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Abstract

Metabolic dysfunction-associated fatty liver disease, repre-
senting a spectrum of liver disorders from simple steatosis
to metabolic dysfunction-associated steatohepatitis, fibro-
sis, and cirrhosis, has emerged as one of the most prevalent
chronic liver conditions globally, affecting an estimated ap-
proximately 30% of the world's population. Its pathogenesis
is highly complex, involving intricate interactions between
genetic predisposition, metabolic dysregulation, inflamma-
tion, and cellular stress responses. Within this complex land-
scape, orphan nuclear receptors (ONRs) have gained signifi-
cant attention. Defined by the lack of identified endogenous
ligands, ONRs function as master transcriptional regulators
controlling diverse biological processes. Crucially, they play
pivotal roles in the development and progression of numer-
ous diseases, including metabolic disorders.This review spe-
cifically focuses on elucidating the critical contributions of
various ONRs to the pathogenesis of metabolic dysfunction-
associated fatty liver disease. We examined how these re-
ceptors modulate key pathological drivers: lipid metabolism,
inflammation,and autophagy.
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Introduction

Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) has emerged as one of the most prevalent chronic liver
conditions worldwide, affecting approximately 30% of the
global population.! MASLD encompasses metabolic dysfunc-
tion-associated steatotic liver and metabolic dysfunction-as-
sociated steatohepatitis (MASH), including their associated
fibrotic stages.?2 Research has established a strong correla-
tion between MASLD and systemic metabolic disorders such
as obesity, insulin resistance, and type 2 diabetes, indicating
that this condition is not merely a localized hepatic pathology
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but rather a multisystem disease intricately linked to sys-
temic metabolic dysregulation.3

Orphan nuclear receptors, one of the three major subfami-
lies of nuclear receptors, lack identified endogenous ligands.
Among the 48 known nuclear receptors, 25 are classified as
orphan nuclear receptors. They function as transcription fac-
tors or cofactors, regulating gene transcription and partici-
pating in various metabolic processes.* A summary of orphan
nuclear receptors is provided in Table 1.5-3° As core regula-
tors of metabolic homeostasis, orphan nuclear receptors con-
tribute to MASLD pathogenesis. For instance, chicken ovalbu-
min upstream promoter-transcription factor II (also known
as NR2F2) is upregulated in fibrotic kidneys and livers in hu-
mans, and overexpression of NR2F2 inhibits the fatty acid
oxidation pathway in fibroblasts.4® During fasting, estrogen-
related receptor (ERR) y (also known as NR3B3) undergoes
0O-GIcNAcylation by O-GIcNAc transferase, which increases
its stability and enhances its recruitment to gluconeogenic
gene promoters, thereby upregulating gluconeogenic gene
expression in the liver.#1 Small heterodimer partner (SHP,
also known as NROB2) inhibits the conversion of cholesterol
to bile acids and plays a key role in maintaining cholesterol
and bile acid homeostasis.42 The farnesoid X receptor (FXR)
agonist GSK2324 reduces hepatic fatty acid uptake and syn-
thesis to control liver lipid levels, while bile acid supplementa-
tion reverses this effect, suggesting that bile acid metabolism
plays a critical role in hepatic lipid metabolism.43 Emerging
evidence demonstrates that orphan nuclear receptors exert
pleiotropic effects on MASLD progression through distinct yet
interconnected mechanisms involving metabolic regulation,
inflammation suppression, and fibrogenesis inhibition. How-
ever, systematic investigations remain limited, preventing
comprehensive delineation of their integrative roles within
the lipid metabolism-inflammation-fibrosis axis of MASLD
pathogenesis.

Therefore, this article reviews the roles of orphan nuclear
receptors in MASLD, aiming to elucidate their multidimen-
sional regulatory characteristics, highlight their potential as
novel therapeutic targets, and provide directions for future
research.

NRO

The orphan nuclear receptor NRO family consists of two
members, NROB1 (DAX-1) and NROB2 (SHP). Both recep-
tors lack the canonical DNA-binding domain and thus can-
not directly regulate transcription. Instead, they function
as coactivators or corepressors to modulate cellular activi-
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Table 1. Information on orphan nuclear receptors

Common .
Gene name Full name Function on MASLD
NROB1 DAX-1 Dosage-sensitive sex reversal Not or very lowly expressed
NROB2 SHP Small heterodimer partner Inhibit fat synthesis,>~7 alleviate inflammation
and fibrosis,®° and participate in the
circadian rhythm regulation of the liver1®
NR1D1 REV- Reverse strand of ERB-alpha Inhibit fat synthesis,!! alleviate inflammation
ERBa and fibrosis,'? and participate in the circadian
rhythm regulation of the livert7.18
NR1D2 REV- Reverse strand of ERB-beta Not or very lowly expressed
ERBB
NR1F1  RORa Retinoid-related orphan Promote fat breakdown and lipophagy,13:14
nuclear receptor-alpha influence mitochondrial quality,'> and participate
in the circadian rhythm regulation of the liveri8
NR1F2  RORP Retinoid-related orphan nuclear receptor-beta Not or very lowly expressed
NR1F3  RORy Retinoid-related orphan Increase fat accumulation,® and participate in
nuclear receptor-gamma the circadian rhythm regulation of the livert®
NR2A1 HNF4a Hepatocyte nuclear factor 4-alpha Increase fatty acid oxidation and lipophagy,20:2t
reduce fat synthesis,?? participate in lipid transport,23
and promote bile acid uptake and synthesis24
NR2A2  HNF4y Hepatocyte nuclear factor 4-gamma Not or very lowly expressed
NR2C1 TR2 Testicular nuclear receptors 2 Not or very lowly expressed
NR2C2 TR4 Testicular nuclear receptors 4 Not or very lowly expressed
NR2E1  TLX Nuclear receptor tailless Promote cholesterol and fatty acid synthesis
while inhibiting fatty acid oxidation2®
NR2E3 PNR Photoreceptor-specific nuclear receptor Not or very lowly expressed
NR2F1  COUP-TFI Chick ovalbumin upstream promoter- Not or very lowly expressed
transcription factor-1
NR2F2  COUP- Chick ovalbumin upstream promoter- Increase fat accumulation and promote
TF-1I transcription factor-2 hepatic stellate cell activation2®
NR2F6  EAR2 V-erb-related gene Increase hepatic uptake of free fatty acids2”
NR3B1 ERRa Estrogen-related receptor alpha Promote fat synthesis?® and insulin resistance,30
inhibit autophagy activity3! and fat transport32
NR3B2 ERRB Estrogen-related receptor beta Not or very lowly expressed
NR3B3 ERRy Estrogen-related receptor gamma Promote fat synthesis28
NR4A1  Nur77 Nerve growth factor-18 Inhibit liver inflammation,33 regulate
mitochondrial function34
TR3
NGFIB
NR4A2  Nurril Nuclear receptor related-1 Involved in fat degeneration,3> liver
extracellular matrix formation36
RNR-1
TONOR
NR4A3  Norl Neuron-derived orphan receptor-1 Not or very lowly expressed
NR5A1  SF-1 Steroidogenic factor-1 Not or very lowly expressed
NR5A2 LRH-1 Liver receptor homolog-1 Involved in liver lipid accumulation and phospholipid
composition,37:38 reduce liver oxidative stress3?
NR6A1  GCNF Germ cell nuclear factor Not or very lowly expressed

MASLD, metabolic dysfunction-associated steatotic liver disease; TG, triglycerides; KO, knockout; ROS, reactive oxygen species.
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ties.# SHP is an inhibitory nuclear receptor primarily ex-
pressed in the liver, heart, pancreas, skeletal muscle, and
adipose tissue. It plays a crucial role in regulating choles-
terol metabolism, energy homeostasis, and bile acid me-
tabolism.#* Studies have shown that increased SHP expres-
sion can alleviate liver lipid accumulation in mice subjected
to a high-fat diet (HFD).4> Notably, a point mutation intro-
ducing T58A (ACC to GCA) in SHP (NM_011850.3) causes
SHP-T58A to upregulate the expression of genes related
to fatty acid synthesis and uptake, while downregulating
genes associated with fatty acid oxidation. This results in
elevated systemic triglyceride levels and renders SHP-T58A
mice more susceptible to obesity.#¢ However, in the study
by J. Huang et al., leptin and SHP double-mutant mice ex-
hibited increased very low-density lipoprotein (VLDL) se-
cretion and elevated expression of microsomal triglycer-
ide transfer protein, thereby preventing liver steatosis.*”
It remains unclear whether the primary effect is driven
by the leptin mutation or the SHP mutation. Furthermore,
endogenous ligands of FXR can promote SHP expression
by activating FXR, which in turn inhibits sterol regulatory
element-binding protein 1-c (SREBP-1c) expression, there-
by correcting hypertriglyceridemia in mice fed a high-fat
diet.48 Additionally, SHP can bind to liver X receptor a and
suppress its expression, regulating multiple genes involved
in cholesterol homeostasis.*?

In the study by L. M. Zhou et al., SHP binds to SREBP1
and inhibits its transcription and translation, leading to
downregulation of the de novo lipogenesis gene fatty acid
synthase (Fasn) and suppression of de novo lipogenesis.®
However, Y. C. Kim et al. discovered that SHP inhibits Fasn
expression through a different mechanism: SHP recruits
DNA methyltransferase-3a to the Fasn promoter, inducing
promoter methylation and subsequent epigenetic suppres-
sion. Co-expression of DNA methyltransferase-3a and SHP
enhances SHP’s inhibitory effect on Fasn promoter activity,
supporting this mechanism.® Additionally, S. Seok found
that SHP can bind to the miR-802 promoter to suppress
its transcription, thereby reducing Fasn expression and in-
creasing the expression of the fatty acid B-oxidation gene
Macad, ultimately lowering triglyceride levels in the liver.”
Studies have also shown that hepatocyte-specific SHP de-
letion promotes secretion of chemokine (C-C motif) ligand
2 by hepatocytes, leading to macrophage M1 polarization
and increased inflammatory responses.>® In a study by N.
Magee et al., hepatocyte-specific SHP deficiency in mice fed
a high-fat cholesterol and fructose diet further increased the
expression of inflammatory and fibrotic genes, exacerbat-
ing liver inflammation and fibrosis.8 Conversely, Lee YK et
al. found that double knockout of apolipoprotein E and SHP
reduced the sensitivity to diet-induced inflammatory re-
sponses observed in apolipoprotein E single-knockout mice,
without affecting fat accumulation. They suggested that the
reduction in inflammatory responses due to SHP knockout is
independent of fat accumulation.5! These seemingly contra-
dictory results may arise from differences in dietary condi-
tions or the fact that SHP is a rapidly degraded protein,*2
potentially causing inconsistent detection across studies.
Significantly, after liver steatosis develops, SHP knockout
does not alter the degree of steatosis but increases liver
inflammation and fibrosis.® Additionally, SHP can inhibit the
transcription of early growth response-1, attenuating bile
duct ligation-induced liver fibrosis in mice.® Furthermore,
SHP knockout can reduce serum lipopolysaccharide and
phenylacetic acid levels by modulating gut microbiota com-
position, thereby improving MASLD.52 Moreover, in the study
by S. M. Lee et al., SHP was found to participate in hepatic
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lipoprotein metabolism related to circadian rhythms through
its interaction with retinoic acid receptor-related orphan re-
ceptor (ROR) y.10 In conclusion, SHP’s regulation of MASLD
is multifaceted, and further research is needed to elucidate
its overall impact on MASLD. The schematic diagram of the
intracellular pathway of the NRO nuclear orphan receptors is
summarized in Figure 1, where red arrows represent activa-
tion/promotion, blue arrows represent inhibition, and black
arrows indicate regulation.

NR1

REV-ERBs (NR1D1/REV-ERBa, NR1D2/REV-ERBB) and RORs
belong to nuclear receptor subfamily 1 and play crucial roles
in regulating liver lipid metabolism and circadian rhythms.
Studies have found that, compared to wild-type mice, mice
with a knockout of the DNA-binding domain (exons 3 and
4) of REV-ERBa exhibit more severe liver steatosis after be-
ing fed a high-fat diet,>3 suggesting that REV-ERBa has a
protective role against liver steatosis. Similarly, J. Guo et
al. found that overexpression of REV-ERBa inhibited fatty
acid synthesis genes and rescued liver steatosis caused by
apolipoprotein A5 deficiency.!! Additionally, D. Zhong et al.
demonstrated that increased REV-ERBa expression reduced
cytochrome P450 4A14 and increased acyl-CoA thioesterase
4 levels, leading to reduced liver lipid accumulation and im-
provements in liver damage, inflammation, and fibrosis.!2
Studies have also shown that increased expression of RORa
promotes macrophage M2 polarization, protecting mice from
high-fat diet-induced MASH.>4 Y. H. Han et al. found that
RORa enhances the transcription and translation of Patatin-
like phospholipase domain-containing 3 (also known as adi-
ponutrin), which has triacylglycerol (TAG) hydrolase activity,
thereby promoting triglyceride (TG) hydrolysis and alleviat-
ing liver lipid accumulation.!3 They also discovered that free
fatty acids inhibit RORa expression via c-Jun N-terminal ki-
nase, reducing Patatin-like phospholipase domain-contain-
ing 3 expression and increasing TAG accumulation.13 H. J.
Kim et al. found that RORa is involved in the transcription
of genes related to lysosomal function; hepatocyte-specific
RORa knockout mice exhibited decreased lysosomal acidity
and a significant reduction in the number of autolysosomes
containing mitochondria and lipid droplets in the liver.14 Ad-
ditionally, H. J. Kim et al. demonstrated that RORa knock-
out downregulated BCL2/adenovirus E1B 19 kDa interact-
ing protein 3 and phosphorylated dynamin-related protein
1, leading to impaired mitochondrial fission in response to
nutritional stimuli. This resulted in defects in hepatic mito-
chondrial quality control, exacerbating diet-induced MASH.1>
Furthermore, perillartine, a compound derived from Perilla
frutescens, improves lipid deposition and glucose homeosta-
sis in hepatocytes by inhibiting the transcriptional activity of
RORYy, suggesting RORy as a potential therapeutic target for
MASLD.16

It is worth mentioning that both REV-ERBa and RORs
play important roles in regulating hepatic circadian
rhythms.17:18,55 A high-fat diet disrupts the circadian rhythms
of lipid metabolism, whereas the docosahexaenoic acid me-
tabolite maresin 1 acts as an endogenous ligand for RORa,
enhancing its transcriptional and translational activity.>* As
a transcription factor, RORa promotes the transcription of
brain and muscle ARNT-like protein 1, whereas REV-ERBa
suppresses its transcription by binding to the peroxisome
proliferator response element box in the Bmall promoter.
The balance between RORa and REV-ERBa participates in
regulating circadian genes.!® This balance also affects in-
sulin-induced gene-2, a key molecule in lipid metabolism,
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Fig. 1. Intracellular pathways of NRO. Created with BioRender.com. SREBP-1c, sterol regulatory element-binding protein 1c; DNMT3A, DNA methyltransferase 3A;
miR-802, microRNA-802; Egr-1, early growth response protein 1; Fasn, fatty acid synthase; TG, triglycerides; KO, knockout; CCL2, C-C motif chemokine ligand 2; M1,

classically activated macrophages; RORYy, retinoid-related orphan receptor gamma.

thereby regulating downstream SREBP activation and lipid
accumulation.!8 In the study by D. Li et al., compared to
HFD mice, high-sucrose diet mice exhibited increased cir-
cadian amplitude and median levels of RORy, suggesting
that RORy may regulate the circadian rhythm system under
high-sucrose diet conditions. Further research revealed that
RORYy deficiency suppresses SREBP-1c gene expression and
reduces hepatic lipid levels.1® The schematic diagram of the
intracellular pathway of the NR1 nuclear orphan receptors is
summarized in Figure 2.

NR2

In current MASLD research, significant progress has been
made in studying the nuclear orphan receptor NR2 family
member NR2A1 (hepatocyte nuclear factor 4 alpha, HNF4a).
HNF4a is indispensable for hepatocyte differentiation and is
highly expressed in hepatocytes. It regulates genes involved
in liver-specific functions such as nutrient metabolism, drug
metabolism, urea clearance, bile acid synthesis, and coagu-
lation factor production, all of which are crucial for main-

taining liver health.56 HNF4a activity decreases significantly
as the liver progresses from dysplasia to early cirrhosis and
from cirrhosis to early hepatocellular carcinoma, marking a
critical point of liver function decline.56

Studies have shown that liver-specific deletion of Ssu72
phosphatase downregulates HNF4a transcription and trans-
lation, leading to hepatocyte dedifferentiation and contribut-
ing to the progression of steatohepatitis-associated hepato-
cellular carcinoma.5” N-trans caffeoyltyramine and N-trans
feruloyltyramine can activate HNF4a, increasing the expres-
sion of downstream genes such as Spinster homolog 2 and
CYP26A1. This enhances dihydroceramide production and ac-
tion, promoting lipid autophagy and alleviating lipid accumu-
lation.>8 Further studies have revealed that N-trans caffeoyl-
tyramine increases mitochondrial mass by enhancing the
activity of the PPARGC1A pathway, thereby promoting fatty
acid oxidation, reducing mitochondrial stress, and slowing
MASLD progression.20 D. H. Lee and colleagues found that
the expression of autophagy-related genes is suppressed in
fatty liver, while HNF4a can directly bind to the promoter
region of UNC-51-like kinase 1, increasing its transcription
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Fig. 2. Intracellular pathways of NR1. Created with BioRender.com. REV-ERBa, reverse strand of ERB-alpha; P450 4A14, cytochrome P450 family 4 subfamily A
member 14; Fasn, fatty acid synthase; Scd1, stearoyl-CoA desaturase 1; BMAL1, brain and muscle ARNT-like 1; INSIG2, insulin induced gene 2; SREBP, sterol regula-
tory element-binding protein; RORa, retinoid-related orphan receptor alpha; M2, alternatively activated macrophages; PNPLA3, patatin-like phospholipase domain-
containing protein 3; TG, triglycerides; KO, knockout; Bnip3, BCL2 interacting protein 3; p-Drp1, phosphorylated dynamin-related protein 1.

in hepatocytes and improving autophagy activity.2! HNF4a is
also a key regulator of triglyceride hydrolysis and fatty acid
oxidation. Liver-specific overexpression of HNF4a can pre-
vent MASH induced by a high-fat/cholesterol/fructose diet by
inhibiting p53.5° Studies have shown that HNF4a increases
the promoter activity of the murine carboxylesterase 2 gene
by binding to DR-1 elements (direct repeats separated by
one nucleotide) in the proximal promoter. This regulation
modulates lipolysis, endoplasmic reticulum stress, and lipo-
genesis, thereby preventing hepatic steatosis.®® Thus, the
reduction of carboxylesterase 2 in MASH patients is likely
due to decreased HNF4a expression. The phosphatidylino-
sitol 3-kinase signaling pathway also plays a crucial role in
lipid metabolism. PIK3R3, the 62 kDa regulatory subunit of
phosphatidylinositol 3-kinase, promotes hepatic fatty acid
oxidation by inducing PPARa expression, thereby amelio-
rating hepatic steatosis in HFD-induced mice. However, this
pathway requires HNF4a involvement. The deletion of HNF4a
suppresses the PIK3R3-PPARa pathway, inhibiting fatty acid
B-oxidation.®! Notably, C. I. Kasano-Camones found that in
HNF4a liver-specific knockout mice fed a Western diet, de-
spite decreased PPARa mRNA and protein levels, increased

PPARYy coactivator 1a expression promoted PPARa transacti-
vation, activating downstream target genes that led to stea-
tosis and advanced MASLD progression.62 Additionally, J. Ahn
et al. discovered that HNF4a is recruited to the upstream
region of the miR-467b-3p transcription start site, mediating
its upregulation. miR-467b-3p directly binds to the 3’ un-
translated region of glycerol-3-phosphate acyltransferase-1,
suppressing its expression, thereby reducing TG synthesis
and alleviating steatosis.??2 HNF4a is also involved in lipid
transport; liver-specific knockout of HNF4a alters the struc-
ture and composition of HDL, reducing its antioxidant ca-
pacity and affecting genes involved in HDL maturation and
modification. This leads to decreased levels of HDL-C, LDL-C,
phospholipids, and TG in mice.23 It is generally accepted that
a high-fat diet reduces HNF4a expression in hepatocytes.60.63
However, D. Yu and colleagues proposed that the effects of
an HFD are not mediated by altering HNF4a expression but
rather by increasing oxidative stress, which induces protein
kinase C phosphorylation at Ser78. This phosphorylation in-
hibits HNF4a nuclear translocation, ultimately blocking apoli-
poprotein B transcription, reducing hepatic VLDL secretion,
and promoting hepatic TAG accumulation.®4:65 Therefore, the
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oxidative stress/protein kinase C/HNF4a/ApoB pathway may
serve as a novel therapeutic target for HFD-induced fatty liv-
er disease. Beyond lipid metabolism, HNF4a also plays a cru-
cial role in bile acid metabolism. In a study by Y. J. Roh et al.,
HNF4a knockdown suppressed the expression of genes relat-
ed to bile acid uptake and synthesis, reducing bile acid toxic-
ity and alleviating steatohepatitis and liver fibrosis. However,
while HNF4a knockdown decreases bile acid toxicity, it also
inhibits the expression of genes involved in fatty acid oxida-
tion (CPT1A and ACOX1) and fat export (ApoB and MTTP),
leading to increased lipotoxicity.2* Thus, HNF4a appears to
have opposing roles in lipid and bile acid metabolism.

Other orphan nuclear receptors in the NR2 family also
influence MASLD progression. Q. Xiong et al. found that in
mice with high-fat diet-induced liver steatosis, expression
of nuclear receptor subfamily 2 group E member 1 (NR2E1,
TLX) was decreased. Compared to wild-type mice, NR2E1
knockout mice showed increased expression of cholester-
ol synthesis-related genes (HMGCR, SREBP-1), fatty acid
synthesis genes (FAS, ACC), and suppressed expression of
genes related to lipid B-oxidation (CPT1A, PPARa). This led
to increased cholesterol and fatty acid synthesis and aggra-
vated liver steatosis.?> In contrast, high-fat diets increase
the expression of NR2F2. NR2F2 knockout results in elevated
adiponectin levels, which alleviate fat accumulation and stea-
tosis in the liver. Additionally, NR2F2 knockout suppresses
the expression of a-smooth muscle actin and Pnpla3, inhibit-
ing the activation of hepatic stellate cells.2¢ It is worth noting
that liver-specific overexpression of NR2F6 can increase he-
patic triglyceride accumulation without affecting body weight
or food intake. Further studies have shown that NR2F6 pro-
motes liver triglyceride accumulation by binding to the CD36
promoter, increasing CD36 expression, and enhancing hepat-
ic fatty acid uptake. This effect is not mediated by changes in
circulating B-hydroxybutyrate levels or VLDL secretion rate,
ultimately leading to steatosis.?’” The schematic diagram of
the intracellular pathway of NR2 nuclear orphan receptors is
summarized in Figure 3.

NR3

ERRs a, B, and y, members of nuclear receptor subfamily 3,
are expressed in various tissues and play important roles in
regulating bone homeostasis, energy metabolism, and can-
cer progression.®® Studies have shown that environmental
pollutants triclocarban and triclosan can bind to ERRa and
ERRy, enhancing their transcriptional activity. This upregu-
lates genes related to lipogenesis, thereby exacerbating
hepatic lipid accumulation induced by a high-fat diet.28 In
human MAFL/MASH cohorts, particularly at MASH stages FO-
F2, ERRa expression positively correlates with MASH-related
genes, %7 suggesting that ERRa contributes to MASH progres-
sion. In mice fed a high-fat diet, ERRa expression is upregu-
lated. However, treatment with the ERRa inhibitor ERR-PA
suppresses the expression of two key enzymes involved in de
novo lipogenesis, Fasn and acetyl-CoA carboxylase, indicat-
ing that ERRa promotes MASLD progression by influencing de
novo lipogenesis.2? ERRa knockout mice exhibit resistance to
HFD-induced MASLD, showing reduced white adipose tissue
storage and impaired hepatic lipid accumulation. However,
under fasting and refeeding conditions, ERRa knockout im-
pairs the reversal of fasting-induced MASLD, indicating that
ERRa deletion plays a preventive role in MASLD development
rather than a therapeutic one.®8 Moreover, ERRa can promote
insulin resistance by downregulating oxidative phosphoryla-
tion genes, with insulin resistance being a key mechanism
in MASLD pathogenesis.3 Interestingly, during the progres-

sion from steatosis to steatohepatitis in mice, the mRNA and
protein levels of ERRa and Ribosomal large subunit protein
1 are downregulated, leading to reduced translation of au-
tophagy-related proteins and inhibited autophagic activity.3!
This suggests ERRa plays distinct roles at different MASLD
stages via diverse mechanisms. Furthermore, intermittent
fasting was found to promote the expression of ERRa and
Ribosomal large subunit protein 1, providing valuable insight
for rational dietary interventions in MASH.3! Comparative
studies revealed that, in fasting conditions, female mice ex-
press higher levels of ERRa than male mice, which leads to
sex differences in VLDL-TG assembly and secretion. Liver-
specific ERRa deficiency in female mice increased hepatic fat
accumulation and worsened MASLD progression, potentially
explaining gender differences in MASLD pathogenesis.32 Ad-
ditionally, ovariectomized mice showed downregulated ex-
pression of ERRa, ApoB, and MTTP, developing fatty liver.
Overexpression of ERRa reversed these effects, suggesting
that estrogen’s protective effect against MASLD is mediated
through ERRa.32 The schematic diagram of the intracellular
pathway of the NR3 nuclear orphan receptor family is sum-
marized in Figure 4.

NR4

The NR4A subfamily of nuclear receptors (NR4A1/Nur77/
TR3/NGFI-B, NR4A2/Nurrl, NR4A3/Norl) are important
regulatory proteins involved in various disease states and
metabolic conditions, particularly in the liver and muscle.9:70
NR4A expression is upregulated in the adipose tissue of pa-
tients with severe obesity, and following weight loss surgery,
NR4A levels return to those observed in normal lean con-
trols.”0 Bioinformatics analyses indicate that NR4A1 is down-
regulated in the livers of MASLD patients, where it is impli-
cated in NOD-like receptor and JAK-STAT signaling pathways.
NR4A1 plays a role in regulating mitochondrial autophagy
and immune activation during MASLD progression, with its
expression significantly negatively correlated with infiltration
of pro-inflammatory M1 macrophages. Additionally, NR4A2 is
dysregulated in MAFLD and may modulate immune respons-
es in the disease, serving as a potential diagnostic marker
for MASLD.71-75

J. He et al. demonstrated NR4A1’s role in macrophages,
showing that hyperoside upregulates NR4A1l expression,
promoting the conversion of pro-inflammatory M1 mac-
rophages to anti-inflammatory M2 macrophages, thereby
alleviating MASLD in HFD-fed mice.33 However, H. Zhou et
al. reported that NR4A1 can phosphorylate the DNA-de-
pendent protein kinase catalytic subunit. Phosphorylated
DNA-dependent protein kinase catalytic subunit dissoci-
ates from Ku80 and phosphorylates p53, which increases
the expression of dynamin-related protein 1, leading to mi-
tochondrial fission. This mitochondrial dysfunction disrupts
mitochondrial homeostasis in MASLD, potentially causing
hepatocyte injury or death.3* This finding partially explains
the conclusion from Y. Xu et al. that “the inhibitory ef-
fect of HNF4a on MASLD is partly mediated through the
p53 pathway, as overexpression of p53 can partially coun-
teract the inhibitory effect of HNF4a on steatohepatitis”.>®
In addition, NR4A1 can attenuate homocysteine-induced
steatosis both in vivo and in vitro, suggesting its potential
as a therapeutic target for homocysteine-related MASLD.76
Studies have found that overexpression of NR4A2 upregu-
lates genes related to lipogenesis, liver inflammation, and
steatosis, exacerbating steatosis, liver inflammation, and
fibrosis.3> Notably, upon stimulation of hepatic stellate
cells with the strong inducer PDGF-BB, NR4A2 expression
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decreases alongside downregulation of phosphorylation
levels of ERK1/2, P38, and c-Jun N-terminal kinase—key
components of the MAPK pathway involved in liver fibrosis.
Concurrently, the fibrosis marker a-smooth muscle actin
significantly increases, suggesting that NR4A2 contrib-
utes to extracellular matrix accumulation in liver fibrosis
through regulation of the MAPK pathway.3¢ The schematic
diagram of the intracellular pathway of NR4 nuclear orphan
receptors is summarized in Figure 4.

NR5

NR5A2 (liver receptor homolog-1 (LRH-1)), a member of the
NR5A subfamily of nuclear receptors, is expressed in endo-
derm-derived tissues, including the intestine, liver, exocrine
pancreas, and ovaries. It plays a critical role in develop-
ment, reverse cholesterol transport, bile acid homeostasis,

and steroidogenesis.””.”8 N. Sahini and J. Borlak performed
liver biopsies on healthy controls and MASLD patients and
found that various transcription factors, including LRH-1,
were suppressed in the livers of MASLD patients.”® Studies
in diet-induced MASH mice have shown that phosphatidyl-
choline levels in the liver are decreased, and supplementa-
tion with phosphatidylcholine reduces MASH progression by
mechanisms involving activation of B cell signaling via the
LRH-1/PPARy2/nuclear factor k-light-chain enhancer path-
way.80 LRH-1 plays a crucial role in hepatic lipid storage and
phospholipid composition. Research has demonstrated that
deletion of LRH-1 inhibits two key enzymes in arachidonic
acid biosynthesis—long-chain fatty acid desaturase and elon-
gase—resulting in decreased arachidonic acid-containing
phospholipids. This disrupts liver phospholipid composition,
leading to abnormal lipid accumulation and non-dietary-re-
lated hepatic steatosis.3” Notably, dilauroyl phosphatidylcho-
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line (DLPC), an unusual phosphatidylcholine species with
two saturated 12-carbon fatty acid acyl chains, acts as an in
vitro agonist of LRH-1. DLPC induces bile acid biosynthetic
enzymes in the liver, increases bile acid levels, reduces liver
triglycerides and serum glucose, and alleviates hepatic stea-
tosis. Furthermore, DLPC improves glucose homeostasis in
two mouse models of insulin resistance, indicating that LRH-
1 regulates bile acid metabolism and glucose homeostasis
via the phosphatidylcholine pathway.8! Additionally, LRH-1
directly regulates the expression of Fasn and promotes the
transcription factor ChREBP, which directly or indirectly con-
trols all components of de novo lipogenesis.’8 It is impor-
tant to note that small ubiquitin-related modifier modifica-
tion-deficient LRH-1—specifically the LRH-1 K289R mutant
mouse—is more susceptible to MASLD when fed a high-fat
diet. This mutation promotes Osbpl3 expression and sub-
sequently induces SREBP-1 signaling at the transcriptional
level, leading to increased Fasn expression and enhanced de
novo lipogenesis.38 Additionally, LRH-1 binds to the promoter
of superoxide dismutase 2, promoting its expression and re-
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ducing reactive oxygen species production induced by high
palmitate concentrations, thereby alleviating oxidative stress
in MASLD.82 It is noteworthy that SHP can transcriptionally
repress LRH-1 by recruiting class III histone deacetylase
SIRT1, which inhibits LRH-1 target gene promoter activity
and mRNA levels.3° Conversely, LRH-1 can activate the SHP
promoter, promoting SHP expression.83 This bidirectional in-
teraction affects their respective roles in MASLD. The SHP-
T58A mutant disrupts its interaction with LRH-1, resulting
in derepression of SHP/LRH-1 target genes related to bile
acid and lipid synthesis, thereby promoting MASLD progres-
sion.46 The schematic diagram of the intracellular pathway
of the NR5 nuclear orphan receptor family is summarized in
Figure 4.

Targeting nuclear orphan receptors for the treat-
ment of MAFLD

Given the critical role of nuclear orphan receptors in lipid
metabolism, inflammation, and fibrosis processes in MA-
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SLD, researchers have begun exploring their therapeutic
potential. Several natural compounds have been identi-
fied that improve MASLD by modulating nuclear orphan
receptors. For instance, hyperoside acts on SHP,84 6-gin-
gerol targets HNF4a,22 and Angelica sinensis polysaccha-
ride regulates ERRa.85 Additionally, Inonotus obliquus and
its bioactive compound inotodiol exert anti-MASLD effects
by modulating the FXR/SHP/SREBP-1c pathway.86 In high-
fat diet-fed mouse models, long-term oral administration of
HNF4a agonists (e.g., NCT) enhances mitochondrial qual-
ity and function, preventing weight gain and hepatic stea-
tosis.20 The selective ERRa agonist JNDOO3 enhances the
transactivation of ERRa downstream target genes while im-
proving insulin sensitivity and alleviating fatty liver symp-
toms.87 Dapagliflozin, a selective sodium-glucose cotrans-
porter-2 inhibitor widely used to treat type 2 diabetes,88
reduces de novo lipogenesis in the livers of db/db mice by
upregulating FXR/SHP and downregulating liver X receptor
a/SREBP-1c.8? To date, no pharmacological agents target-
ing nuclear orphan receptors have been approved for MA-
SLD therapy, highlighting a significant unmet clinical need.
Given their regulatory role in the interconnected pathways
of lipid metabolism, inflammation, and fibrosis, the devel-
opment of novel drugs targeting these receptors represents
a promising therapeutic strategy.

Conclusions

In summary, orphan nuclear receptors influence the onset
and progression of MASLD, particularly in lipid metabolism,
inflammation, autophagy, and cholesterol metabolism.
These receptors may play either similar or opposing roles
within the same pathological and physiological processes,
forming an intricate network of interactions. Among them,
SHP and HNF4a have been studied extensively. SHP partici-
pates in MASLD progression by influencing lipid synthesis,
liver inflammation, fibrosis, and circadian rhythms, while
also interacting with other orphan nuclear receptors such
as RORy and LRH-1. HNF4a, in contrast, influences MASLD
progression primarily through its impact on lipid and bile
acid metabolism. Although orphan nuclear receptors play
important roles in MASLD, few drugs currently target these
receptors for MASLD treatment. Therefore, the development
of therapeutics aimed at orphan nuclear receptors is essen-
tial. Moreover, the fact that some orphan nuclear receptors
exert opposing effects in the same physiological processes
is both intriguing and worthy of further investigation. Ad-
ditional research is necessary to elucidate these underly-
ing mechanisms, thereby providing a theoretical foundation
for the potential clinical use of orphan nuclear receptors as
therapeutic targets in the future. In this review, we discuss
the contributions of distinct nuclear orphan receptors to
MASLD pathogenesis, evaluate emerging therapeutic strat-
egies targeting these receptors, and highlight promising av-
enues for future MAFLD intervention.
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