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The role of REV-ERB in NASH

Kristine Griffett', Matthew E. Hayes?, Michael P. Boeckman' and Thomas P. Burris?

REV-ERBs are atypical nuclear receptors as they function as ligand-regulated transcriptional repressors. The natural ligand for the
REV-ERBs (REV-ERBa and REV-ERB) is heme, and heme-binding results in recruitment of transcriptional corepressor proteins such
as N-CoR that mediates repression of REV-ERB target genes. These two receptors regulate a large range of physiological processes
including several important in the pathophysiology of non-alcoholic steatohepatitis (NASH). These include carbohydrate and lipid
metabolism as well as inflammatory pathways. A number of synthetic REV-ERB agonists have been developed as chemical tools and
they show efficacy in animal models of NASH. Here, we will review the functions of REV-ERB with regard to their relevance to NASH
as well as the potential to target REV-ERB for treatment of this disease.
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INTRODUCTION

REV-ERB is a member of the nuclear receptor (NR) superfamily
whose members play critical roles in regulation of the transcrip-
tion of genes involved in myriad of aspects of physiology and
disease. Two REV-ERB isotypes exist, REV-ERBa (NR1D1) and REV-
ERBB (NR1D2), which have overlapping expression patterns and
activity as they have almost identical DNA binding domains (DBD)
and share ~70% homology in their ligand-binding domains (LBD)
(Fig. 1) [1-5]. While the reason for REV-ERB redundancy remains
unknown, in REV-ERBa mouse knock out models, REV-ERB can
compensate in certain tissues [6-11]. Like other NRs, REV-ERBs are
ligand-gated transcription factors that bind specific DNA motifs
via two zinc fingers within the DBD near the genes that they
directly regulate. Unlike most other NRs, REV-ERBs are ligand-
dependent transcriptional repressors. REV-ERBs lack helix 12 of the
LBD that contains the carboxy-terminal activation function
domain that aids in recognition of coactivator proteins enabling
transcriptional activation of target genes (Fig. 1) [12, 13]. Instead,
REV-ERBs act as a transcriptional repressor recruiting corepressors
in the presence of their natural ligand, heme. Unliganded REV-ERB
does not bind to the corepressor proteins. Additionally, REV-ERBs
can repress transcription by competing for a “shared” class of DNA
response element binding with another group of NRs that
function as transcriptional activators (RORs; Retinoic Acid
Receptor-Related Orphan Receptors) [14, 15]. This element, known
as a ROR response element or RORE consists of a single core motif
half site (5'-AGGTCA-3’) preceded by a short A/T rich sequence in
which REV-ERB or ROR can bind as monomers to repress or
activate transcription, respectively. Interestingly, while both REV-
ERB and ROR compete for the identical “half-site” RORE, REV-ERB-
mediated active repression depends on the presence of an intact
dimeric REV-RE (REV-DR2) [16]. This dimeric site is required for the
recruitment of NCoR to DNA, and recently it was shown that heme
was necessary for this REV-ERB-NCOR interaction [17].

REV-ERB LIGANDS—NATURAL AND SYNTHETIC

The REV-ERBs are transcriptional repressors whose natural ligand
was identified as the iron-centered porphyrin heme [1, 18]. Cell-
based and biochemical studies have been contradictory over the
years in evaluating the role of heme in regulating REV-ERB activity.
Cell-based experiments clearly showed heme-dependent recruit-
ment of corepressor, but biochemical experiments displayed the
opposite behavior. Recently, these conflicting data were resolved
using a series of biophysical techniques demonstrating that heme
binding does not displace NCOR but rather remodels the REV-ERB
LBD, and changes thermodynamics to facilitate recruitment and
binding of NCOR [16].

Classically, agonists are compounds that bind to the LBD of a NR
and stimulate transcriptional activity by causing a conformational
change that allows the recruitment of co-activator proteins and
transcriptional apparatus to DNA. An antagonist blocks the effect
of an agonist by competitive binding, and inverse agonists are
ligands that can suppress activity below basal levels. Given that
REV-ERB is a transcriptional repressor, agonists are ligands that
enhance its repressive ability whereas antagonists cause increased
transcription of REV-ERB target genes. Medicinal chemistry efforts
over the last decade have identified a number of REV-ERB
modulators that have proven to be useful as tool compounds in
dissection the various physiological roles of this receptor in cell-
based and animal studies (Fig. 2).

REV-ERB agonists

Initial efforts in ligand discovery for REV-ERB focused on the
development of agonists. In 2008, Louden and colleagues
described the first synthetic REV-ERB agonist, GSK4112 [19]. Using
fluorescence resonance energy transfer (FRET) as the initial
screening effort, they demonstrated that GSK4112 (EC5o =04
pMM) enhanced NCOR recruitment in a dose-dependent manner
[19]. In a cell-based reporter assay using the Bmall promoter
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containing a REV-RE coupled to luciferase (BMAL1-Luc), GSK4112
displayed an ECsq of 2.3 uM. Aside from the robust suppression of
Bmall expression, the group also demonstrated that administra-
tion of GSK4112 at various phases of Per2 oscillation induced bi-
directional phase shifts or a weak re-setting of the circadian clock
in cells. Unfortunately, GSK4112 is not very potent and it displays
unfavorable pharmacokinetic (PK) properties making it sub-
optimal for in vivo studies.

Building on the GSK4112 scaffold, our group expanded the
structure-activity relationship (SAR) and identified two agonist
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Fig. 1 General organization of nuclear receptor structure and the
REV-ERBs. The REV-ERB receptors lack the activation function-2 (AF-
2) region within the C-terminal domain. Sequence identity (amino
acid sequence was obtained from Uniprot) of each of the REV-ERB
domains was compared and represented by percent identity as
shown in the REV-ERBf structure. The N-terminal domain was too
variable for comparison between the isoforms. The A/B region, C
region (DNA binding domain), D region (hinge), and E regions
(ligand-binding domain) are indicated.
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compounds with improved potency and efficacy. In the same cell-
based Bmall-luc reporter assay, SR9009 and SR9011 displayed
ECsq values of 0.7 and 0.62 uM, respectively [20]. Both compounds
showed improvements in PK allowing our group and others to
probe REV-ERB-mediated pharmacological effects in vivo for the
first time. For example, twice per day dosing of SR9009 (100 mg/
kg) reduced fat mass in diet-induced (DIO) and genetically obese
(db/db) mice [20]. Single administration of SR9011 sufficiently
altered locomotor activity and caused a delay in the initiation of
diurnal activity in mice housed under dark:dark conditions. Recent
work by the Lazar group suggested that SR9009 and SR9011
exhibited off-target or REV-ERB-independent effects in hepatocyte
viability and metabolic regulation [21]. However, upon further
examination of the deposited sequencing data, it appears that the
mouse models were not complete REV-ERBa/B double knockout
animals but rather hypomorphs with functional REV-ERB expres-
sion remaining. For example, in the REV-ERBa/B double KO
hepatocytes described in Dierickx et al. [21] that were used to
suggest that there were major off-target effects of SR9009, we
found that when one compares the genes upregulated in the DKO
hepatocytes (potential direct REV-ERB regulated genes) with the
genes still downregulated by SR9009 in the DKO hepatocytes
(potentially still requlated by residual REV-ERB expression) there
was a highly significant (P < 10 ') overlap in genes identified as
REV-ERB target genes (WT vs. DKO) that are still regulated by
SR9009 in the DKO hepatocytes. In fact, of the 444 genes
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Fig. 2 Synthetic REV-ERB ligands. Several unique chemical scaffolds that regulate REV-ERB activity are illustrated.
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identified as still downregulated by SR9009 in the DKO
hepatocytes 39% of them were identified as REV-ERB regulated
in the WT vs. DKO comparison. These data clearly indicate that this
DKO model cannot be used to probe the specificity of SR9009 or
any other REV-ERB agonist for that matter. Nevertheless, like any
pharmacological agent we do expect there to be off-target effects
but as is the case in many of the studies mentioned below various
methods to characterize the specificity of the pharmacological
effects have been employed. Regardless, of the suggestion that
these two agonists have wide off-target effects they been
extensively utilized both in vitro and in vivo to demonstrate
potential therapeutic activity of REV-ERB agonists in a variety of
models ranging from NASH and hepatitis, muscle oxidative
capacity, behavior and cognition, and neuroinflammation
[1, 5, 6, 8-11, 20, 22-49]. As indicated above, a large number of
these studies have employed various methods including genetic
methods to confirm that the action examined is REV-ERB
mediated.

Additional efforts to optimize REV-ERB agonists in terms of PK
properties and potency yielded GSK2945, GSK0999, GSK5072, and
GSK2667 that displayed higher potency in a FRET assay (ECsos
ranged from 50-200 nM) [46]. While these compounds showed
significant improvement in the cell-based assays as compared to
GSK4112, only GSK2945 showed an improved PK profile with
~23% oral bioavailability in rodents. An additional REV-ERB
agonist, SR12418, was recently reported by the Solt group to
have an ECsy of 68nM in cell-based assays and improved PK
properties as compared to SR9011 [50]. SR12418 was used in vivo
to demonstrate the effectiveness of REV-ERB agonism on the
suppression of Ty17 cell driven autoimmunity diseases in mouse
models [50].

In addition to classical medicinal chemistry SAR strategies,
computational approaches have been taken in recent years to
discover several structurally diverse REV-ERB agonists. Of note is
M35, which activates REV-ERB in a chimeric Gal4-REV-ERB-LBD
fusion luciferase assay with a reported ECso = 0.52 uM [46, 51]. It
was suggested that M35 binds at the LBD interface with the NCOR
binding site to promote co-repressor recruitment and complex
stability; however, no crystal structures have been published to
validate this interaction.

REV-ERB antagonists

While characterizing the chemical scaffold that led to the
discovery of REV-ERB agonists SR9009 and SR9011, our group
also identified a ligand that increased expression of REV-ERB
target genes in cell-based assays. SR8278 was identified as a REV-
ERB antagonist with an EC5q = 0.47 uM in the BMAL-Luc reporter
assays, and was able to inhibit the activity of the REV-ERB agonist
GSK4112 in competition assays [12, 46]. While the PK properties of
SR8278 are suboptimal, this ligand has been successfully used
in vivo for a number of studies demonstrating the role of REV-ERB
in muscle function and osteoblast differentiation [12, 52]. Recently
two additional antagonist compounds have been described,
ARN5187 and GSK1362, unfortunately both have poor PK proper-
ties and SR8278 remains the most potent REV-ERB antagonist that
can be used for in vivo studies to date.

Despite recent efforts, there is still a need to develop REV-ERB
ligands with improved efficacy and PK profiles. Until then, these
reported tool compounds are extremely useful in not only
validating REV-ERB as a therapeutic target for various diseases,
but also in elucidating the regulatory network the REV-ERB drives
in physiology and disease.

PATHOPHYSIOLOGY OF FATTY LIVER DISEASES

REV-ERB regulates a variety of physiological processes from central
and peripheral circadian clocks, lipid and glucose metabolism, and
inflammation [5, 24, 35, 37, 52, 53]. Based on its role in these
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processes, it has been identified as a potential therapeutic target
for several diseases including non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH)
[5, 24, 45, 54, 55]. Over the last few decades, the prevalence of
metabolic diseases including NAFLD and NASH, have increased
dramatically with a worldwide incidence around 25%. Moreover,
NAFLD has emerged as the most common chronic liver disease
and is closely associated with other metabolic complications
including obesity, type 2 diabetes, and cardiovascular diseases
[56-58]. More concerning is the fact that ~25% of NAFLD patients
progress and develop NASH, the leading factor in developing
cirrhosis and/or requiring liver transplantation [58].

NAFLD incorporates a spectrum of disease pathologies that
typically begins with excessive triglyceride storage in hepatocytes
(simple steatosis) and considered commonly as a benign or
protective state [59]. Chronic steatosis drives the disease
progression towards NASH, which is characterized by inflamma-
tion and ballooning or hepatocyte damage [60, 61]. NASH itself is
a highly complex disease state as many patients will develop
fibrosis, a condition that may lead to cirrhosis or even
hepatocellular carcinoma. Genetic, nutritional, and environmental
factors often contribute to the disease progression, however
NAFLD is a highly complex, heterogenic disease, causing drug
development to lag other metabolic-related diseases [57, 62-67].
Many compounds that are in later stages of clinical evaluation are
frequently found to have limited efficacy and no approved
therapies are available for metabolic liver diseases [68-71].

The development of NAFLD has been classically described as a
“two-hit” model with the initial “hit” considered the chronic
hepatic accumulation of triglycerides, followed by a secondary
insult which often include oxidative stress or prolonged inflam-
matory response [72]. Recent studies have clarified that the
pathogenesis of NAFLD is an intricate metabolic disorder where
functionality of several tissues including liver, intestine, pancreas,
adipose, and the immune system are dysregulated and lead to
NAFLD development. Perturbations of bioenergetics, imbalances
in free fatty acid supply and utilization, lipid accumulation, and the
inability of cells to effectively metabolize carbohydrates and free
fatty acids are at the forefront of NAFLD development and
progression [58, 72-74].

Hepatic fibrosis occurs as a result of chronic insult that causes a
progressive accumulation and remodeling of the extracellular
matrix (ECM) [75]. Activation of hepatic stellate cells (HSCs) is
recognized as the primary event in the development of fibrosis in
NASH. HSCs are activated by a variety of pro-inflammatory
cytokines and this activation results in collagen and ECM
deposition [75]. Based on experiments utilizing several different
animal models as well as analysis of clinical studies, fructose is
recognized as a major mediator of the development of NAFLD
[76]. Its consumption has increased significantly over the last few
decades correlating with increased obesity and a continuous rise
in metabolic complications. Ingestion of high amounts of fructose
can lead to the activation of both ChREBP and SREBP which can
induce fructolytic and lipogenic enzymes [76]. In humans, ~70% of
fructose is metabolized by the liver—the process of fructose
catabolism is faster and more lipogenic than that of glucose [76].
Chronic activation of these transcription factors increases lipogen-
esis, eventually leading to increased cardiometabolic risk
and NASH.

Fructose-induced liver damage promotes hepatic toll-like
receptor (TLR-4) activation, which plays a pivotal role during the
development of NASH. In mice that were chronically fed a high
fructose diet, increased levels of endotoxins in portal blood and
unregulated inflammatory mediators of Kupffer cells were
reported [77]. These endotoxins activate the proinflammatory
signaling cascade by binding TLR-4 on Kupffer cells, inducing a
pro-inflammatory cascade by upregulating TNFa, NF-kB, IL-6, and
IL-1B [76]. While this signaling cascade promotes inflammation
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within the liver, it also stimulates fructose-driven steatosis by
upregulating lipogenic enzymes SREBP1, ACC, and FASN. Rodent
studies have provided significant evidence that fructose triggers
the infiltration and activation of Kupffer cells (and macrophages),
driving necrosis of hepatocytes and inflammation which may
ultimately lead to the progression of NAFLD toward NASH [76].
While the development of NASH is multifactorial, significant
evidence supports that inflammasome activation, specifically
NLRP3 (NOD-like receptor family pyrin-containing 3; inflamma-
some), is critically important.

The innate immune system is the first line of defense to clear
bacteria and virus via recognition of various molecules within these
pathogens (pathogen-associated molecular patterns; PAMPs), how-
ever it also plays an important role in the removal of abnormal
accumulation of cellular debris, cholesterol crystals, and protein
tangles (damage-associated molecular patterns; DAMPs). DAMPs are
released by damaged or dying cells at sites of tissue damage, which in
the liver, can be caused by excess of fructose and fats in the diet, as
well as a variety of other factors. Pattern Recognition Receptors that
recognize various PAMP and DAMP signals are found on a variety of
immune cells (monocytes, neutrophils, and dendritic cells) and trigger
immune responses by signaling via TLRs for the activation of immune
mediators that secrete pro-inflammatory cytokines to signal adaptive
immunity response [78]. The NLRP3 inflammasome plays an
important role in the recognition of a large variety of PAMPs and
DAMPs and has been identified as an important mediator of NAFLD
progression toward NASH. Activation of the inflammasome is
dependent on TLR signaling and leads to the cleavage of caspase-
1, causing the secretion of pro-inflammatory cytokines IL-13 and IL-18
[73]. In the liver, infllmmasomes can facilitate responses to gut-
derived microbiota (from the intestinal lumen) as well as viral
responses. Recent research has uncovered significant evidence
implicating the inflammasome in the pathogenesis of NAFLD and
NASH. For example, mice deficient in Caspase-1 or Nirp3 did not
develop a NASH-like phenotype when challenged with high fat/
fructose diet while in the wildtype littermates, NASH was apparent.
Additional studies showed that the NLRP3 inhibitor, MCC950, was
sufficient in preventing the development of fibrosis in mice
challenged with a methionine/choline deficient diet for six weeks
[79, 80], suggesting that inhibition of the inflammasome may be a
therapeutic avenue for the treatment of NASH.

THE REV-ERBS AND CIRCADIAN CONTROL OF LIVER DISEASE
The complexities of development and progression of the NAFLD
spectrum of diseases remans poorly understood, however the role of
circadian regulation in maintaining metabolic homeostasis has been
identified as a major factor in the development of liver diseases.
Following the discovery of the REV-ERBs, it was demonstrated that its
expression fluctuated rhythmically in a 24-h period [81-84]. The role
of REV-ERB in the regulation of central and peripheral circadian clocks
is now well-established but recently many in the field have been
identifying how the REV-ERB—circadian clock axis is involved in
disease pathogenesis [2, 3, 6, 20, 22, 54, 84, 85]. The circadian system
relies on the presence of the molecular clockwork in every cell of the
body, which generates multiple autonomous clocks that are both self-
sustaining and synchronized by the central circadian clock located
within the suprachiasmatic nucleus (SCN). This central circadian clock
receives input via the retina as well as non-photon-based input from
tissues and organs, integrates the signaling, and generates output
signal cascades to the peripheral clocks on a 24-h basis [86]. While the
peripheral clocks can act with some autonomy, the central clock
within the SCN is a necessary component to coordinate a regulatory
network among peripheral clocks.

Mammalian clock and liver disease

Circadian rhythms, regardless of peripheral or central location, are
orchestrated by a tightly regulated transcription/translation
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feedback loop containing both activator and repressor compo-
nents. As mentioned above, REV-ERB is a well-established
component of this feedback system, with other clock regulators
being rhythmically regulated by the REV-ERBs as well
[3, 15, 86, 87]. The activator arm of the circadian clock consists
of a dimer of CLOCK or NPAS2 with BMAL1 (ARNTL) which then
activates the transcription of Cry, Per, REV-ERB, and ROR. Once
threshold levels of CRY and PER expression is reached, the CRY/
PER dimer then inhibits the activity of the activator arm, leading to
a reduction of expression of these transcription factors. A
secondary loop also maintains the activity of the clock where
REV-ERB and ROR compete for RORE binding to either repress
(REV-ERB) or induce (ROR) Bmall, Clock, and NPAS2 expression
[3, 15]. Disruptions in this tightly controlled circadian system,
either within the central or peripheral clocks, can lead to the
increased incidence of metabolic related diseases [86].

How does circadian dysfunction lead to increased incidence of
NAFLD and NASH? The most widely studied peripheral clock is
that of hepatocytes, as disruptions in liver circadian rhythms
negatively impact metabolism and overall health [6, 54, 55, 88, 89].
Circadian functions play a major role in the regulation of both
whole body and liver homeostasis, and lipid and glucose
metabolism. It has been reported that ~50% of liver metabolites
have a circadian rhythm coupled to REV-ERB expression [90].
Disruptions to circadian regulation of liver homeostasis induce a
variety of epigenetic and microcellular changes that aid in the
development of liver diseases by disrupting lipid, glucose,
cholesterol, and bile acid metabolism [91-94]. Other factors
including nutrient changes (high fat, high sugar diets) and
restricted feeding schedules also profoundly affect the regulation
of hepatic circadian function and lead to activation of pathways
involved in NAFLD and NASH [91, 95].

While work is continuously being done to understand circadian
control of liver diseases, recent evidence points to the REV-ERBa
cistrome in the (mouse) liver which consists of thousands of
binding sites that follow the oscillating expression of REV-ERB and
are highly coordinated with NCOR and HDAC cistromes [96]. More
specifically, these cistromes are enriched for genes involved in
lipid metabolism, and hepatic loss of REV-ERBa leads to moderate
hepatosteatosis in mice. REV-ERB is less understood, however its
cistrome is highly similar to that of REV-ERBa in the liver,
suggesting that the moderate levels of hepatosteatosis observed
in REV-ERBa KO mice was due to a compensatory mechanism of
REV-ERBP [96]. Interestingly, depletion of REV-ERB in REV-ERBa-
null mice increases hepatosteatosis and elevates hepatic triglycer-
ide levels, suggesting that both isotypes regulate the metabolic
factors often associated with NAFLD [96]. Likely, this redundancy
in REV-ERB expression and function is an evolutionary mechanism
to protect both circadian and metabolic function. With the
development of more sophisticated sequencing technology, the
role of the two REV-ERBs will likely be solved in the near future.

Ablation of both Rev-Erba and Rev-Erbf3 specifically in mouse
hepatocytes leads to the loss of circadian expression of genes
resulting in the disruption of de novo lipogenesis [14]. REV-ERB
also controls the accumulation of nuclear SREBP in hepatocytes,
thereby controlling the synthesis of cholesterols within those cells.
In DIO mouse studies, treatment with REV-ERB pan-agonists
modifies both clock and metabolic gene expression, reduces
hepatic triglyceride storage, and suppressed hepatic cholesterol
synthesis [20]. Another study using a genetically obese mouse
model fed a NASH-inducing western diet showed that REV-ERB
pan-agonists inhibited the development of fibrosis, signaling that
REV-ERB may be a valid target for the treatment of an array of fatty
liver diseases [24].

Clearly a number of studies suggest a strong link between
circadian regulation and metabolic dysfunction, however defining
the actions of REV-ERB is critical to understanding this complex
interaction and discovering novel therapeutic approaches to
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combating NAFLD. A recent study by Hunter et al. [27] described
the development of transgenic models to study REV-ERB function
and chromatin binding specifically in the liver by employing
endogenous expression of HaloTag epitope-tagged REV-ERBa.
Using this system, they defined a robust liver cistrome without the
dependency on antibodies, that have been associated with
specificity issues and lead to inaccurate profiling of REV-ERB
within the genome over the last few years. This study performed
Halo-REV-ERBa ChlIP-seq and identified expected signal enrich-
ment at clock gene loci in the liver. They also found evidence of
co-repressor recruitment to REV-ERBa occupied sites and
sequence motif analysis showing a high enrichment of classic
RORE and REV-RE (REV-DR2) sequences. Unlike previous studies,
Hunter et al. found no evidence for REV-ERBa tethering to other
transcription factors (HNF6, C/EBP, HNF4q, etc.) in the liver. They
validated this finding by generating a DBD-mutant animal
(Reverba®®P™) and reported that hepatic lipid accumulation was
not observed in these animals as was reported in the global REV-
ERBa-null mouse [27].

Hunter et al. [27] further investigated REV-ERB action in the liver
by generating a hepatocyte-specific Reverba-null mouse model
that allowed for deletion of REV-ERB in adulthood. The results
from this model were not only surprising but may explain a new
paradigm for REV-ERB action in NAFLD. When REV-ERBa is deleted
in the hepatocytes during adulthood, there was limited impact in
lipid metabolism or lipid accumulation, which is in direct contrast
to previously published work demonstrating significant pheno-
typic changes and transcriptional dysregulation in Reverba-null
livers [27]. However, this group then showed that up-regulated
genes identified in previous systemic deletions of REV-ERB and
targeted deletions contribute to the regulation of metabolic genes
in a metabolic or nutritional-dependent context. While many
studies have described the role that nutritional signals play in
hepatic chromatin landscape, this study also demonstrated that
daytime recruitment of REV-ERB to the genome serves to repress
activity at enhancers that are sensitive to the feeding state via
HDAC3 recruitment and regulating enhancer-promoter loop
formation suggesting that REV-ERB serves a metabolic state-
dependent role [27]. This was further investigated by challenging
the hepatocyte-specific knockout mice with mistimed feeding,
which revealed a separate cluster of REV-ERB-directed metabolic
genes. This exciting work proposes that the disordered feeding
behavior of systemic Reverba”™ mice described in previous studies
is due to the loss of REV-ERB in the brain (central clock) [27]. This
clock dysfunction is then responsible for the upregulation of
lipogenic processes observed in these animals, suggesting that
targeting the core clock may be therapeutic for the treatment of
metabolic diseases including NAFLD and NASH.

Circadian regulation of the immune system in NAFLD

REV-ERB is a well-established regulator of inflammation. Recently,
REV-ERBa was identified as a direct regulator of the NLRP3
inflammasome, a component of the innate immune system that
has been implicated in the development and progression of
NAFLD and NASH [5, 97]. NLRP3 expression and activation displays
a circadian rhythmicity, driven by REV-ERB. Deletion or silencing of
REV-ERBa in macrophages exacerbate both IL-1f and IL-18
production and secretion, while the pharmacological activation
of REV-ERBa attenuates NLRP3-driven inflammation in several
mouse models including fulminant hepatitis, suggesting that
activating REV-ERB may be a promising strategy to treat NLRP3-
mediated diseases including NASH [5].

Like other cell types, molecular clocks are present in immune
cells including macrophages, lymphocytes, and neutrophils, as
well as lymphatic tissues including the spleen and lymph nodes.
Not only do circulating immune cell numbers oscillate during the
24-h period (highest during rest phase), immune cell functions
including cytokine production, phagocytosis, and pathogenic
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response also display daily oscillations. The intricate timing of
immune regulation ensures an optimized immune response to
maintain or restore homeostasis after infection or tissue damage/
injury [78]. Disruptions in the molecular clock are often associated
with inflammatory-mediated diseases.

As mentioned earlier, REV-ERBa directly regulates both Nirp3
and IL-1B8 by binding specific response elements within the
promoter of these genes, silencing the expression and controlling
activation of the inflammasome assembly. Directly inhibiting
NLRP3 with the small molecule MCC950 has been successful in
inhibiting fibrosis in rodent models of NASH; however clinical trials
with this and similar analogs have been suspended due to
increased risk of hepatotoxicity [98]. While more research is
necessary to understand the intricate regulation of NASH
progression, the innate immune system, and therapeutics, it is
likely that complete inhibition of the inflammasome is detrimental
as a long-term solution. This lends the idea that suppressing
NLRP3 activity via REV-ERB activation may be a preferential model
for treatment of NAFLD and NASH.

Our group recently demonstrated that the REV-ERB agonist
SR9009 inhibited fibrosis in a mouse model of NASH by actively
suppressing profibrogenic factors including TGF31 and Mmp13 in
addition to pro-inflammatory mediators IL-13, NF-kB, and TNFa
[24]. While effects on lipid accumulation and steatosis were not
observed in this study, it is possible that activating REV-ERB
pharmacologically initiates active suppression of inflammatory
components via both direct regulation of this pathway and
circadian modulation, which will need to be probed further to fully
elucidate REV-ERB's role in NASH.

While it plays a significant role in the pathogenesis of NASH, the
inflammasome is not the only inflammatory mediator in this
disease. Over the past few years, studies have demonstrated that
IL-17A contributes significantly to NAFLD pathogenesis [99-101].
In fact, in mouse models fed high fats or high sugar diets, DNA
damage and hepatic infiltration of Th17 cells were described
[100-108]. This infiltration of Th17 cells in the liver subsequently
correlate to the increased IL-17A concentration and promotion of
hepatic inflammation, fibrosis, and NASH progression. Inhibition of
IL-17A signaling improves the condition and suggests an
alternative anti-inflammatory route for NASH treatment [99, 101].
There has been a significant amount of work demonstrating key
factors that drive Th17 cell development and pathogenicity, yet
mechanisms that regulate this pathway are still less understood.
RORyt, another nuclear receptor encoded by Rorc that works in
concert with REV-ERB as the activating arm of the circadian clock,
is often thought of as a master regulator of Th17 cell
differentiation and IL-17A activation. Since both ROR and REV-
ERB bind to the same RORE within the promoter of target genes,
REV-ERB suppresses Th17 cell activity and subsequent signaling
[50]. Previous work by Yu et al. demonstrated that REV-ERBa
diurnally regulated Th17 cell number and function and is
necessary for the dampening of IL-17A and other Th17 cell-
mediated cytokine expression [109]. The same study also
demonstrated that genetic deletion of REV-ERBa resulted in
enhanced Th17 cell development and exacerbated autoimmune
responses in mouse models [109]. Interestingly, REV-ERBa directly
represses the expression of Rorc by binding its promoter, thereby
suggesting potential autoregulation in controlling Th17 expres-
sion and activity [50, 109]. While it has been suggested that the
cell autonomous clock is not required for lymphocyte develop-
ment and function [110], it is clear in many cases that the ROR and
REV-ERB components of the clock are very important for the
functioning of at least a subset of lymphocytes based on the work
described above. While RORyt inhibitors are currently being
explored in preclinical and clinical trials to suppress Th17
mediated inflammatory pathways, it is likely that developing
small molecule activators for REV-ERB will provide similar
beneficial effects as REV-ERB modulators do not appear to affect
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the thymus unlike modulators of RORy. The efficacy of targeting
REV-ERB to suppress Th17 cell activation and IL-17A release in
NASH has yet to be explored.

CONCLUSIONS AND PERSPECTIVES

NAFLD is a spectrum of liver pathologies ranging from simple
steatosis to lobular inflammation to pericellular inflammation. The
accumulation of hepatic lipids and the reduced capacity to
metabolize them lead to lipotoxicity, increased oxidative stress,
and fibrogenesis that ultimately promotes NASH progression.
Despite significant progress in this field to characterize molecular
etiologies occurring during this transition toward NASH, there
have been significant challenges in the discovery of novel
therapeutics with no drug yet approved for NASH. Current
therapies are focused on bile acid signaling (FXR agonists;
obeticholic acid) and pan-PPAR agonists (lanifibranor). Moreover,
the focus on various signaling pathways involved in NASH
progression including inflammatory processes have shed light
on the potential for targeting circadian clock components for the
treatment of various metabolic disorders. The nuclear receptor
REV-ERB is not only a master regulator of inflammatory processes
and lipid metabolism but is also a circadian regulator that may
provide a novel route for NASH therapies. REV-ERB is a repressor of
transcription and therefore ligands that activate its function
suppress pro-inflammatory molecules (i.e., IL-1B, IL-6, TNFa, and
NLRP3), lipogenic enzymes (i.e.,, SREBP1¢, FASN), and can promote
re-synchronization of hepatic clocks which are often disrupted in
NAFLD, NASH, and metabolic syndrome. While more research is
warranted and compounds are needed to further understand the
role of REV-ERB in NASH, it is likely that these efforts will catalyze
the discovery of new therapeutic strategies.
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