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Abstract

tion in many organ injury-related disorders.

Nuclear receptor subfamily 1, group D, member 1 (NR1D1, also known as REV-ERBa) belongs to the nuclear recep-
tor (NR) family, and is a heme-binding component of the circadian clock that consolidates circadian oscillators. In
addition to repressing the transcription of multiple clock genes associated with circadian rhythms, NR1D1 has a wide
range of downstream target genes that are intimately involved in many physiopathological processes, includ-

ing autophagy, immunity, inflammation, metabolism and aging in multiple organs. This review focuses on the pivotal
role of NR1D1 as a key transcription factor in the gene regulatory network, with particular emphasis on the mile-
stones of the latest discoveries of NR1D1 ligands. NR1D1 is considered as a promising drug target for treating diverse
diseases and may contribute to research on innovative biomarkers and therapeutic targets for organ injury-related
diseases. Further research on NR1D1 ligands in prospective human trials may pave the way for their clinical applica-
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Background

Nuclear receptor subfamily 1, group D, member 1
(NR1D1, also known as REV-ERBa) was first discovered
in 1989 and is an approximately 56 kD protein encoded
by the ERBA (also known as THRA) oncogene’s reverse
DNA strand [1]. In 1994, multiple labs successfully dis-
covered a new orphan receptor with high homology to
the rat REV-ERBa gene product (especially in the DNA
binding domain and ligand binding domain) referred
to as NR1D2 or REV-ERBp [2-4]. NR1D1 and NR1D2
are key transcriptional repressors of regulatory net-
works with a circadian expression pattern and are widely
expressed in many tissues [1, 5].

NR1D1 can bind to the promoters of many genes to
mediate transcriptional repression of autophagy-asso-
ciated proteins, inflammasome genes, T-cell differen-
tiation cofactors, lipid-metabolizing enzymes, and other
important players in the physiological and pathological
processes of various organs. Molecularly, NR1D1 inhib-
its enhancer-derived RNA (eRNA) transcription and
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reduces target gene mRNA expression by recruiting the
nuclear receptor corepressor (NCOR)-histone deacety-
lase 3 (HDAC3) complex to the enhancers or promoters
of target genes [6].

This review examined the milestones of the latest dis-
coveries regarding NR1D1 in many physiopathologi-
cal processes in multiple organs, including the liver [7],
heart [8], lung [9], and kidney [10]. According to NR1D1
involvement in autophagy, immunity, inflammation,
aging and metabolism, researchers have identified and
designed diverse natural and synthetic NR1D1 ligands
that are capable of stimulating or blocking inherent signal
transduction. These agonists and antagonists are typically
small synthetic compounds, and some have progressed to
preclinical trials. Therefore, NR1D1 is considered a pro-
spective pharmacological target of numerous diseases,
and it may contribute to providing novel insights into
therapeutic strategies for organ injury.

The structure and action forms of NR1D1

NR1D1 and NR1D2 belong to the nuclear receptor (NR)
subfamily, but their structures are slightly different from
the classical nuclear receptors [11, 12]. There are four
primary domains that distinguish typical nuclear hor-
mone receptors in NRs: a variable amino N-terminal
activation function 1 (AF-1), a highly conserved DNA-
binding domain (DBD) consisting of two zinc finger
motifs, a hinge region linking the DBD to the carboxy-
terminal ligand-binding domain (LBD), and a conserved
LBD mediating coactivator interactions through the
absence or presence of regulatory AF-2 region [13, 14].
DBD facilitates the precise recruitment of NRs mono-
mers, homodimers, and heterodimers to their DNA
response element after targeting the receptor to certain
DNA sequences known as hormone response elements.
Along with the hinge region and the LBD, DBD also par-
ticipates in the dimerization of NRs with their partner.
Additionally, LBD promotes ligand-dependent interac-
tions with transcriptional co-activators or co-repressors
through conformational changes. After binding ligand,
LBD allows the receptor to switch into a transcriptionally
active state. It also has the crucial feature of hormone rec-
ognition and controls the selectivity and specificity of the
physiologic response [15]. These half-sites are arranged
either as a palindromic sequence or a direct repeat. Car-
boxyl terminal helix AF-2 segment identifies coactivators
necessary for transcriptional activation, and is crucial for
ligand-dependent recruitment of coactivators and NRs
transcriptional activation. Notably, NR1D1 and NR1D2
lack AF-2 region, and are therefore considered to be inca-
pable of activating transcription. Hence, they are indeed
constitutive transcriptional inhibitors that control the
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transcription of genetic information by binding to spe-
cific DNA sequence.

NRI1DI1 has two main action forms to suppress tran-
scription, that is monomer and homodimer (Fig. 1).
NR1D1 generally acts as a monomer to bind to the thy-
roid/retinoic acid receptor half-site AGGTCA, which
is flanked 5" by an A/T-rich sequence. This half-site is
located in target genes promoter, and is referred to ROR/
REV-ERB-response element (RORE/RevRE) [2, 16]. In
1998, Zhao et al. [17] revealed the interaction between
the A/T-rich 5" extension of the AGGTCA half-site and
the C-terminal extension of DBD enhances their high
affinity. In addition, NR1D1 acts as a homodimer to bind
to tandem repeat sequences of Rev monomer sites spaced
by 2 bp (“DR2”), while the A/T-rich sequences flanks on
the 5 half-site of DR2. Such that the sequence is called
RevDR2 (Fig. 2). In comparison to NR1D1 monomer
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Fig. 1 Four transcriptional inhibitory modes of NR1D1.a NR1D1
can bind to a single RORE as a monomer but cannot recruit

the co-repressor NCOR1-HDAC3; b NR1D1 can bind to a RORE

as a homodimer and recruit the co-repressor NCOR1-HDAC3; ¢

Two NR1D1 monomers can also recruit NCORT-HDAC3 to repress
transcription when they bind independently to two ROREs; d NR1D1
can also coordinate transcriptional repression together with TFs.
HDACS3 histone deacetylase 3, NCOR nuclear receptor corepressor,
NR1D1 nuclear receptor subfamily 1, group D, member 1, RORE ROR
response element, TF transcription factor
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Fig.2 NR1D1 action structure domain. Two NR1D1 respectively bind
to the AGGTCA half-site of the DNA sequence through DBD domain.
CTE C-terminal, DBD DNA-binding domain

binding to the Rev monomer site, this interaction is 5 to
10 times more stable [2, 16]. In some circumstances, two
NR1D1 molecules can individually link to two nearby
ROREs and recruit co-repressors (NCOR1-HDAC3) to
repress gene transcription [16].

The role of NR1D1 in the biological clock

Since the eighteenth century, research on the mecha-
nism of the circadian clock has been underway. Konopka
et al. [18] originally used Drosophila as a model system
to investigate biological clock genes, and they discovered
clock genes in Drosophila mutants. There is a central
“master” clock located in the suprachiasmatic nucleus
(SCN) of the mammalian hypothalamus that integrates
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information from light and synchronizes our physiology
to the day/night cycle (Fig. 3). In fact, many rhythmic
activities are mediated by peripheral oscillators in vari-
ous tissues and cells, and the central clock in the brain
coordinates various rhythmic activities in different tis-
sues [19].

Circadian rhythms are the biological clock-generated
24-h behavioral and physiological rhythms found in many
species. In mammals, the biological clock is housed in
the SCN. On the one hand, the master pacemaker in the
SCN receives a principal entraining signal from the envi-
ronmental light-dark cycle [20, 21]. On the other hand,
it maintains the synchronized rhythms of behavior and
physiology in cells and tissues by aligning circadian gene
oscillations within extra-SCN neurons and peripheral tis-
sues [19, 22, 23]. Nearly all physiology is regulated by the
circadian clock, and disturbances have serious detrimen-
tal effects on health [24]. The most important mecha-
nism by which circadian rhythms can be maintained on
an approximately 24 h cycle is the transcription-trans-
lation feedback loop (TTFL) of the biological clock. The
internal clock consists of many genes and the proteins
that they encode, such as brain and muscle ARNT-like
1 (BMAL1), circadian locomotor output cycles kaput
(CLOCK), Period (PER), Cryptochrome (CRY), REV-
ERBa and RAR-related orphan receptor o (RORa), all
of which affect different physiological processes in the
body via TTFLs. The central molecular circadian oscil-
lator loop consists of the BMAL1/CLOCK heterodimer.
CLOCK and BMALI interact with the E-box in the pro-
moter regions of Per and Cry in mammals, triggering
the transcription of these two genes in the nucleus [25].
These genes are subsequently translated into the target
proteins PER1-3 and CRY1-2 in the cytoplasm. Con-
versely, PER1-3 and CRY1-2 can suppress the transcrip-
tion of CLOCK and BMAL]I, forming a negative feedback
loop [26]. Importantly, numerous clock-controlled
genes (CCGs) are located downstream of these four com-
ponents and coordinate the oscillation of multiple physi-
ological functions. The nuclear receptors REV-ERBs and
RORs form the second feedback loop. Daily oscillations
in Rev-erbs transcription are caused by CLOCK/BMAL
binding to the E-box of the promoter [27]. REV-ERB«a
is a major repressor of Bmall transcription, and RORa
is a transcriptional activator. The two factors compete
to bind the RORE/RevRE site located in the Bmall pro-
moter and then regulate the transcription of Bmall and
RORE/RevRE-controlled genes (RCGs) [27]. Therefore,
REV-ERBa and RORa engage in the regulatory circuit
and are essential for the appropriate timing of the core
clock mechanism and the occupancy of the Bmall pro-
moter. In the third loop, PER2 (an output gene product
from the main loop) and D-box controlled genes (DCGs)
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Fig. 3 Transcription-translation feedback network of the central circadian oscillator in mammals. Input of light signal and diet signal to the SCN

of the mammalian hypothalamus produces transcriptional activation of Per, which regulates the PER concentration and subsequently affects
biological clock phasing. Mechanically, the core clock proteins BMALT and CLOCK form BMAL1-CLOCK heterodimer, translocating into the nucleus
and binding to the E-box containing DNA region upstream of the promoters of downstream genes. Then, the transcription of downstream

genes is activated, including Per, Cry, Rev-erbs and DBPs and other CCGs. The products of these genes partially translocate back to the nucleus,
which feedback regulates the transcription of other clock genes. For example, PER and CRY form a complex that is phosphorylated by CKle/§,

and subsequently returns to the nucleus to inhibit the activation of the BMAL1/CLOCK complex; REV-ERBs and RORs exert negative and positive
regulation of BmalT transcription by competitively binding to the RORE in the promoter, respectively; DBP translocates to the nucleus and activates
the transcription of Rors, Per, and CCGs. Subsequently, the activation of CCGs regulates the output of multiple circadian behaviors, such as biological
rhythms and several physiological processes. BMAL1 brain and muscle ARNT-like 1, CCGs clock control genes, CLOCK circadian locomotor output
cycles kaput, CRY cryptochrome, CKle/& cyclin-dependent kinase inhibitor protein /6, DBP D site binding protein, PER period, ROR RAR-related
orphan receptor, E4bp4 E4 promoter binding protein 4, SCN suprachiasmatic nucleus

are influenced by DBP and E4 promoter binding protein
4 (EABP4) [28].

Although the patterns differ, all clock genes are
expressed cyclically. Notably, numerous clock-controlled
genes (CCGs), such as Bmall and E4bp4, are under the
control of NR1D1 and exhibit distinctive patterns in
contrast to NR1D1 [25]. Accordingly, NR1D1, which is a
transcription repressor, is one of the crucial players that
controls negative feedback mechanisms of the biological
clock.

NR1D1 in autophagy, immunity, inflammation,
metabolism and aging

In addition to the regulation in circadian rhythms,
NRID1 also performs as a transcriptional repressor
in numerous crucial biological processes, including

autophagy, immunity, inflammation, metabolism, and
aging.

NR1D1 in autophagy

Autophagy is a highly conserved intracellular degrada-
tion system, and is essential for maintaining cellular
homeostasis during stress conditions. NR1D1 partici-
pates in autophagy in various organelles, including mito-
chondria and lysosomes.

Adipocytes, macrophages, and granulosa cells (GCs)
are important cell types associated with NR1DI1-reg-
ulated autophagy. NR1D1 deficiency reduces mito-
chondrial synthesis and accelerates the clearance of
mitochondria in skeletal muscle by increasing mito-
chondrial autophagy, decreasing mitochondrial quantity,
and impairing respiratory chain function [29]. Unc-51-
like kinase 1 (ULK1) is a beneficial partner of NR1D1 in
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mitochondrial autophagy, as determined by Ferder et al.
[30]. NR1D1 upregulates ULK1 (essential for autophagy
onset) expression in adipocytes by interacting with the
Ulkl promoter [30]. In addition to ULK1, NR1D1 also
regulates autophagy rhythms via other autophagy asso-
ciated genes. Nridl knockdown increases autophagy
protein 5 (ATG5) expression in mouse GCs. In contrast,
rapamycin-induced autophagy and ATG5 expression
are partly inhibited by treatment with SR9009 (NR1D1
agonist), indicating that NR1D1 maintains autophagy
homeostasis in mouse GCs [31]. Wu et al. [32] discovered
that in GSK4112 (an NR1D1 agonist)-treated tilapia, the
majority of autophagy-related genes were decreased and
exhibited altered rhythmicity involving Atg4c, Bnip3la,
Lc3a, Le3b, and Le3¢ mRNA levels. Moreover, Chan-
dra et al. [33] demonstrated that NR1D1 activation by
GSK4112 stimulated an increase in autophagic flux and
lysosome formation in human macrophages via tran-
scription factor EB (TFEB)-associated pathways. Molec-
ularly, TFEB and transcription factor E3 (TFE3), which
are the main drivers of autophagy and lysosomal bio-
genesis, directly bind to the Nrld1 promoter without the
formation of the BMAL1-CLOCK complex to regulate
Nridl expression. This indicates that TFEB and TFE3
collaborate with the fundamental components of the
clock mechanism. Endogenous Nridl knockdown trig-
gers the overexpression of TFEB and TFE3, which leads
to enhanced autophagic flux. Thus, the rival but inter-
connected forces controlled by NR1D1, TFEB and TFE3
determine the duration of autophagy activation to some
extent [34].

NR1D1 in inflammation

NR1D1 plays essential roles in inflammation mediated
by multiple cell types, among which macrophages are
the primary effector cells of inflammation associated
with NR1D1 and the circadian clock. NR1D1 modu-
lates inflammation through various mechanisms, such as
reducing the secretion of inflammatory cytokines, regu-
lating gene transcription and the NLRP3 inflammasome
pathway, and inhibiting macrophage polarization.

Gibbs et al. [35] demonstrated that administration of a
synthetic NR1D1 ligand effectively modulated the gener-
ation and secretion of IL-6 (a proinflammatory cytokine),
and decreased the mRNA expression of Tir4, Cxclll,
Ccl2, Cxcl6, and 1119. GSK4112 or SR9011 (the agonists
of NR1D1) dose-dependently suppresses the expression
of proinflammatory cytokines [such as interleukin-6 (IL-
6) and tumor necrosis factor-a (TNF-a)] through the
nuclear factor kappa-B (NF-kB) pathway, thereby mitigat-
ing microglia-mediated neuroinflammation [36]. Phar-
macological activation of NR1D1 by SR9009 attenuates
the release of several inflammatory cytokines, including
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IL-1pB, IL-6, IL-8, IL-18 and TNF-a, and suppresses Toll-
like receptor 4 (TLR4)-regulated NF-«B activation and
the inflammatory response in human endometrial stroma
cells (hESCs) [37].

Lipopolysaccharides (LPS) is not only a typical proin-
flammatory mediator, but also promotes M1-like mac-
rophage polarization [38]. LPS inhibits the expression
of NR1D1 in macrophages, whereas SR9009 inhibits M1
polarization in differentiated macrophages induced by
LPS via the phosphatidylinositol-3-kinase (PI3K) signal-
ing pathway [38]. Likewise, NR1D1 activation reduces
matrix metalloproteinase (MMP) and chondrocyte levels,
and inhibits the polarization of M1 macrophages from
fibroblast-like synoviocytes (FLSs) [39-41]. In particu-
lar, NR1D1 inhibits the transcription of eRNAs, which
are short RNA strands generated from an enhancer site
that support enhancer versatility, and inactivates the
transcription of adjacent genes (including Mmp9 and
the chemokine receptor Cx3crl) in macrophages [6].
Additionally, Wang et al. [42] found that the NLRP3
inflammasome, which is a key platform that stimulates
the maturation and production of proinflammatory
cytokines, is inactivated by NR1D1 mainly during the
priming stage in mouse primary macrophages. Mecha-
nistically, NR1D1 not only directly inhibits Nirp3 tran-
scription by binding to its promoter, but also indirectly
suppresses NLRP3 by blocking the NF-kB pathway.

NR1D1 in immunity

NR1D1 functions as a clock output node, connecting
cellular circadian clocks with innate immune responses.
Innate immunity is accompanied by inflammation,
and inflammatory cells secrete inflammation-related
cytokines to participate in immune defense in response
to foreign pathogens.

After being activated, naive CD4 T cells develop into
various T helper (Th) subtypes that generate lineage-spe-
cific cytokines. Effector Th subtypes play essential roles
in coordinating immune responses to a range of infec-
tions and are involved in the pathogenesis of numerous
inflammatory illnesses, including autoimmunity, allergy,
and asthma, by producing unique sets of cytokines. The
principal transcription factor for Th2 cell differentia-
tion is GATA binding protein 3 (GATA3) [43]. NR1D1
directly binds to the Gata3 promoter and interacts with
its cellular companion NCOR-HDACS3 to create a dura-
ble repression complex, ultimately restricting Th2 cell
production [44]. Retinoic acid-related orphan recep-
tor yt (RORyt) is the master transcription factor for the
differentiation of interleukin-17-producing CD4 Thl7
cells, which are a class of proinflammatory immune cells
that protect mucosal surfaces from bacterial and fun-
gal infections [45, 46]. Yu et al. [47] found that E4BP4
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inhibited Roryt transcription by binding to GTTACT
TAA sequence on the Roryt promoter, thereby restrict-
ing Th17 cell differentiation. Moreover, NR1D1 is associ-
ated with the development and biological clock of Th17
cells by binding to the consensus sequence of the E4BP4
locus and directly repressing E4BP4 transcription. This
guarantees that Th17 lineage specification preferentially
emerges at a specific stage of the circadian cycle instead
of at random times during the day-night cycle, thus pre-
venting the excessive accumulation of Th17 cells.

Of note, Zhuang et al. [48] highlighted an innova-
tive role for NR1D1 in limiting RNA virus replication,
which opens up promising therapeutic possibilities for
treating infectious disorders. The Flaviviridae family of
positive-strand RNA viruses is the major pathogen in
several diseases with high morbidity and mortality and
includes the human pathogens hepatitis C virus (HCV),
dengue virus (DENV) and Zika virus (ZIKV). Pharma-
cological activation of NR1D1 prevents HCV entry and
restricts the replication of HCV, DENV and ZIKV RNA
by disrupting fatty acid metabolism and stearoyl-CoA-
desaturase (SCD) activity [48]. However, a recent study
revealed that NR1D1 could also impair the host defense
response. In gastric epithelial cells (GECs) infected with
Helicobacter pylori, NR1D1 not only directly suppresses
the expression of antibacterial proteins (including Reg3b
and B-defensin-1) to impaire bactericidal effects against
Helicobacter pylori, but also directly limits production of
the chemokine (C-C motif) ligand 21 (CCL21) as a con-
sequence of the diminished bacterial clearance capacity
of the Helicobacter pylori-specific Th1 cell response.

NR1D1 in metabolism

Numerous studies have shown that NR1D1 is a crucial
and novel physiological regulator of lipid metabolism,
glucose metabolism and insulin resistance.

Raspé et al. [49] found that apolipoprotein (apo)C-III
expression was positively correlated with the risk of car-
diovascular disease development and identified NR1D1
as a biological repressor of apoC-III gene transcription.
The expression of rat apo A-I" [a crucial component of
high-density lipoproteins (HDL)] and apoC-III (an apoli-
poprotein implicated in the metabolism of triglyceride-
rich lipoproteins) are suppressed by NR1D1 through
binding to the AGGTCA half-site located in the apoA-I
or apoC-III promoter [49, 50]. Notably, NR1D1 inhibits
transcription of both apolipoproteins, whereas ROR«a
activates apoA-I and apoC-III transcription after bind-
ing to the same response element, demonstrating the
cross-talk between these nuclear receptors and com-
mon target genes. In addition, NR1D1 participates in
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the transcriptional regulation of various lipid metabo-
lism-related enzymes. Elovi3, a gene that codes for an
extremely long-chain fatty acid elongase, is suppressed by
NR1D1 [51]. NR1D1 also modulates peroxisome prolif-
erators-activated receptor a (PPARa)/retinoid X recep-
tor o (RXRa)-dependent transactivation in a response
element-specific manner and reduces the expression of
enoyl CoA hydratase/3-hydroxyacyl CoA dehydroge-
nase, which participates in the peroxisomal p-oxidation
pathway [52]. Cytochrome P450 (CYP450), which are a
superfamily of enzymes containing heme as a cofactor,
play important roles in the clearance of many substances
(such as oxidized steroids, fatty acids, and xenobiotics)
and the synthesis and catabolism of hormones in mam-
mals. An alternative pathway for fatty acid metabolism
is lipid w-hydroxylation of medium- and long-chain fatty
acids metabolized by the cytochrome CYP4A family.
According to Yang et al. [53], NR1D1 inhibits the tran-
scription of Cyp4al0 and Cyp4al4, and NR1D1 defi-
ciency significantly increases the expression levels of
both factors, which promotes lipid accumulation and oxi-
dative stress. Additionally, NR1D1 enhances serum cho-
lesterol levels and hepatic cholesterol accumulation by
inhibiting the production of cholesterol 7a-hydroxylase
expression (CYP7A1), an enzyme that converts choles-
terol into bile acids.

Various glucose metabolic pathways, including gluco-
neogenesis, the pentose phosphate pathway (PPP), gly-
colysis, and the tricarboxylic acid (TCA) cycle, are also
directly and indirectly influenced by NR1D1. NR1D1
was identified as a putative apoA-IV-binding protein by
Li et al. [54]. In 2013, researchers found that apoA-IV
could bind to and activate NR1D1 to suppress the expres-
sion of phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6Pase) in hepatocytes and
decrease hepatic glucose production [54]. In 2015, they
showed that apoA-IV and nuclear receptor subfamily
4, group A, member 1 (NR4A1l) interacts at the ROR«a
response element in the human G6Pase promoter, and
both factors could mediate transcriptional repression of
the G6Pase and Pepck genes by connecting with NR1D1
to reduce hepatic glucose output and lower blood glu-
cose [55]. Increased NR4A1 expression induced by apoA-
IV in hepatocytes further inhibited gluconeogenesis,
and NR1D1 and NR4A1 could serve similar or comple-
mentary roles in the apoA-IV-mediated regulation of
gluconeogenesis. During gluconeogenesis, phosphoe-
nolpyruvate carboxykinase 1 (PCK1) is the rate-limiting
enzyme. SR9009 treatment of human HepG2 hepatoma
cells significantly lowers PCK1 expression by directly
binding to the —325 to —320 bp region (a RevRE site) in
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the gene promoter to lower plasma glucose [56]. Simi-
larly, the genes expression of hexokinase II, transketo-
lase, and ribose-5-phosphate isomerase are elevated by
NR1D1 deletion, thereby affecting glucose metabolism.
Finally, NR1D1 is also involved in insulin resistance.
Fibroblast growth factor-21 (FGF21) is a hepatic hor-
mone that potently improves peripheral insulin sensitiv-
ity and lipid metabolism. NR1D1 binds to the RORE sites
of FGF21 and negatively regulates FGF21 expression,
thereby inhibiting EGF21 to improve insulin sensitivity
[57].

NR1D1 in aging

Aging is a key factor in the development of multiple
diseases, and it has been reported that the circadian
rhythms of many organs/cells are disrupted with age.
Recently, many studies have also focused on the poten-
tial of NR1D1 as a therapeutic target for aging-related
diseases.

Retinal epithelial function declines with age, mainly due
to the accumulation of oxidative stress. Huang et al. [58]
performed pharmacological activation of NR1D1 and
found that the monomer could directly bind to RORE/
RevRE (in a non-NCOR1/HDAC3-dependent manner)
to modulate the transcription of nuclear factor erythroid
2-related factor 2 (NRF2) and its downstream antioxi-
dant enzymes superoxide dismutase 1 (SOD1) and cata-
lase, thereby attenuating retinal pigment epithelial and
retinal damage and ameliorating oxidative stress in mice
with age-related macular degeneration (AMD). Notably,
NR1D1 levels were different in young and aged heart-
derived Sca-1* CD31" cells, which are resident cardiac
progenitor cells that can differentiate into cardiomyo-
cytes. In young heart-derived Sca-1 CD31 cells, higher
levels of NR1D1 inhibit cell proliferation and promote
apoptosis. Conversely, downregulation of NR1D1 in the
latter promotes cell proliferation and inhibits apoptosis
by blocking the G,/G; phase of the cell cycle. Further-
more, Pu et al. [59] demonstrated that NR1D1 inhibits the
expression of NR3A4 by binding to its promoter, which
allows NR3A4 to further interact with the promoter of
serine protease inhibitory factor 3 (Serpina3, a gene asso-
ciated with apoptosis inhibition), ultimately attenuating
the transcriptional repression of Serpina3 and exerting
an antiapoptotic effect. Interestingly, NR1D1 is sex-dif-
ferentiated during liver aging, and its expression is higher
in the aging livers of male rats than in those of female
rats, while the opposite is true for the expression of many
its downstream circadian genes [60].
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Physiological and pathological roles of NR1D1

in various organs

NR1D1 is widely expressed in numerous tissues or organs
and exerts many biological effects on heart, liver, lung,
kidney and many other organ injuries (Table 1; Fig. 4).

NR1D1 in the heart

The heart provides sufficient blood flow, oxygen, and
various nutrients to organs and tissues and removes the
end products of metabolism to maintain normal cellular
metabolism and function.

Myocardial infarction (MI) is the blockage of the coro-
nary arteries of the heart, resulting in massive ischemic
necrosis in myocardial cells and serious complications.
Reperfusion may trigger cardiac inflammation, infarct
expansion, and heart failure (HF) after MI. Reitz et al.
[61] identified cardiac fibroblasts as the target cells of
SR9009 and showed that SR9009 inhibited the produc-
tion of the NLRP3 inflammasome and the recruitment
of immune cells to the heart, thereby healing vulnerable
infarcts, improving adverse cardiac remodeling and facil-
itating long-term cardiac repair and reperfusion in MI
mice [61, 62]. Furthermore, Zhang et al. [8] demonstrated
that SR9009 enhanced several metabolic molecules and
pathways that were downregulated in HF mice, especially
pyruvate dehydrogenase kinase 4 (PDK4), which is an
important regulator of fatty acid oxidation. The research-
ers observed that PDK4 expression increased when
NR1D1 was linked to the Pdk4 enhancer, suggesting that
PDK4 was one of the principal targets of NR1D1 during
cardiac metabolic remodeling [8].

NR1D1 ameliorates thrombosis-based cardiovascu-
lar disorders associated with day/night cycles in animal
models. The major cause of acute cardiovascular events
is thrombosis, which can result from vulnerable plaque
rupture. NR1D1 plays a protective role in the vasculature
by modulating inflammation and oxidative stress to stabi-
lize fragile plaques. According to Wu et al. [63], NR1D1
deficiency increased macrophage infiltration, inflamma-
tion, and oxidative stress, which enhanced the fragility of
the plaque and could cause it to spontaneously rupture
with intraluminal thrombosis. In mouse bone marrow-
derived macrophages (BMDMs), NR1D1 activation
reduces macrophage pyroptosis via the NF-kB/NLRP3
inflammasome pathway, and decreases plaque suscepti-
bility and rupture [63]. Notably, NR1D1 is expressed in
platelets and functions as a positive thrombosis regula-
tor, potentiating platelet activation and aggregation via
oligophrenin-1-mediated OPHN-1/RhoA/ERM signaling
[64]. Moreover, NR1D1 decreases ferric chloride-induced
carotid artery occlusive thrombosis and protects against
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microvascular microthrombi blockade and infarct
growth in an acute MI model [64].

Taken together, these studies may deepen our compre-
hension of NR1D1 in many physiological processes and
emphasize the importance of circadian clock mecha-
nisms in platelet physiology and MI, paving the way for

further studies on NR1D1-targeted therapeutics.

NR1D1 in the liver

The liver is referred to as the center of substance
metabolism, and is crucial to all bodily functions,
including digestion, absorption, excretion, biotransfor-
mation, and metabolism. Acute liver injury caused by
hemorrhagic necrosis, extensive hepatocyte apoptosis
and inflammation is known as fulminant hepatitis (FH).
LPS/D-galactosamine (GalN)-induced FH mice with
NR1D1 activation exhibits reduced CCL2-mediated
hepatic infiltration of innate immune cells and inhibits
activation of the NLRP3 inflammasome pathway, and

these mice have higher survival rates [7]. On the one
hand, SR9009 inhibits the recruitment of infiltrating
monocytes, macrophages and neutrophils by prevent-
ing the increase in hepatic F4/80 and CCL2 expression.
On the other hand, treatment with SR9009 lowers the
expression of NLRP3, IL-1p and IL-18 in macrophages
and subsequently attenuates NLRP3-driven inflamma-
tion [7].

One of the liver’s early detoxifying reactions to exces-
sive alcohol consumption is hepatocyte lipid pro-
duction, which ultimately results in alcoholic liver
disease (ALD). Hepatocytes undergo steatosis when lipid
w-hydroxylation is inhibited. NR1D1 is a potential cir-
cadian transcriptional repressor of murine Cyp4al0 and
Cyp4al4, which are extensively expressed in the liver and
are similar to human CYP4A22 and CYP4A1l1 respec-
tively [53]. Mechanistically, the DNA-binding structural
domain of NR1D1 binds to the Cyp4al0 and Cyp4al4
promoters in the mouse liver, inhibiting their activation
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to reduce lipid accumulation and oxidative stress in
hepatocytes [53]. Yang et al. [53, 75] also reported that
the lack of small heterodimer partner (SHP) attenuated
the ethanol-induced lipid hydroxylation pathway, while
its overexpression reduced the repressive effect of NR1D1
on both promoters. Hence, NR1D1 is a potential thera-
peutic target for ALD via the SHP/NR1D1/CYP4A axis.
Additionally, NR1D1 improves nonalcoholic fatty liver
disease (NAFLD) and reduces alcohol-induced hepatic
steatosis. Zhong et al. [65] demonstrated that NR1D1
protected against NAFLD by decreasing CYP4A14 and
increasing acyl-CoA thioesterase 4 levels in microsomal
prostaglandin E synthase-2 (mPGES-2)-deficient mice.
Genetically, the deletion of exons 3 and 4 in the mouse
Nridl gene worsens high-fat diet-induced hepatic stea-
tosis, according to Hyelin et al. [66]. Therefore, NR1D1
is a key regulator in both high-fat and alcohol-induced
hepatic steatosis.

An important mechanism of hepatocyte damage dur-
ing acute and chronic hepatic diseases, such as virus-
driven hepatitis, ALD, NAFLD, and ischemia/reperfusion
(I/R)-induced liver injury, is the aberrant activation of
apoptosis by Fas (a death receptor also known as CD95).
Fortunately, treatment with GSK4112 improves liver
damage caused by Fas in mice [67]. Mechanistically,
GSK4112 reduces Fas levels, enhances Akt phosphoryla-
tion, and lowers caspase-3 and caspase-8 activity, thereby
inhibiting hepatocyte apoptosis and ameliorating liver
injury. In summary, NR1D1 agonists may be helpful for
the pharmacological treatment of liver damage caused by
Fas.

NR1D1 in the lung

As the most important part of the respiratory system,
the lung delivers oxygen to the capillaries and expels
carbon dioxide from the blood to sustain human life, in
addition to its role in immunity, defense, metabolism,
and blood storage. Pulmonary inflammation is the most
common infectious disease of the respiratory system and
can develop into chronic obstructive pulmonary disease
(COPD) or even carcinoma of the lung.

NR1D1 ameliorates LPS-induced acute lung injury
(ALI) [9]. On the one hand, NR1D1 inhibits the DNA
binding activity of NF-kB and blocks p65 nuclear acti-
vation induced by LPS in RAW 264.7 macrophages [9].
On the other hand, NR1D1 dramatically downregulates
the NLRP3 inflammasome, ASC and caspase-1, which
reduces IL-1p production in RAW 264.7 macrophages
[9]. In addition, NR1D1 activation significantly attenu-
ates cigarette smoke (CS)-induced lung inflammatory
responses, while NRIDI knockdown exacerbates cir-
cadian rhythm disruption and epithelial-mesenchymal
transition (EMT) dysregulation in the lungs of mice with
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chronic CS exposure [68]. In vitro, GSK4112 pretreat-
ment inhibits transforming growth factor (TGF)- and
cigarette smoke-induced fibroblast differentiation in
human fetal lung fibroblast 1 (HFL-1) calls and reduces
CS extract/LPS-induced pro-inflammatory cytokine
release from primary human small airway epithelial cells
(SAECs) and mouse lung fibroblasts (MLFs) [68, 76]. In
addition to improving inflammation, treatment with
SR9009 reduces acute CS-induced aberrant EMT in
the lung [76]. Lung carcinoma is one of the most com-
mon cancers, and its incidence and mortality have been
increasing for half a century. The histological manifesta-
tions of lung cancer are complex and diverse, including
lung adenocarcinoma and small-cell lung cancer (SCLC).
Downregulation of NR1D1 significantly enhances NF-xB
transcription, stimulates invasion and promotes prolif-
eration of the lung adenocarcinoma cell line A549 [69].
Moreover, hepatic protein kinase A (PKA) signaling is
activated by an increase in glucagon and destabilizes
NR1D1, resulting in increased glucose production in a
lung adenocarcinoma cachexia model [70]. In subcutane-
ous tumor models of SCLC, the NR1D1 agonist SR9009
has been shown to have antitumor effects [71]. After
NR1D1 activation by SR9009, NR1D1 directly binds to
the Azg5 (a key autophagy gene) promoter and inhibits its
activity, thereby inhibiting autophagic activity and induc-
ing SCLC cell-specific toxicity. In addition, SR9009 acti-
vates the apoptosis proteins poly-ADP-ribose polymerase
(PARP) and caspase 3 to induce apoptosis and exert anti-
tumor effects [71]. Elucidating the relationship between
circadian clock components and autophagic activity may
contribute to the discovery of new therapeutic targets for
SCLC. Pharmacological modulation of biological clock
components via SR9009 is a novel and promising thera-
peutic approach for SCLC.

NR1D1 in the kidney

The kidney is responsible for filtering metabolic waste
and excreting it from the body and reabsorbing differ-
ent nutrients into the blood circulation system. Mészdros
et al. [77] explored the ontogeny of the clock system in the
kidney. The researchers found that the kidney governed
the circadian rhythm of fluid and electrolyte excretion,
which was important for maintaining homeostasis. Renal
cell carcinoma (RCC) is a frequent malignant tumor with
a high prevalence and a dismal prognosis. A study of
RCC prognosis showed that in the kidney tissue of mice,
13 rhythmic genes varied in circadian rhythm, and there
was increased NR1D1 expression and methylation lev-
els in cancer cells [10]. This finding demonstrated that
biological clock rhythms have a significant influence on
RCC and offer a solid foundation for future RCC diag-
nosis, prognosis and medication recommendations. In
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addition, AKI is a prevalent and serious illness that has
severe morbidity and high mortality, and NR1D1 is a
crucial promotor of acute renal injury (AKI) induced by
folic acid [72]. When NR1D1 is knocked out, the sen-
sitivity of mice to folic acid-induced AKI is decreased,
and the circadian clock dependency of disease severity
is removed. The key factor in folic acid-induced AKI is
ferroptosis. By directly binding to a RORE cis-element,
NR1D1 suppresses the transcription of Slc7all and HO1,
two ferroptosis-inhibitory genes, thereby increasing folic
acid-induced AKI [72]. Similarly, NR1D1 inhibition ame-
liorates aristolochic acid I (AAI)-induced kidney injury in
mice by limiting ferroptosis [73]. Therefore, these results
may have repercussions for our comprehension of cir-
cadian clock-controlled kidney physiopathology and the
development of novel treatments for kidney injury.

NR1D1 in other organs

As discussed previously, NR1D1 participates in physi-
ological and pathological processes in the heart, liver,
lung, and kidney, and it may play essential roles in other
organs/tissues. The anti-inflammatory effect of berberine
is NR1D1-dependent. Berberine alleviates colitis in vivo
and in vitro, but this effect is abolished in BMDMs
from NR1D1-deficient mice [74]. Mechanistically, ber-
berine attenuates the inflammatory response to colitis
in BMDMs and colitis mice by activating the NR1D1/
AMPK pathway and inhibiting the activator protein 1
(AP-1) and NF-kB pathways [74]. These findings could
affect how chronotherapy is used to treat colitis or other
similar disorders.

In vertebrates, stimulated by retinoic acid gene 8
(Stra8) is a crucial gatekeeper for meiotic initiation. Mei-
osis failure and autophagy activation in Stra8-deficient
germ cells suggest that STRA8 may inhibit autophagy
during the formation of germ cells in sexual organs [30].
NR1D1 has been shown to be a direct target of Stra8
transcriptional suppression by Ferder et al. [30]. The pro-
moter of Ulkl, a gene that is required for the initiation
of autophagy, is also bound by NR1D1 in Stra8-deficient
testes, and NR1D1 is required for the increased expres-
sion of Ulkl [30]. It was suggested that STRAS8 reduces
germ cell autophagy by directly inhibiting NR1D1, which
is required for the production of the crucial autophagy
initiator ULK1 [30]. The STRA8/NR1D1/ULK1 axis thus
proposes a unique relationship between autophagy sup-
pression and meiotic initiation of testis germ cells.

Skin inflammation is a key causative agent of several
skin-related diseases, including acne and psoriasis.
NR1D1 improves skin inflammation induced by Pro-
pionibacterium acnes by inhibiting Bmall transcrip-
tion and the downstream NF-kB/NLRP3 axis, thereby
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preventing acne [78]. Psoriasis, which is one of the
most common inflammatory diseases, is associated
with an inflammatory response mediated by Th cells
and involves multiple inflammatory cytokines, among
which IL-17 plays an important role. Wang et al. [79]
found that NR1D1 activation attenuated imiquimod
(IMQ)-induced psoriasis-like dermatitis in mice by
negatively regulating the secretion of IL-17 by Th17
cells and y& T cells. Currently, circadian skincare is in
the developmental stage and may become a new trend
in skincare in the future.

Ligands of NR1D1

NR1D1 is involved in controlling several pathophysio-
logical processes in numerous organs, including immu-
nological function, metabolism, and circadian rhythm,
and is considered as a viable therapeutic target for the
treatment of many disorders listed previously. NR1D1
used to be thought of an orphan nuclear receptor, a
nuclear receptor without ligand that controls gene tran-
scription in a monomeric or multimeric state. However,
a series of NR1D1 ligands have been discovered or syn-
thesized, and NR1D1 is classified as a ligand-dependent
receptor. By binding to the receptor’s LBD and causing
a conformational shift to enable recognition of a par-
ticular motif present in the coactivator protein, ligands
control NR-mediated recruitment of coactivators.
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Table 2 The overview of NR1D1 ligands
Category Ligands Agonist or antagonist Discoverer Discovered year References
Endogenous Heme Agonist Srilatha Raghuram 2007 [80]
Synthetic GSK4112 Agonist Qing-Jun Meng 2008 [81]
Synthetic SR8278 Antagonist Douglas Kojetin 20M (82]
Synthetic SR9009 Agonist Laura A Solt 2012 [83]
SR9011
Synthetic THIQ1-4 Agonist Romain Noel 2012 [84]
Synthetic GSK2945 Agonist Ryan P Trump 2013 [85]
GSK0999
GSK5072
GSK2667
Synthetic SR12418 Agonist Christina Chang 2019 [86]
Natural Berberine Agonist Zi-Yue Zhou 2020 [74]
Natural Puerarin Antagonist Min Chen 2020 [87]

NRI1D1 nuclear receptor subfamily 1, group D, member 1, THIQ tetrahydroisoquinoline

Fortunately, most ligands of NR1D1 possess agonistic
or antagonistic pharmacological activity in vivo and
have been validated by several preclinical trials to have
pharmacological effects on many diseases or pathologi-
cal processes. Unfortunately, little progress has been
made in the clinical translation of NR1D1 ligands. We
will examine the major ligands of NR1D1 and describe
them below (Fig. 5; Table 2).

Natural agonists of NR1D1

Heme is a porphyrin that contains iron and functions
as a prosthetic group for oxidative metabolism-related
enzymes. In 2005, research on ecdysone-induced protein
75 (E75, the NR1D1 homolog in Drosophila) provided
clues to a physiological ligand for NR1D1. This find-
ing has demonstrated the need for heme as a ligand and
possible binding within the LBD ligand pocket [88]. In
2007, Raghuram et al. [80] successfully identified heme
as a ligand for NR1D1 and elucidated its structural basis
and physiological mechanisms. Strong transcriptional
repression caused by binding between the Fe (II) center
and NR1D1 is mainly mediated by His602 and Cys418
(two residues in the C-terminal LBD structural domain
of NR1D1), and this binding can be reversed by nitric
oxide (NO) [89]. Notably, to strengthen transcriptional
repression, this interaction can also increase the recruit-
ment of corepressor proteins such as NCOR [89]. As a
heme sensor, NR1D1 helps to maintain heme homeosta-
sis while regulating metabolic and circadian activities,
which may be affected by ambient heme concentrations.
Wu et al. [90] demonstrated that NR1D1 reduced heme
levels by directly repressing PGC-1 transcription, and
heme regulated its own synthesis by stimulating NR1D1-
mediated repression of PGC-1a through negative feed-
back. Furthermore, stable expression of NR1D1 leads to

intracellular heme deficiency, which reduces the activ-
ity of mitochondrial complex iv, thereby inhibiting the
respiration-driven oxygen consumption rate and mito-
chondrial gene expression [90]. Heme binds and activates
NR1D1 to regulate the levels of CYP4A14 and acyl-CoA
thioesterase 4, thereby contributing to the beneficial
effects of mPGES-2 deficiency on NAFLD mice [65, 91].
Thus, NR1D1 may be a therapeutic target in diseases
with abnormal heme levels.

Berberine is an isoquinoline alkaloid isolated from
the Chinese herb Coptis chinensis and other Berb-
eris plants. Zhou et al. [74] examined mice with coli-
tis induced by dextran sulfate sodium in drinking water
and demonstrated that berberine reduced myeloper-
oxidase and malondialdehyde activity, as well as the
levels of inflammatory cytokines (IL-1, IL-6, IL-18, and
CCL2). The in vitro inflammatory effect of berberine is
lost in BMDMs from NR1D1-deficient mice. Moreover,
berberine, which is an agonist of NR1D1, significantly
enhances the transcriptional repressor activity of NR1D1
and decreases BMALL and NLRP3 expression in a dose-
dependent manner [74]. It is worth noting that berberine
can mediate metabolic regulation and improvements in
insulin resistance and exhibit antioxidant, antibacterial,
anti-inflammatory, anticancer and other pharmacologi-
cal effects [92-95]. Berberine also has very low toxicity
at the typical dose and exhibits clinical benefits without
major side effects. However, due to a lack of research on
berberine as an NR1D1 agonist, more efforts and atten-
tion are needed. Additionally, the correlation of querce-
tin, caffeic acid and resveratrol with NR1D1 has been
reported, suggesting a wide selection of NR1D1 agonists
in nature [96].
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Synthetic agonists of NR1D1
GSK4112 {[1,1-dimethylethyl N-[(4-chlorophenyl)
methyl]-N-[(5-nitro-2-thienyl) methyl]}, which is also
known as SR6452 and was described by Meng et al. [81],
is the first synthetic NR1D1-targeting ligand. Recently,
many preclinical studies have confirmed that GSK4112
has multiple pharmacological effects, but its clinical
translation has not been demonstrated [97-99]. GSK4112
can be used as an antidiabetic agent because it lowers
glucose production in primary hepatocytes [99, 100].
GSK4112 is a potent adipogenesis modulator that sup-
presses preadipocyte proliferation and promotes apopto-
sis, suggesting that it may be a biological target for the
prevention and treatment of obesity-related diseases [97].
In addition, intraperitoneal administration of GSK4112
protects bone loss by inhibiting osteoclast differentiation
in vivo, demonstrating that GSK4112 is a potential thera-
peutic agent for the treatment of bone disease character-
ized by excessive bone resorption [98]. Notably, GSK4112
may be an anti-infective compound that protects against
intracellular pathogen infection, especially in the context
of tuberculosis treatment [33]. In addition to the afore-
mentioned effects of GSK4112 on diabetes, obesity, bone
loss, and tuberculosis, GSK4112 has also shown non-
negligible therapeutic potential in inflammation-related
lung injury and neuropathic pain [76, 101, 102]. Kojetin
et al. [82] discovered that GSK4112 had a poor phar-
macokinetic profile after intraperitoneal administration
(low systemic exposure) and exhibited limited NR1D1
agonism, thereby restricting its use as a tool to examine
NR1D1 function. Given these limitations, further efforts
were made by Trump et al. [85] to optimize a series of
NR1D1 agonists through three amine substituents, with a
focus on improving compound pharmacokinetics and NR
selectivity. For example, GSK2945, GSK0999, GSK5072
and GSK2667 exhibit enhanced activity compared to
GSK4112, such as significant suppression of BMALL,
decreased activity against liver X receptor o (LXRa), and
more than 100-fold selectivity for NR1D1 [85].
Fortunately, Kojetin et al. [5] collaborated with other
groups and identified powerful and effective NR1D1
modulators based on the GSK4112 scaffold, provid-
ing key compounds for further guidance and in-depth
research on NR1D1 function in vitro and in vivo. SR9009
and SR9011 are typical representatives that were first
synthesized and functionally tested in 2012 that have a
three- to fourfold efficiency compared to GSK4112 [83],
and have been extensively shown to pharmacologically
target NR1D1. SR9009 and SR9011 undoubtedly have
anti-inflammatory effects on various organs and tis-
sues, such as the lung, retina, liver, bone and hippocam-
pus [7, 41, 76, 103, 104]. Moreover, SR9009 and SR9011
exert powerful metabolic effects induced by NR1D1 on
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processes such as glucose metabolism, lipid metabo-
lism and cholesterol and bile acid metabolism [83]. Solt
et al. [83]. showed that SR9009 and SR9011 affected the
circadian expression of several core clock genes in the
mouse hypothalamus and dose-dependently suppressed
the expression of responsive genes in the mouse liver by
modulating NR1D1 activity. For example, the suppression
of Srebfl, Scdl, Srebf2 and cholesterol 7a-hydroxylase
expression (Cyp7al), an increase in hexokinase 1 (HKI1)
and pyruvate kinase M2 (Pkm2), and a phase shift in the
expression of Fasn were observed after SR9011 treat-
ment [83]. The strong potency of SR9009 and SR9011
in metabolic processes indicates that these agents could
modulate obesity. In fact, SR9009 and SR9011 have been
shown to increase energy expenditure without altering
exercise behavior or food intake, inducing weight loss in
diet-induced obese mice and suggesting a novel approach
to weight loss [83]. Additionally, the fundamental clock
mechanism is tightly linked to metabolic control, and
several examples of genetic changes in clock genes that
cause metabolic abnormalities and even metabolic ill-
nesses in mouse models exist [105, 106]. Hence, SR9009
and SR9011 may adversely affect the biological clock of
dieters by regulating circadian rhythms. Additionally,
SR9009 and SR9011 have been identified as novel anti-
tumor agents that modulate circadian regulators. Both
factors have specific lethal effects on cancer cells and
oncogene-induced senescent cells, such as breast can-
cer cells, SCLC cells and melanocytic naevi, but have
no influence on normal cell survival [71, 107, 108].
Moreover, according to Dierickx et al. [109], SR9009 has
NR1D1-independent effects on the survival and prolif-
eration of hepatocytes and embryonic stem cells, which
has an impact on metabolism, gene expression, and mito-
chondrial respiration. Therefore, SR9009 cannot be used
only as a surrogate for the NR1D1 effect. More atten-
tion should be focused on its independent activity, and
even its conformational resolution can help to develop
NR1D1-independent active molecules in the future.
Despite this early promise, 10 pmol/L SR9009, SR9011
and GSK4112 have been reported to exhibit off-target
binding to LXRa [85], resulting in the limitations of using
SR9009, SR9011 and GSK4112 to explore the pharmaco-
logical mechanisms of NR1D1. In an attempt to further
optimize these compounds, Amir et al. [86, 110] identi-
fied the novel NR1D1 agonist SR12418, which was modi-
fied from SR9009 with minimal off-target activity and
significantly improved plasma exposure in mice. SR12418
inhibits Th17-driven autoimmunity in vivo, suggesting
further efficacy in autoimmune diseases.

Several other NR1D1 agonists have also been reported,
such as the tetrahydroisoquinoline (THIQ) compounds
optimized from the GSK4112 scaffold [84], as well as
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several 6-substituted triazolopyridazines (including
Cpd-4-3 and Cpd-4-99) [W0O2013045519A1]. Unfortu-
nately, the pharmacological properties of these agonists
have been poorly reported, and their clinical transla-
tional potential has not yet been demonstrated. Notably,
bias agonists have received increasing attention in recent
years. Compared with general ligands, bias agonists dif-
fer in their ability to activate two or more downstream
signals and modulate specific signaling pathways and
have great therapeutic potential. For instance, SR9009
has biased activation properties by activating the PI3K
pathway rather than the more general NF-«B signaling
pathway to improve M1-like polarization and attenuate
inflammation in the LPS-induced decidual macrophages
(dM¢s) of pregnant mice [38]. These findings suggest that
NR1D1 may have different conformations during ligand
binding, which allows biased signaling. Therefore, future
studies on the development of NR1D1 ligands may take
biased agonists as a possible direction to target a signal-
ing pathway more specifically and reduce possible side
effects. Moreover, exploring more efficient and specific
ligand structural backbones other than the aforemen-
tioned GSK series and THIQ scaffolds will also provide
further ideas for NR1D1-targeted drug development.

Natural antagonists of NR1D1

Recently, Chen et al. [87] first identified puerarin, which
is isolated from Puerariae radix, as an antagonist of
NR1D1. In their study, puerarin dose-dependently and
circadian time-dependently induced the expression of
NR1D1 target genes (Bhmt, Cbs and Cth, three enzymes
involved in homocysteine decomposition) in HEPA-
1C1C7 cells. These results suggest that puerarin alleviates
methionine-induced hyperhomocysteinemia by targeting
NR1D1. Conversely, this protective effect disappeared in
NR1D1-deficient cells [87]. In a study on the dual roles of
the circadian clock in regulating bilirubin detoxification,
Wang et al. [111] demonstrated that bilirubin stimulated
BMAL1 expression by antagonizing NR1DI, constitut-
ing a feedback mechanism for bilirubin detoxification. In
summary, natural products have potential as regulators
of circadian rhythms and provide a theoretical basis for
the development of low-toxicity therapeutic drugs.

Synthetic antagonists of NR1D1

SR8278 was the first identified synthetic antagonist of
NR1D1 and was discovered by Kojetin and colleagues
in 2010 [82]. GSK4112 and heme can both be rendered
inactive by SR8278, but their exact binding location and
level of competition with heme are still unknown [82].
As the most frequently used NR1D1 antagonist in pre-
clinical models to date, SR8278 exerts anti-inflamma-
tory, antifibrotic and metabolic regulatory effects [73,
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112-114]. Multiple studies have confirmed that SR8278
has great potential as a therapeutic agent for neurode-
generative diseases such as epilepsy, Parkinson’s disease,
and Alzheimer’s disease, and its specific pharmacological
effects appear to be related to the chemical properties of
the neuron (i.e., the type of neurotransmitter released at
the neuronal endings) [115-117]. Paradoxically, SR8278
has unfavorable pharmacokinetics, such as a short half-
life, large volume of distribution, and high clearance in
rats, but shows excellent clinical potential in streptozo-
tocin-induced diabetic rats [118]. The reason for this
paradox may be related to the mode of action of SR8278
or different pathological backgrounds. However, there is
no doubt that SR8278 may serve as a starting point for
the development of NR1D1 antagonists with increased
potency and effectiveness.

GSK1362 (GSK3201362) is an antagonist of NR1D1,
and the interaction with the O-methyl ethanolamine side
chain and Lys473 through hydrogen bonds is essential
for its effects. In contrast to GSK4112, GSK1362 inhib-
its LPS-induced production of several inflammatory
cytokines by alveolar macrophages, especially I/-6 gene
expression [119]. Notably, GSK1362 cannot currently be
considered a chemical probe due to its poor predicted
pharmacokinetic profile, unidentified other targets, and
unidentified off-target effects [119].

These findings suggest that, although only effective in
animal models, synthetic NR1D1 ligands that pharma-
cologically target the circadian rhythm may be helpful in
many pathophysiological processes and the treatment of
associated disorders. Additionally, despite the extensive
establishment of the pharmacological effects of NR1D1
ligands on animals (preclinical investigations), no pro-
gress has been made in clinical trials. Poor pharmacoki-
netics caused by poor bioavailability are currently the
key obstacles restricting the development and clinical
use of NR1D1 antagonists. The short half-life allows the
ligand to be rapidly cleared from mice after injection, and
so multiple injections are required to ensure pharmaco-
logical activity. In addition, given the differences in cir-
cadian rhythms between humans and rodents, ligands
that are effective in preclinical models may not necessar-
ily be equally effective in clinical trials, and so exploring
the pharmacological activity of novel ligands in primate
models may be an important step in future preclinical
trials.

Summary and perspectives

As a vital transcriptional repressor, NR1D1 not only
represses clock genes transcription, such as Bmall and
Cryl, to mediate circadian rhythms, but also plays criti-
cal roles in multiple pathophysiological processes of
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several organs, such as inflammation, autophagy, immu-
nity, metabolism, and aging.

The search for NR1D1 colocalized partners

The genetic program of any physiological or pathologi-
cal process always involves the participation of multiple
transcription factors (TFs) and chromatin remodeling
factors. For example, the transcription factors P53, fork-
head box class O protein (FOXO), Nrf2 and NF-kB all
participate in the regulation of autophagy. Direct gene
control has not resulted in clinically useful treatments,
despite advances in our understanding of gene regulation
and the proliferation of gene-targeted therapeutics. This
is caused, at least in part, by the absence of instruments
to coordinately alter several TFs in a spatiotemporal-spe-
cific way. Using heart tissue and ChIP-Seq, Zhang et al.
[8] discovered that NR1D1 could colocalize with driving
TFs and coordinate transcriptional repression at thou-
sands of genomic loci controlled by several TFs, which
can stop the pathologic transition of the gene program.
However, only MEF2a and MEF2c were identified as
colocalized partners for NR1D1 in the heart. Therefore,
further knowledge about the full range of partners and
targets of NR1D1 during pathological remodeling of the
heart or other organs is needed, as well as the processes
by which NR1D1 colocalizes with tissue-specific TFs and
modifies the selective gene program throughout the dis-
ease process.

The development of novel NR1D1 ligands

As described previously, NR1D1 physically binds to the
promoter or enhancer regions of multiple genes and con-
trols their expression, such as Bmall, Gata3, and Ulkl,
constituting a node-rich, functionally complex tran-
scriptional regulatory network. To date, the most fre-
quently used NR1D1 ligands are SR9009, GSK4112, and
SR8278. Many NR1D1 ligands have been shown to tar-
get NR1D1 to induce pharmacological effects. Despite
the pharmacological effects of NR1D1 ligands being well
established in animals, there has been no advancement
in their translation to human trials. The difficulties might
include issues with stability and safety, poor pharma-
cokinetics, and potential differences in circadian systems
between humans and rats/mice. As a result, it is advised
that NR1D1 be targeted to treat local disorders and that
a targeted treatment be administered locally to prevent
negative effects on other tissues or organs. In addition,
structural backbone-based drug design (e.g., exploring
more efficient scaffold structures) and receptor dynam-
ics-based drug screening (e.g., developing biased ligands)
may also lead to new ideas for future therapeutic strate-
gies targeting NR1D1.
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Exploration of rhythmic treatment strategies

Studies have reported circadian rhythms in some dis-
eases, such as colitis, the severity of which is associated
with circadian rhythms and opposite to NR1D1 expres-
sion [74], and the circadian biology of several main
organ systems has been elucidated [120]. This suggests
that future studies should attempt to identify key regu-
latory molecules (i.e., clock control checkpoints) con-
trolled by the circadian clock during complex disease
processes, thereby resulting in time-dependent strate-
gies for diseases with clear rhythmic characteristics. It
is also necessary to quickly elucidate the circadian biol-
ogy of organ systems that have been poorly defined to
date, including the reproductive system, circulatory
system, and peripheral nervous system.

Melatonin affects the rhythmic regulation of NR1D1
expression, and in turn, alterations in clock gene
rhythms play a role in melatonin production. First, in
normal humans, the patterns of melatonin secretion
and NR1D1 expression are broadly consistent with
typical circadian patterns [121]. For example, night-
time lighting adversely affects melatonin secretion and
NR1D1 expression. In addition, melatonin significantly
inhibits receptor activator of nuclear factor-«xB ligand
(RANKL)-induced osteoclast formation in Raw264.7
cells by upregulating NR1D1 expression. Further stud-
ies confirmed that NR1D1 overexpression enhanced
the anti-osteoclastogenesis effects of melatonin [122].
Moreover, in preeclamptic placental macrophages, mel-
atonin production and oscillations were altered, and
circadian rhythms regulated by clock genes were dis-
rupted [123]. Currently, melatonin is widely used in the
clinic [NCT03951025, NCT04229719, NCT 02836743,
NCT00692094], and in-depth studies of the link
between melatonin and NR1D1 will provide potential
therapeutic strategies for many diseases.

More importantly, even though the biological clock is
based on a 24-h cycle, various species and even differ-
ent organs and tissues/cells within the same organism
have different biological clock cycles. For example, For-
mosan wood mice (WM) and laboratory C57BL/6 mice
have variations in locomotor activity and sex variabili-
ties. Shieh et al. [124] observed that male WM had more
locomotor activity during the lights-out period than
male C57BL/6 mice, but this effect was not observed in
females. Moreover, sex differences in circadian rhythms
have been observed in alpha murine urokinase-like plas-
minogen activator (aMUPA) transgenic mice and mice
that were hemizygous for the 16p11.2 deletion (16p11.2
del/+). The former is evidenced by high-amplitude circa-
dian rhythms with longer endogenous periods in female
mice [125], and the latter has been shown by increased
wakefulness and decreased non-rapid eye movement
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(NREM) sleep duration in male mice [126]. In addition,
even cells originating from the same individual produce
different rhythms over generations of inheritance. Kim
et al. [127] demonstrated that skin fibroblasts from diver-
sity outbred (DO) mice underwent increased variations
in circadian phenotypes over the course of inheritance.
However, the mechanism by which NR1D1 regulates
circadian rhythms in different species has not yet been
clearly explored. More research is still needed to deter-
mine the specific regulatory role of NR1D1 in other
species.

Conclusions

This review comprehensively summarizes the roles of
NR1D1 in several vital organs, such as the heart, liver,
lung, and kidney, by regulating key physiopathological
processes, including autophagy, immunity, inflamma-
tion, metabolism, and aging. Given the pivotal biologi-
cal functions of NR1D1, it is imperative to explore novel
ligands targeting NR1D1 for the development of chemi-
cal probes and targeted drugs. Many NR1D1 ligands have
been shown to improve inflammation, inhibit apoptosis,
regulate metabolism and exert other biological effects in
preclinical studies. However, there has been little clinical
progress on NR1D1 ligands, and challenges include drug
safety concerns, poor bioavailability and pharmacoki-
netic properties, and differences in circadian mechanisms
between humans and rodents. Moreover, considering the
intimate association between NR1D1 and the central cir-
cadian clock, NR1D1 also holds great promise for thera-
peutic strategies addressing rhythmic disorders.
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