Estrogen-related receptor alpha is a repressor of phospho-

enolpyruvate carboxykinase gene transcription. Journal of Biological Chem-

istry 281(1):99e106.

[233] Charest-Marcotte, A., Dufour, C.R., Wilson, B.J., Tremblay, A.M.,

Eichner, L.J., Arlow, D.H., et al., 2010. The homeobox protein Prox1 is a

negative modulator of ERR{alpha}/PGC-1{alpha} bioenergetic functions. Genes

& Development 24(6):537e542.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 15

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref200
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref200
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref200
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref200
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref201
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref201
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref201
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref201
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref202
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref202
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref202
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref202
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref203
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref203
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref203
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref203
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref204
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref204
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref204
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref204
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref205
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref205
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref205
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref205
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref206
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref206
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref206
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref206
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref207
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref207
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref207
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref208
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref208
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref208
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref208
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref209
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref209
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref209
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref209
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref210
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref210
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref210
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref210
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref210
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref211
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref211
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref211
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref211
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref212
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref212
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref212
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref212
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref213
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref213
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref213
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref213
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref213
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref214
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref214
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref214
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref215
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref215
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref215
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref215
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref215
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref216
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref216
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref216
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref216
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref217
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref217
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref217
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref217
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref218
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref218
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref218
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref218
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref218
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref218
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref219
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref219
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref219
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref219
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref219
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref219
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref220
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref220
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref220
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref220
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref220
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref221
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref221
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref221
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref221
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref222
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref222
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref222
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref222
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref223
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref223
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref223
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref223
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref223
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref224
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref224
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref224
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref224
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref224
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref225
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref225
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref225
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref225
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref225
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref226
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref226
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref226
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref226
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref227
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref227
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref227
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref227
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref227
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref228
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref228
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref228
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref229
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref229
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref229
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref230
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref230
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref230
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref230
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref230
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref231
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref231
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref231
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref232
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref232
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref232
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref232
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref232
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref233
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref233
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref233
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref233
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref233
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
[234] B’Chir, W., Dufour, C.R., Ouellet, C., Yan, M., Tam, I.S., Andrzejewski, S.,

et al., 2018. Divergent role of estrogen-related receptor a in lipid- and

fasting-induced hepatic steatosis in mice. Endocrinology 159(5):2153e2164.

[235] Chaveroux, C., Eichner, L.J., Dufour, C.R., Shatnawi, A., Khoutorsky, A.,

Bourque, G., et al., 2013. Molecular and genetic crosstalks between mTOR

and ERRa are key determinants of rapamycin-induced nonalcoholic fatty

liver. Cell Metabolism 17(4):586e598.

[236] Patch, R.J., Searle, L.L., Kim, A.J., De, D., Zhu, X., Askari, H.B., et al., 2011.

Identification of diaryl ether-based ligands for estrogen-related receptor a as

potential antidiabetic agents. Journal of Medicinal Chemistry 54(3):788e808.

[237] Baes, M., Gulick, T., Choi, H.S., Martinoli, M.G., Simha, D., Moore, D.D.,

1994. A new orphan member of the nuclear hormone receptor superfamily

that interacts with a subset of retinoic acid response elements. Molecular and

Cellular Biology 14(3):1544e1552.

[238] Choi, H.S., Chung, M., Tzameli, I., Simha, D., Lee, Y.K., Seol, W., et al., 1997.

Differential transactivation by two isoforms of the orphan nuclear hormone

receptor CAR. Journal of Biological Chemistry 272(38):23565e23571.

[239] Honkakoski, P., Zelko, I., Sueyoshi, T., Negishi, M., 1998. The nuclear orphan

receptor CAR-retinoid X receptor heterodimer activates the phenobarbital-

responsive enhancer module of the CYP2B gene. Molecular and Cellular

Biology 18(10):5652e5658.

[240] Wei, P., Zhang, J., Egan-Hafley, M., Liang, S., Moore, D.D., 2000. The nu-

clear receptor CAR mediates specific xenobiotic induction of drug meta-

bolism. Nature 407(6806):920e923.

[241] Qatanani, M., Moore, D.D., 2005. CAR, the continuously advancing receptor,

in drug metabolism and disease. Current Drug Metabolism 6(4):329e339.

[242] Suino, K., Peng, L., Reynolds, R., Li, Y., Cha, J.Y., Repa, J.J., et al., 2004.

The nuclear xenobiotic receptor CAR: structural determinants of constitutive

activation and heterodimerization. Molecular Cell 16(6):893e905.

[243] Kawamoto, T., Sueyoshi, T., Zelko, I., Moore, R., Washburn, K., Negishi, M.,

1999. Phenobarbital-responsive nuclear translocation of the receptor CAR in

induction of the CYP2B gene. Molecular and Cellular Biology 19(9):6318e

6322.

[244] Miao, J., Fang, S., Bae, Y., Kemper, J.K., 2006. Functional inhibitory cross-

talk between constitutive androstane receptor and hepatic nuclear factor-4 in

hepatic lipid/glucose metabolism is mediated by competition for binding to

the DR1 motif and to the common coactivators, GRIP-1 and PGC-1alpha.

Journal of Biological Chemistry 281(21):14537e14546.

[245] Tian, J., Marino, R., Johnson, C., Locker, J., 2018. Binding of drug-activated

CAR/Nr1i3 alters metabolic regulation in the liver. iScience 9:209e228.

[246] Dong, B., Saha, P.K., Huang, W., Chen, W., Abu-Elheiga, L.A., Wakil, S.J.,

et al., 2009. Activation of nuclear receptor CAR ameliorates diabetes and fatty

liver disease. Proceedings of the National Academy of Sciences of the U S A

106(44):18831e18836.

[247] Maglich, J.M., Lobe, D.C., Moore, J.T., 2009. The nuclear receptor CAR

(NR1I3) regulates serum triglyceride levels under conditions of metabolic

stress. The Journal of Lipid Research 50(3):439e445.

[248] Yamazaki, Y., Kakizaki, S., Horiguchi, N., Sohara, N., Sato, K., Takagi, H.,

et al., 2007. The role of the nuclear receptor constitutive androstane receptor

in the pathogenesis of non-alcoholic steatohepatitis. Gut 56(4):565e574.

[249] Lee, H.K., Lee, Y.K., Park, S.H., Kim, Y.S., Park, S.H., Lee, J.W., et al., 1998.

Structure and expression of the orphan nuclear receptor SHP gene. Journal of

Biological Chemistry 273(23):14398e14402.

[250] Xia, Z., Farhana, L., Correa, R.G., Das, J.K., Castro, D.J., Yu, J., et al., 2011.

Heteroatom-substituted analogues of orphan nuclear receptor small hetero-

dimer partner ligand and apoptosis inducer (E)-4-[3-(1-Adamantyl)-4-

hydroxyphenyl]-3-chlorocinnamic acid. Journal of Medicinal Chemistry

54(11):3793e3816.

[251] Seol, W., Hanstein, B., Brown, M., Moore, D.D., 1998. Inhibition of estrogen

receptor action by the orphan receptor SHP (short heterodimer partner).

Molecular Endocrinology 12(10):1551e1557.
16 MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. T
[252] Borgius, L.J., Steffensen, K.R., Gustafsson, J.A., Treuter, E., 2002. Gluco-

corticoid signaling is perturbed by the atypical orphan receptor and core-

pressor SHP. Journal of Biological Chemistry 277(51):49761e49766.

[253] Gobinet, J., Auzou, G., Nicolas, J.C., Sultan, C., Jalaguier, S., 2001. Char-

acterization of the interaction between androgen receptor and a new tran-

scriptional inhibitor, SHP. Biochemistry 40(50):15369e15377.

[254] Johansson, L., Båvner, A., Thomsen, J.S., Färnegårdh, M., Gustafsson, J.A.,

Treuter, E., 2000. The orphan nuclear receptor SHP utilizes conserved

LXXLL-related motifs for interactions with ligand-activated estrogen re-

ceptors. Molecular and Cellular Biology 20(4):1124e1133.

[255] Lee, Y.K., Dell, H., Dowhan, D.H., Hadzopoulou-Cladaras, M., Moore, D.D.,

2000. The orphan nuclear receptor SHP inhibits hepatocyte nuclear factor 4

and retinoid X receptor transactivation: two mechanisms for repression.

Molecular and Cellular Biology 20(1):187e195.

[256] Lee, Y.K., Moore, D.D., 2002. Dual mechanisms for repression of the

monomeric orphan receptor liver receptor homologous protein-1 by the

orphan small heterodimer partner. Journal of Biological Chemistry 277(4):

2463e2467.

[257] Kemper, J.K., Kim, H., Miao, J., Bhalla, S., Bae, Y., 2004. Role of an mSin3A-

Swi/Snf chromatin remodeling complex in the feedback repression of bile

acid biosynthesis by SHP. Molecular and Cellular Biology 24(17):7707e7719.

[258] Boulias, K., Talianidis, I., 2004. Functional role of G9a-induced histone

methylation in small heterodimer partner-mediated transcriptional repres-

sion. Nucleic Acids Research 32(20):6096e6103.

[259] Magee, N., Zou, A., Ghosh, P., Ahamed, F., Delker, D., Zhang, Y., 2020.

Disruption of hepatic small heterodimer partner induces dissociation of

steatosis and inflammation in experimental nonalcoholic steatohepatitis.

Journal of Biological Chemistry 295(4):994e1008.

[260] Boulias, K., Katrakili, N., Bamberg, K., Underhill, P., Greenfield, A.,

Talianidis, I., 2005. Regulation of hepatic metabolic pathways by the orphan

nuclear receptor SHP. The EMBO Journal 24(14):2624e2633.

[261] Huang, J., Iqbal, J., Saha, P.K., Liu, J., Chan, L., Hussain, M.M., et al., 2007.

Molecular characterization of the role of orphan receptor small heterodimer

partner in development of fatty liver. Hepatology 46(1):147e157.

[262] Zou, A., Magee, N., Deng, F., Lehn, S., Zhong, C., Zhang, Y., 2018. Hepa-

tocyte nuclear receptor SHP suppresses inflammation and fibrosis in a mouse

model of nonalcoholic steatohepatitis. Journal of Biological Chemistry

293(22):8656e8671.

[263] Bechmann, L.P., Kocabayoglu, P., Sowa, J.P., Sydor, S., Best, J.,

Schlattjan, M., et al., 2013. Free fatty acids repress small heterodimer

partner (SHP) activation and adiponectin counteracts bile acid-induced liver

injury in superobese patients with nonalcoholic steatohepatitis. Hepatology

57(4):1394e1406.

[264] Smalling, R.L., Delker, D.A., Zhang, Y., Nieto, N., McGuiness, M.S., Liu, S.,

et al., 2013. Genome-wide transcriptome analysis identifies novel gene

signatures implicated in human chronic liver disease. American Journal of

Physiology - Gastrointestinal and Liver Physiology 305(5):G364eG374.

[265] Li, J., Ning, G., Duncan, S.A., 2000. Mammalian hepatocyte differentiation

requires the transcription factor HNF-4alpha. Genes & Development 14(4):

464e474.

[266] Watt, A.J., Garrison, W.D., Duncan, S.A., 2003. HNF4: a central regu-

lator of hepatocyte differentiation and function. Hepatology 37(6):1249e

1253.

[267] Costa, R.H., Van Dyke, T.A., Yan, C., Kuo, F., Darnell Jr., J.E., 1990. Simi-

larities in transthyretin gene expression and differences in transcription

factors: liver and yolk sac compared to choroid plexus. Proceedings of the

National Academy of Sciences of the U S A 87(17):6589e6593.

[268] Miquerol, L., Lopez, S., Cartier, N., Tulliez, M., Raymondjean, M., Kahn, A.,

1994. Expression of the L-type pyruvate kinase gene and the hepatocyte

nuclear factor 4 transcription factor in exocrine and endocrine pancreas.

Journal of Biological Chemistry 269(12):8944e8951.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref234
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref234
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref234
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref234
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref235
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref235
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref235
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref235
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref235
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref236
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref236
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref236
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref236
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref237
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref237
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref237
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref237
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref237
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref238
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref238
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref238
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref238
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref239
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref239
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref239
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref239
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref239
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref240
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref240
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref240
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref240
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref241
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref241
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref241
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref242
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref242
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref242
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref242
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref243
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref243
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref243
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref243
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref244
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref244
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref244
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref244
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref244
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref244
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref245
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref245
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref245
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref246
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref246
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref246
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref246
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref246
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref247
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref247
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref247
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref247
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref248
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref248
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref248
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref248
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref249
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref249
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref249
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref249
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref250
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref250
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref250
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref250
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref250
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref250
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref251
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref251
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref251
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref251
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref252
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref252
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref252
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref252
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref253
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref253
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref253
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref253
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref254
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref254
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref254
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref254
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref254
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref255
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref255
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref255
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref255
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref255
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref256
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref256
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref256
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref256
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref256
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref257
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref257
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref257
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref257
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref258
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref258
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref258
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref258
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref259
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref259
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref259
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref259
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref259
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref260
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref260
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref260
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref260
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref261
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref261
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref261
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref261
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref262
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref262
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref262
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref262
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref262
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref263
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref263
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref263
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref263
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref263
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref263
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref264
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref264
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref264
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref264
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref264
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref265
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref265
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref265
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref265
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref266
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref266
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref266
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref267
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref267
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref267
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref267
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref267
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref268
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref268
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref268
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref268
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref268
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


[269] Hertz, R., Magenheim, J., Berman, I., Bar-Tana, J., 1998. Fatty acyl-CoA

thioesters are ligands of hepatic nuclear factor-4alpha. Nature 392(6675):

512e516.

[270] Kiselyuk, A., Lee, S.H., Farber-Katz, S., Zhang, M., Athavankar, S., Cohen, T.,

et al., 2012. HNF4a antagonists discovered by a high-throughput screen for

modulators of the human insulin promoter. Chemistry & Biology 19(7):806e

818.

[271] Wisely, G.B., Miller, A.B., Davis, R.G., Thornquest Jr., A.D., Johnson, R.,

Spitzer, T., et al., 2002. Hepatocyte nuclear factor 4 is a transcription factor

that constitutively binds fatty acids. Structure 10(9):1225e1234.

[272] Jiang, G., Sladek, F.M., 1997. The DNA binding domain of hepatocyte nuclear

factor 4 mediates cooperative, specific binding to DNA and heterodimeriza-

tion with the retinoid X receptor alpha. Journal of Biological Chemistry 272(2):

1218e1225.

[273] Ko, H.L., Zhuo, Z., Ren, E.C., 2019. HNF4a combinatorial isoform hetero-

dimers activate distinct gene targets that differ from their corresponding

homodimers. Cell Reports 26(10):2549e2557 e2543.

[274] Stoffel, M., Duncan, S.A., 1997. The maturity-onset diabetes of the young

(MODY1) transcription factor HNF4a regulates expression of genes required

for glucose transport and metabolism 94(24):13209e13214.

[275] Stroup, D., Chiang, J.Y., 2000. HNF4 and COUP-TFII interact to modulate

transcription of the cholesterol 7alpha-hydroxylase gene (CYP7A1). The

Journal of Lipid Research 41(1):1e11.

[276] Hayhurst, G.P., Lee, Y.H., Lambert, G., Ward, J.M., Gonzalez, F.J., 2001.

Hepatocyte nuclear factor 4alpha (nuclear receptor 2A1) is essential for

maintenance of hepatic gene expression and lipid homeostasis. Molecular

and Cellular Biology 21(4):1393e1403.

[277] Kamiya, A., Inoue, Y., Gonzalez, F.J., 2003. Role of the hepatocyte nuclear

factor 4alpha in control of the pregnane X receptor during fetal liver devel-

opment. Hepatology 37(6):1375e1384.

[278] Sumi, K., Tanaka, T., Uchida, A., Magoori, K., Urashima, Y., Ohashi, R., et al.,

2007. Cooperative interaction between hepatocyte nuclear factor 4 alpha and

GATA transcription factors regulates ATP-binding cassette sterol transporters

ABCG5 and ABCG8. Molecular and Cellular Biology 27(12):4248e4260.
MOLECULAR METABOLISM 50 (2021) 101119 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
[279] Martinez-Jimenez, C.P., Kyrmizi, I., Cardot, P., Gonzalez, F.J., Talianidis, I.,

2010. Hepatocyte nuclear factor 4alpha coordinates a transcription factor

network regulating hepatic fatty acid metabolism. Molecular and Cellular

Biology 30(3):565e577.

[280] Bolotin, E., Chellappa, K., Hwang-Verslues, W., Schnabl, J.M., Yang, C.,

Sladek, F.M., 2011. Nuclear receptor HNF4a binding sequences are wide-

spread in Alu repeats. BMC Genomics 12:560.

[281] Chen, W.S., Manova, K., Weinstein, D.C., Duncan, S.A., Plump, A.S.,

Prezioso, V.R., et al., 1994. Disruption of the HNF-4 gene, expressed in

visceral endoderm, leads to cell death in embryonic ectoderm and impaired

gastrulation of mouse embryos. Genes & Development 8(20):2466e2477.

[282] Yin, L., Ma, H., Ge, X., Edwards, P.A., Zhang, Y., 2011. Hepatic hepatocyte

nuclear factor 4a is essential for maintaining triglyceride and cholesterol

homeostasis. Arteriosclerosis, Thrombosis, and Vascular Biology 31(2):328e

336.

[283] Xu, Y., Zalzala, M., Xu, J., Li, Y., Yin, L., Zhang, Y., 2015. A metabolic stress-

inducible miR-34a-HNF4a pathway regulates lipid and lipoprotein meta-

bolism. Nature Communications 6:7466.

[284] Li, Y., Zalzala, M., Jadhav, K., Xu, Y., Kasumov, T., Yin, L., et al., 2016.

Carboxylesterase 2 prevents liver steatosis by modulating lipolysis, endo-

plasmic reticulum stress, and lipogenesis and is regulated by hepatocyte

nuclear factor 4 alpha in mice. Hepatology 63(6):1860e1874.

[285] Kim, D.H., Xiao, Z., Kwon, S., Sun, X., Ryerson, D., Tkac, D., et al., 2015.

A dysregulated acetyl/SUMO switch of FXR promotes hepatic inflammation in

obesity. The EMBO Journal 34(2):184e199.

[286] Soccio, R.E., Chen, E.R., Lazar, M.A., 2014. Thiazolidinediones and the

promise of insulin sensitization in type 2 diabetes. Cell Metabolism 20(4):

573e591.

[287] Eslam, M., Valenti, L., Romeo, S., 2018. Genetics and epigenetics of NAFLD

and NASH: clinical impact. Journal of Hepatology 68(2):268e279.

[288] Hu, W., Jiang, C., Guan, D., Dierickx, P., Zhang, R., Moscati, A., et al.,

2019. Patient Adipose stem cell-derived adipocytes reveal genetic varia-

tion that predicts antidiabetic drug response. Cell Stem Cell 24(2):299e

308 e296.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 17

http://refhub.elsevier.com/S2212-8778(20)30193-9/sref269
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref269
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref269
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref269
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref270
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref270
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref270
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref270
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref271
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref271
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref271
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref271
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref272
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref272
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref272
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref272
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref272
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref273
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref273
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref273
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref273
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref274
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref274
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref274
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref274
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref274
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref275
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref275
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref275
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref275
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref276
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref276
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref276
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref276
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref276
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref277
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref277
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref277
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref277
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref278
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref278
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref278
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref278
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref278
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref279
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref279
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref279
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref279
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref279
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref280
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref280
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref280
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref281
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref281
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref281
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref281
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref281
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref282
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref282
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref282
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref282
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref283
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref283
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref283
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref284
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref284
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref284
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref284
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref284
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref285
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref285
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref285
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref285
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref286
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref286
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref286
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref286
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref287
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref287
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref287
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref288
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref288
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref288
http://refhub.elsevier.com/S2212-8778(20)30193-9/sref288
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

	Nuclear receptors and transcriptional regulation in non-alcoholic fatty liver disease
	1. Introduction
	2. Classical hormone receptors
	2.1. Glucocorticoid receptor (GR)
	2.2. Estrogen receptor (ER)
	2.3. Thyroid hormone receptor (TR)
	2.4. Vitamin D receptor (VDR)

	3. Non-steroid hormone receptors
	3.1. Peroxisome proliferator-activated receptors (PPARs)
	3.1.1. PPARα
	3.1.2. PPARγ

	3.2. Liver X receptor (LXR)
	3.3. Farnesoid X receptor (FXR)
	3.4. Pregnane X receptor (PXR)

	4. Circadian nuclear receptors
	4.1. REV-ERBs
	4.2. Retinoic acid receptor-related orphan receptors (RORs)

	5. Orphan receptors
	5.1. Estrogen-related receptor (ERR)
	5.2. Constitutive androstane receptor (CAR)
	5.3. Small heterodimer partner (SHP)
	5.4. Hepatocyte nuclear factor 4α (HNF4α)

	6. Conclusions and perspectives
	Acknowledgments/funding
	Conflict of interest
	References


