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Introduction
Excessive alcohol consumption is the leading cause of  several adverse health outcomes, including alco-
hol-associated liver disease (ALD; ref. 1–3). ALD comprises a spectrum of  histopathological changes and 
clinical disorders in patients with acute and chronic alcohol consumption, ranging from alcoholic steatosis, 
steatohepatitis, advanced fibrosis, and cirrhosis (4, 5).

The pathogenesis of alcohol-induced liver injury is complex involving the alterations of lipid metabolism, 
oxidative stress, inflammatory signaling pathway, and disruption of circadian clock machinery (6–8). Several 
genes regulating lipid metabolism are under the control of the cell-autonomous circadian clock (9–11). The 
molecular clock, consisting of a series of autoregulatory transcriptional feedback loops, generates a rhythmicity 
controlling metabolic pathway over the course of the day by a self-sustainable pacemaker through the input 
from environmental cues (9, 11). The genes of brain and muscle ARNT-like 1 (BMAL1) and circadian loco-
motor output cycles kaput (CLOCK) encode basic helix-loop-helix; per-arnt-single-minded (bHLH-PAS) pro-
teins, BMAL1, and CLOCK, which are part of the positive feedback loop. The CLOCK:BMAL1 heterodimer 
instigates the transcription by binding to specific DNA elements in the promoters of the target genes, such as 
cryptochrome (CRY) and period (PER), forming the negative limb of the feedback loop. The resulting CRY and 

Alcohol-associated liver disease (ALD) represents a spectrum of histopathological changes, 
including alcoholic steatosis, steatohepatitis, and cirrhosis. One of the early responses to excessive 
alcohol consumption is lipid accumulation in the hepatocytes. Lipid ω-hydroxylation of medium- 
and long-chain fatty acid metabolized by the cytochrome P450 4A (CYP4A) family is an alternative 
pathway for fatty acid metabolism. The molecular mechanisms of CYP4A in ALD pathogenesis 
have not been elucidated. In this study, WT and Shp−/− mice were fed with a modified ethanol-
binge, National Institute on Alcohol Abuse and Alcoholism model (10 days of ethanol feeding plus 
single binge). Liver tissues were collected every 6 hours for 24 hours and analyzed using RNA-
Seq. The effects of REV-ERBα agonist (SR9009, 100 mg/kg/d) or CYP4A antagonist (HET0016, 5 
mg/kg/d) in ethanol-fed mice were also evaluated. We found that hepatic Cyp4a10 and Cyp4a14 
expression were significantly upregulated in WT mice, but not in Shp−/− mice, fed with ethanol. ChIP 
quantitative PCR and promoter assay revealed that REV-ERBα is the transcriptional repressor of 
Cyp4a10 and Cyp4a14. Rev-Erbα−/− hepatocytes had a marked induction of both Cyp4a genes and 
lipid accumulation. REV-ERBα agonist SR9009 or CYP4A antagonist HET0016 attenuated Cyp4a 
induction by ethanol and prevented alcohol-induced steatosis. Here, we have identified a role for 
the SHP/REV-ERBα/CYP4A axis in the pathogenesis of ALD. Our data also suggest REV-ERBα or 
CYP4A as the potential therapeutic targets for ALD.
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PER proteins subsequently inhibit CLOCK:BMAL1 transcriptional activity. The CLOCK:BMAL1 dimers also 
initiate the transcription of an interconnecting loop, which involves the E-box mediated transcription of the 
orphan nuclear-receptor genes retinoid orphan nuclear receptor α/β (RORα/β) and REV-ERBα/β. The ROR 
and REV-ERB proteins can compete for retinoic acid-related orphan receptor response element binding sites 
within the BMAL1 promoter in which the ROR and REV-ERB proteins initiate and inhibit BMAL1 transcrip-
tion, respectively. Disturbance in the circadian machinery pathway such as dysregulation of REV-ERB can lead 
to an elevation of serum triglyceride and hepatic steatosis (12–14).

The small heterodimer partner (SHP, NR0B2) functions as a transcriptional repressor and is critical in 
regulating hepatic metabolism (15). Recent studies indicate that multiple genes in the circadian pathways 
such as CLOCK and REV-ERBα are under the regulation of  SHP (16, 17). We previously reported the 
effect of  ethanol feeding on intrahepatic clock machinery and the critical role of  SHP and REV-ERBα in 
controlling rhythmic expression of  CCAAT-enhancer-binding protein homologous protein, a transcription 
factor in ER stress response in ethanol-fed mice (18).

The cytochrome P450 (CYP) superfamily is a group of  heme-containing proteins with multiple functions, 
including the metabolism of xenobiotics such as alcohol, drugs, toxins, carcinogens, and endogenous sub-
strates, like fatty acids and steroids (19). CYP-dependent ω-hydroxylation is the third oxidation reaction that 
transforms the terminal methyl group of  a hydrophobic aliphatic chain into a more polar alcohol metabolite 
(20). The CYP4 family consists of  11 subfamilies (CYP4A-CYP4M), which encode constitutive and induc-
ible isozymes (21). Murine Cyp4a10 and Cyp4a14 (homologous to CYP4A22 and CYP4A11 in human, respec-
tively) are highly expressed in the liver (22) and are known to convert the arachidonic acid to its metabolite 
20-hydroxyeicosatetraenoic acid (20-HETE), which regulates inflammatory processes through the generation 
of  ROS (23). Inhibition of  Cyp4a14 was recently reported to attenuate hepatic steatosis and fibrosis (20, 24). 
However, the role of  CYP4A in the pathogenesis of  alcohol-induced liver injury is largely unknown.

In this study, we performed RNA-Seq, comparing hepatic gene expression in WT and Shp−/− mice fed 
with chronic alcohol plus binge model. We found that the stimulatory effect of  ethanol on both Cyp4a10 
and Cyp4a14 was significantly reduced in Shp−/− mice. Using the luciferase and ChIP assay, we identified a 
potentially novel SHP/REV-ERBα/CYP4A axis in the pathogenesis of  alcohol-induced liver injury. Fur-
thermore, we found that pharmacological intervention targeting REV-ERBα and CYP4A attenuated alco-
hol-induced liver injury.

Results
Hepatic Cyp4a10 and Cyp4a14 were substantially attenuated in Shp−/− mice fed with the ethanol plus binge model. 
We have previously shown that excessive alcohol use disrupts hepatic circadian clock machinery leading to 
alterations in intrahepatic lipid metabolism and hepatic steatosis (11). However, the mechanism underlying 
this observation has not yet been elucidated. Based on our previous studies that Shp regulates circadian 
clock regulator, we thus reasoned that Shp may be a key factor regulating the hepatic circadian clock and the 
effect of  alcohol on hepatic phenotypes (16, 25). Therefore, we fed WT and Shp−/− mice with control or an 
ethanol-containing diet using the ethanol plus binge model, as previously described (26). Liver tissues were 
collected at the end of  the experiments approximately 9 hours (Zeitgeber time 12 [ZT 12]) after oral gavage 
(with either maltose or ethanol), and then at every 6 hours (ZT 18, ZT 0, and ZT 6) over a 24-hour period (n 
= 3/treatment group/ZT time point). As we previously reported, hepatic steatosis was remarkably increased 
in ethanol-fed WT mice but ameliorated in ethanol-fed Shp−/− mice (18).

To determine the mechanisms related to the protective effects of  SHP on alcohol-induced liver inju-
ry, we performed RNA-Seq from liver tissues, which were collected at each ZT time point from mice in 
each group (Figure 1A). Log-transformed fragments per kilobase of  transcript per million mapped reads 
(FPKM) were used to generate heatmaps in Cluster (version 3.0) and Java Tree View (version 3.0). 
The heatmap representing the upregulated genes in ethanol-fed WT mice (WE) compared with WT con-
trols (WC) showed a significant increase in the Cyp family expression, including Cyp4 and Cyp2 genes, 
which was markedly decreased in Shp−/− mice fed with ethanol (SE), notably at ZT 6 (Figure 1A). ZT 12, 
approximately 9 hours after alcohol oral gavage, was the time when we observed the level of  hepatic trans-
aminases at their peak (26). Therefore, we selected the representative data from ZT 12 for subsequent bio-
informatic analysis. Ingenuity Pathway Analysis (IPA) using the RNA-Seq data from ZT 12 showed a con-
sistent association between several CYP genes, including Cyp4a10 and Cyp4a14, which were activated in WE 
(compared with WC) and inhibited in SE (compared with WE; Figure 1B). Those CYP genes belonged to 
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the lipid hydroxylation pathway, and the specific activation z scores demonstrated an increasing trend of  lip-
id hydroxylation pathway in WE compared with WC (at all ZT time points) and a reduction in SE compared 
with WE (a z score of  more than ± 2 is considered significant) (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.140687DS1). Our data indicated 
that the activation of  the lipid hydroxylation pathway by ethanol was markedly reduced in Shp deficiency.

To further validate the increase in the expression of  CYP4A in our ethanol model, we determined the 
RNA-Seq peak of  the expression for Cyp4a10 and Cyp4a14 at each ZT time point in 4 experimental groups 
(Figure 1C). We found an increase in the peak intensity of  Cyp4a10 and Cyp4a14 in WE (shown in blue) 
when compared with WC, and their expression was markedly decreased in the SE group (shown in red). 
We next determined the mRNA as well as the protein expression using qPCR and Western blot analysis, 
respectively (Figure 1, D and E). We found an increase in Cyp4a10 and Cyp4a14 mRNA expression and 
total CYP4A protein levels in WE compared with WC. The expression also exhibited rhythmicity across 
the ZT time point (Figure 1, D and E). Interestingly, the circadian pattern and the mRNA expression of  
both Cyp4a10 and Cyp4a14 were blunted and the peaks were shifted in the SE group (Figure 1, D and E).

We also explored the rhythmicity of  core clock genes and found the expression of  Per2, Bmal, and 
Clock in the opposite direction compared with that of  Rev-Erbα across the 24-hour period (Supplemental 
Figure 2A). Interestingly, the deficiency of  Shp did not significantly alter the rhythmicity of  Rev-Erbα, 
comparing its hepatic expression in WE versus SE (Supplemental Figure 2A). We also determined the 
hepatic rhythmicity of  other CYP4A subfamilies (Cyp4a12a and Cyp4a12b; Supplemental Figure 2B) 

Figure 1. Activation of hepatic Cyp4a10 and Cyp4a14 in mice fed with ethanol plus binge model was attenuated in Shp−/− mice. (A) Heatmap of RNA-Seq 
analysis from WT and Shp−/− mice treated with or without ethanol plus binge model (n = 3/group/ZT time point). SC, Shp−/− control; SE, Shp−/− treated with 
ethanol; WC, WT control; WE, WT treated with ethanol; ZT, Zeitgeber time. (B) IPA-generated hydroxylation of lipid network using the data from the liver 
tissue at ZT 12 from each experimental group using Ingenuity Pathway Analysis (IPA). Green, down-regulated in indicated comparisons; numbers under 
the blue box, fold changes; red, upregulated in indicated comparisons. (C) Genome browser view of RNA-Seq reads in the Cyp4a10 and Cy4a14 loci. (D) 
qPCR validation of Cyp4a10 and Cyp4a14 mRNAs expression. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus WC; #P < 0.05, ##P < 0.01, ###P < 
0.001, ####P < 0.0001 versus WE. Two-way ANOVA. (E) Western blot analysis of CYP4A expression. The ZT time point highlight in red is when the CYP4A 
expression reached the peak in that group (n = 3/group/ZT time point). 
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and observed a differential effect of  alcohol feeding on Cyp4a10 and Cyp4a14 compared with that of  
Cyp4a12a and Cyp4a12b. Overall, CYP4A protein expression was significantly increased after alcohol 
feeding protein (Figure 1E), in the same direction with an increase in Cyp4a10 and Cyp4a14 transcripts. 
Taken together, our data suggest that ethanol regulates CYP4A expression through SHP.

REV-ERBα is the potential circadian transcriptional regulator of  both Cyp4a10 and Cyp4a14. The circadian 
rhythmicity of  Cyp4a10 and Cyp4a14 in ethanol-fed mice (Figure 1, D and E) led us to hypothesize that 
their expression is under the control of  the circadian transcriptional regulator. We previously reported 
the interaction between SHP and REV-ERBα in the pathogenesis of  alcohol-induced liver injury (18). 
This raised an interesting question as to whether SHP/REV-ERBα acts as a transcription regulator of  
CYP4A. To visualize the interaction, we first performed the Duolink proximity ligation assay (PLA) to 
determine the protein interactions between SHP and REV-ERBα. FLAG-tagged REV-ERBα and GFP-
tagged SHP were coexpressed in HEK293T cells for 24 hours, then the antibodies for anti-mouse FLAG 
and anti-rabbit GFP were used following the manufacturer’s protocol (PLA kit, MilliporeSigma). We 
found the interaction between SHP and REV-ERBα, located primarily in the nucleus (Figure 2A and 
Supplemental Figure 3A). To determine if  Cyp4a10 and Cyp4a14 are the targets of  REV-ERBα, we per-
formed bioinformatic analyses using the online Gene Expression Omnibus database. The upregulated 
genes were gated with a fold change of  greater than 1.3 in both GRO-Seq (GSE59486) and microarray 
(GSE59460, FDR <0.1) of  Rev-Erbα−/− mice experiments (27). We then overlapped these genes with 
RNA-Seq from Shp−/− mice liver (GSE43893) and our RNA-Seq data in WE (using the data from ZT 
12; Figure 2B). Venn diagram showed that only 9 genes were overlapped using the data from these 3 
databases. Among them, we found upregulation of  both Cyp4a10 and Cyp4a14 (Figure 2B, shown in 
red). GW4064 is the agonist for the farnesoid X receptor, a transcriptional activator of  SHP. We did 
not observe the alteration between SHP and REV-ERBα interaction with GW4064 in the presence or 
absence of  ethanol (Supplemental Figure 3B).

To determine if  Cyp4a10 and Cyp4a14 are transcriptionally regulated by REV-ERBα, we analyzed 
the ChIP-Seq data (GSE67962) and found the possible binding of  REV-ERBα on Cyp4a10 and Cyp4a14 
promoters in mouse livers (Figure 2C). These bindings were markedly diminished when the REV-ERBα 
DNA-binding domain was mutated (DBD-Mut, Figure 2, C and D, and Supplemental Figure 4). To con-
firm our bioinformatic analysis, we next performed a ChIP assay using the anti-REV-ERBα antibody in 
liver samples from the WC and WE group (at ZT 12). The primer design is provided in Figure 2D and Sup-
plemental Figure 5. We found that REV-ERBα positively binds to both Cyp4a10 and Cyp4a14 promoters, 
and the bindings were significantly inhibited in ethanol-fed mice (Figure 2E). Taken together, our data sug-
gested that REV-ERBα transcriptionally regulated Cyp4a10 and Cyp4a14 through direct binding at their pro-
moter regions. We next performed the luciferase assay to confirm the functional regulation of  Cyp4a10 and 
Cyp4a14 promoters by REV-ERBα. We cloned both promoters base on the predicted REV-ERBα binding 
region (Figure 2D and Supplemental Figure 5) and transfected them into Hepa1 cells. We found the inhi-
bition of  both Cyp4a10 and Cyp4a14 promoter activities when we cotransfected the cells with REV-ERBα 
plasmid (Figure 2F); whereas knocking down REV-ERBα using shRNA significantly increased the promot-
er activities (Figure 2G). When we mutated the potential REV-ERBα binding (Figure 2D), the inhibitory 
effect of  REV-ERBα on Cyp4a10 and Cyp4a14 promoter activities was ameliorated (Figure 2H). To deter-
mine the role of  SHP in the regulation of  CYP4A by REV-ERBα, we overexpressed SHP in the presence of  
REV-ERBα and found that SHP attenuated the inhibitory effect of  both promoters by REV-ERBα (Figure 
2I). Consistent with our promoter assay in vitro, we found a reduction in mRNA expression of  Cyp4a10 and 
Cyp4a14 when we overexpressed REV-ERBα plasmid in vivo (Supplemental Figure 6A). On the contrary, 
the mRNA and protein expression of  CYP4As were increased when we knocked down hepatic REV-ERBα 
using AAV8-U6-shREV-ERBα (Supplemental Figure 6, B and C). Last, we also observed the rhythmicity 
of  hepatic Cyp4a10 and Cyp4a14 mRNA expression in the opposite direction compared with that in Rev-Er-
bα across the 24-hour period (Figure 1D and Supplemental Figure 2A). Taken together, our data demon-
strated REV-ERBα as the transcriptional repressor of  Cyp4a10 and Cyp4a14.

REV-ERBα deficiency remarkably induced both Cyp4a10 and Cyp4a14 expression, promoting lipid accumu-
lation and oxidative stress. To further confirm the regulation of  CYP4As by REV-ERBα, we next deter-
mined the hepatic Cyp4a10 and Cyp4a14 expression in Rev-Erbα−/− mice. We found a significant increase 
in Cyp4a10 (approximately 8-fold) and Cyp4a14 (approximately 6-fold) in Rev-Erbα−/− mice (Figure 3A and 
Supplemental Figure 2D). Interestingly, we did not observe the change in the expression of  other CYP4A 
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subfamilies in WT and Rev-Erbα−/− mice, suggesting the specific regulation of  REV-ERBα on Cyp4a10 and 
Cyp4a14 (Supplemental Figure 2D). We also utilized the public database (GSE79087) to determine the 
effect of  REV-ERBα deletion on the hepatic rhythmicity of  CYP4A. The results are illustrated in Supple-
mental Figure 2D.

We also found an increase in CYP4A protein expression when we treated primary hepatocytes with eth-
anol (50 mM for 24 hours), and its expression was significantly enhanced by Rev-Erbα deficiency (Figure 3B). 
We observed an increase in lipid accumulation, especially in ethanol-treated Rev-Erbα−/− primary hepatocytes, 
which was examined by Oil Red O and Nile Red staining (Figure 3, C and D). Oxidative stress is implicated 
in alcohol-induced liver injury (28). We next measured the ROS generation in the hepatocytes from WT and 
Rev-Erbα−/− primary hepatocytes treated with and without ethanol (50 mM) at the indicated times. We found 

Figure 2. REV-ERBα is the potential transcriptional regulator of Cyp4a10 and Cyp4a14. (A) Proximity ligation assay (PLA, red) demonstrated the inter-
action between GFP-SHP (green) and FLAG-REV-ERBα proteins in HEK293T cells. Scale bar: 100 μm. (B) Three RNA-Seq data sets, Rev-Erbα−/− versus WT 
(GSE59486, GSE59460), Shp−/− versus WT (GSE43893), and WE versus WC (ZT 12), were integrated to identify overlapping genes, which were coregulated 
by each pathway. Venn diagram indicated 9 overlapping genes, including both Cyp4a10 and Cyp4a14 (red). WC, WT control; WE, WT treated with ethanol. 
(C) ChIP-Seq (GSE67962) revealed the location of REV-ERBα binding peaks on Cyp4a10 and Cyp4a14 promoters in mouse livers (red arrows). The mutated 
REV-ERBα DNA-binding domain (DBD-mut) served as negative controls. The binding peak indicated by the purple arrow could be the binding independent 
from REV-ERBα DNA-binding domain. (D) The diagram of Cyp4a10 and Cyp4a14 promoter with distance from transcription start site (TSS) and REV-ERBα 
binding sites. Black arrows indicated location of the ChIP primers. Mut, mutant on the REV-ERBα binding site in the promoter constructs. (E) ChIP assay 
with anti-REV-ERBα Ab or IgG (negative control) from mouse liver at ZT 12. WT-Con, WT control; WT-Etoh, WT-ethanol. ****P < 0.0001 versus IgG; ###P < 
0.001, ####P < 0.0001 versus WT-Con. One-way ANOVA. (F) Luciferase assay with Cyp4a10 or Cyp4a14 promoter and cotransfected with 0, 50, or 100 ng/well 
of REV-ERBα plasmids in 24-well plates. *P < 0.05, **P < 0.01 versus control. One-way ANOVA. (G) Luciferase assay with indicated promoters and cotrans-
fected with 0, 50, 100 ng/well of pLKO-shRNA-REV-ERBα plasmids (sh-Rev-Erbα). *P < 0.05, **P < 0.01, ***P < 0.001 versus control. One-way ANOVA. (H) 
Luciferase assay with indicated promoters and cotransfected with 100 ng/well pcDNA3 (p) or REV-ERBα (Rev100) plasmids. **P < 0.01 versus pcDNA3. Two-
tailed Student’s t test. (I) Luciferase assay with indicated promoters and plasmids (100 ng/each). **P < 0.01, ***P < 0.001 versus control. One-way ANOVA.
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that ethanol treatment significantly augmented ROS generation in Rev-Erbα−/− hepatocytes (Figure 3E). Tak-
en together, our data showed that ethanol significantly increased CYP4A expression, lipid accumulation, and 
oxidative stress in REV-ERBα–deficient hepatocytes.

REV-ERBα and CYP4A as the therapeutic targets for alcohol-induced liver injury. We next asked if  inter-
vention to activate REV-ERBα or inhibit CYP4A ameliorates alcohol-induced liver injury. SR9009 and 
SR9011 are synthetic REV-ERB agonists, which are able to activate both REV-ERBα and REV-ERBβ (29) 
and regulate lipid metabolism (30). Between these 2 agonists, SR9009 demonstrated higher potency on 
REV-ERBα than REV-ERBβ (29). N-Hydroxy-N′-(4-butyl-2-methylphenyl)-formamidine (HET0016) is the 
antagonist for CYP4A, which can selectively inhibit the biosynthesis of  20-HETE (ref. 31). We selected 
these compounds for the subsequent experiments.

As described in Methods and Supplemental Figure 7, SR9009 and HET0016 were administrated 
during the alcohol feeding period. We found the protective effects of  these 2 compounds against alcoholic 
steatosis in our mouse model (Figure 4). Morphologically, the livers from mice treated with Etoh plus 

Figure 3. Deficiency of REV-ERBα largely induced both Cyp4a10 and Cyp4a14 expression, promoted lipid accumu-
lation and oxidative stress. (A) qPCR analysis of hepatic Cyp4a10 and Cyp4a14 mRNAs in WT or Rev-Erbα−/− mice 
***P < 0.001; ****P < 0.0001 versus WT. Two-tailed Student’s t test. (B) Western blot analysis of CYP4A protein 
from WT and Rev-Erbα−/− primary hepatocytes treated with or without 50 mM ethanol (Etoh) for 24 hours. (C) Oil 
Red O (left) and Nile Red (right) staining in primary hepatocytes of WT or Rev-Erbα−/− mice treated with or without 
50 mM ethanol for 24 hours. Scale bar: 100 μm. (D) The quantification of the positive area (% to total area) from 
Nile Red staining (right). *P < 0.05, **P < 0.01 versus WT-E(-); ##P < 0.05 versus WT-E(+). One-way ANOVA. (E) 
ROS generation from WT and Rev-Erbα−/− primary hepatocytes treated with or without 50 mM Ethanol for indicated 
times. *P < 0.05, **P < 0.01 versus WT. One-way ANOVA.
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vehicle (DMSO) group were pale; whereas those treated with Etoh plus SR9009 or HET0016 appeared 
to have a normal color, similar to those as observed in controls (Figure 4A, top, and Supplemental Figure 
8A). Histological analysis with H&E and Oil Red O staining also confirmed the protective effects of  these 
2 compounds on alcohol-induced lipid accumulation (Figure 4A, middle and bottom).

The administration of  SR9009 and HET0016 significantly decreased the mRNA and protein expres-
sion of  both Cyp4a10 and Cyp4a14, serum ALT, and genes involved in lipid metabolism compared with 
DMSO-treated mice in ethanol-fed groups (Figure 4, B–D, and Supplemental Figure 8, B and C). As we 
observed the increase in oxidative stress in Rev-Erbα–deficient hepatocytes, we also determined the expres-
sion of  CYP2E1, an alcohol metabolizing enzyme, which is responsible for oxidative stress generation (32). 
We found that hepatic CYP2E1 protein expression was significantly reduced in ethanol-fed mice treated 
with either SR9009 or HET0016 (Figure 4E upper panel and Supplemental Figure 8D). Our results showed 
that REV-ERBα and CYP4A are the therapeutic targets for alcohol-induced liver injury.

Activation of  REV-ERBα with agonist SR9009 partially restored the effect of  ethanol on hepatic metabolomic 
profiles. Alterations in hepatic metabolites have been described in ethanol-fed mice (33). To expand 
our knowledge on the global alterations of  the metabolites after the activation of  REV-ERBα (using 
SR9009) with subsequent inhibition of  CYP4A (which plays role in ω oxidation of  fatty acid), we next 
carried out the experiments using untargeted metabolomic analysis. The 2- and 3-dimensional partial 
least squares discriminant plots based on principal component analysis of  the metabolomic data were 
constructed (Figure 5A). We found a clear separation in hepatic metabolites in ethanol and ethanol 
with SR9009 groups, which indicated a significant difference in metabolic profiles between these 2 
groups. Using the volcano plot (Figure 5B, top panel), we found that the metabolites with the most 
significant fold changes were 1-monopalmitin and lauric acid (upregulated) and fructose-6-phosphate 
and mannose (downregulated, Figure 5B). Interestingly, one-half  of  the top 10 downregulated metab-
olites in the Etoh group were restored upon treatment with SR9009 (Figure 5C). The metabolite set 
enrichment analysis revealed the significant change in metabolites between Etoh and Etoh plus SR9009 
groups, mostly belong to the glucose metabolism pathway (Supplemental Figure 9).

To focus on lipid metabolites, we subjected liver samples for lipidomic analysis. We observed signifi-
cant alterations in hepatic lipidomes in ethanol-fed mice with and without SR9009 (Figure 6A). We found 
a significant reduction of  hepatic triglycerides (TAGs) in mice treated with SR9009 (Figure 6B); the find-
ings are consistent with the amelioration of  hepatic steatosis (Figure 4). The top 20 significantly reduced 
TAGs were provided in Figure 6C. Our results indicated that the alterations in hepatic metabolic and lipid-
omic profiles upon alcohol treatment were partially restored with SR9009 treatment.

CYP4A antagonist HET0016 rescued ethanol and REV-ERBα deletion induced lipid accumulation. We next 
performed experiments to determine if  blocking CYP4A is adequate in preventing alcoholic steatosis in 
REV-ERBα deficient state. Hepatic REV-ERBα knockdown was achieved by injecting mice with adenovi-
rus-mediated delivery of  sh-Rev-Erbα (shR). We observed an increase in plasma TGs, hepatic lipid accu-
mulation, and genes involved in fatty acid synthesis in shR mice fed with ethanol; the observation was 
ameliorated with HET0016 treatment (shR-HET; Figure 7, A–C). As expected, we found an increase in 
the hepatic mRNA expression of  Cyp4a10 and Cyp4a14 in ethanol-fed shR mice, and their expression was 
reduced in the presence of  HET0016 treatment (Figure 7C).

We also performed in vitro experiments by pretreating primary hepatocytes from WT and Rev-Erbα−/− 
mice with either DMSO or HET0016 (4 μM) for 6 hours followed by ethanol at 50 mM for 24 hours. We 
found that HET0016 treatment significantly reduced lipid accumulation in Rev-Erbα−/− hepatocytes treated 
with ethanol compared with those treated with DMSO (Figure 7D and Supplemental Figure 10). Its effect 
was also confirmed using human hepatocyte cell line HC04 (Supplemental Figure 11). Our data confirmed 
that targeting CYP4A is an attractive therapeutic strategy for alcohol-induced liver injury.

Increased expression of  CYP4A in patients with alcoholic liver disease. To determine if  CYP4A is involved 
in ALD pathogenesis in humans, we detected the mRNA expression of  CYP4A11 (homolog of  murine 
Cyp4a14) and CYP4A22 (homolog of  murine Cyp4a10) in the liver of  patients with alcoholic liver disease. 
The baseline demographic and clinical characteristics of  those patients were provided in Supplemental 
Table 1. We found a significant induction of  CYP4A11 and CYP4A22 mRNA and protein levels in patients 
with ALD (Figure 8, A and B).

We also explored CYP4A11 and CYP4A22 expression in the liver of  patients with cirrhosis using a 
recently published and publicly available data set (34). We found that both CYP4A11 and CYP4A22 were 
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highly expressed specifically in hepatocytes compared with nonhepatic parenchymal cells, and that levels 
increased in patients with cirrhosis compared with healthy controls (as shown in Supplemental Figure 12). 
Our results suggest the importance of  CYP4A activation in the pathogenesis of  ALD.

Discussion
We previously reported that the circadian timekeeping system is disturbed in alcoholic steatosis and that 
the effects of  alcohol upon clock machinery contribute to the development of  alcohol-induced liver injury 
(11, 35). However, the underlying mechanism has not been elucidated. CYP4A is a hydroxylase enzyme, 
which plays an important role in ω-hydroxylation primarily of  medium- and long-chain fatty acid (21, 
23). A previous study has shown the important function of  CYP4A in the pathogenesis of  nonalcoholic 
steatohepatitis (24); however, its function in alcohol-liver injury remains largely unknown. In our study, 
we found the induction of  CYP4A in mice fed with ethanol and in patients with alcoholic liver disease. 
Interestingly, Cyp4a10 and Cyp4a14 mRNA expression was significantly reduced in ethanol-fed Shp−/− mice. 
Using available RNA-Seq data, we found that REV-ERBα, a transcription factor that is regulated by SHP, 
acts as the transcriptional repressor of  Cyp4a10 and Cyp4a14. This potentially novel finding was validated 
using ChIP assay. We further found that therapeutic intervention of  REV-ERBα and CYP4A ameliorates 
alcohol-induced liver injury. Taken together, our study provides insight into the mechanism of  the SHP/
REV-ERBα/CYP4A axis in the pathogenesis of  alcoholic liver disease.

REV-ERBα regulates the expression of  its target genes in a circadian manner (27). REV-ERBα func-
tions as a transcriptional repressor owing to the absence of  coactivator-binding domain, activation-function 
(36). Several studies have shown the important role of  REV-ERBα in the regulation of  lipid metabolism 
(12, 37). Rev-Erbα−/− mice had an elevation of  hepatic apolipoprotein C3 gene expression and serum tri-
glycerides (12). REV-ERBα also involves in the regulation of  sterol regulatory element-binding protein 
(SREBP, encoded by gene Srebf1), a key transcription regulator in fatty acid synthesis (38). In our study, we 
also found the increase in lipid accumulation in Rev-Erbα−/− primary hepatocytes when compared with WT 

Figure 4. Treatment of REV-ERBα agonist SR9009 or CYP4A antagonist HET0016 substantially improved alcoholic steatosis and alcohol-induced liver 
injury. (A) Gross appearance (top), H&E staining (middle), and Oil Red O staining (bottom) of the livers of mice treated with SR9009 (100 mg/kg/d) or 
HET0016 (5 mg/kg/d) from days 1–11 over the course of ethanol feeding (n = 4/group). (B) QPCR analysis of Cyp4a10 and Cyp4a14 mRNAs. *P < 0.05, **P 
< 0.01, ****P < 0.0001 versus Con-DMSO; ####P < 0.001 versus Etoh-DMSO. One-way ANOVA. (C) Plasma ALT in indicated groups. Ns versus Con-DMSO or 
Etoh-DMSO. One-way ANOVA. (D) QPCR analysis of genes related to lipid metabolism (top panel) and lipid delivery (bottom panel). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001 versus Etoh-DMSO. One-way ANOVA. (E) IHC staining of CYP2E1 or CYP4A in each experimental group. Con, control; Etoh, 
ethanol; HET, CYP4A antigonist-HET0016; SR, REV-ERBα agonist-SR9009. Scale bar: 200 μm.
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hepatocytes (Figure 3) and upon treatment with SR9009, a REV-ERBα agonist, the expression of  Srebf1 
and fatty acid synthase (Fasn) was decreased in ethanol-fed mice (Figure 4D). In addition to lipid metabo-
lism, REV-ERBα has been shown to regulate glucose metabolism through the regulation of  glucose 6-phos-
phatase and phosphoenolpyruvate carboxykinase (39). We found the dysregulation of  several metabolites 
in glucose metabolism and lipidomic pathway in the liver of  ethanol-fed mice (Figure 5 and Supplemental 
Figure 9). Interestingly, the levels of  these metabolites trended toward WT controls upon treatment with 
REV-ERBα agonist SR9009, providing evidence of  REV-ERBα regulating glucose metabolism.

We found REV-ERBα as a transcriptional repressor for Cyp4a10 and Cyp4a14, based on bioinformatic data 
and confirmatory experiments using ChIP analysis. Our data also confirmed a recent report demonstrating 
CYP4A as the target of REV-ERBα (40). Cyp4a14 has been shown to play an important role in the development 
of nonalcoholic steatohepatitis (24). Cyp4a14 deficiency markedly attenuated not only lipid accumulation but 
also hepatic inflammation and fibrosis in a mouse model of methionine and choline-deficient diet-induced 
NASH (24). Although the mechanism of CYP4A induction in alcohol-induced liver injury remains unclear, 
a previous study suggested CYP4A as a microsomal catalyst for oxidative stress (41). We also found evidence 
that CYP4A increased reactive oxygen regeneration (Figure 3E) and that inhibition of CYP4A using its antag-
onist, HET0016, significantly reduced CYP2E1 expression in mice fed with ethanol (Figure 4).

Our study also provided potentially novel information on the role of  REV-ERBα and CYP4A as poten-
tial therapeutic targets for the treatment of  alcohol-induced liver injury. We found that REV-ERBα agonist 

Figure 5. Treatment with REV-ERBα agonist SR9009 partially restored the dysregulation of hepatic metabolic profiles in ethanol-fed mice. (A) The 
predominance of partial least squares-discriminant analysis (PLS-DA) scores plots in 2D (left) and 3D (right) format. The ovals filled with different color 
indicated 95% CI Hotelling’s ellipses. (B) Volcano plot (upper) indicated the significantly changed metabolites. The red dots represent metabolites with a P 
value ≤0.05 and log2(FC) > or < 1. FC: fold changes. Red-circled dots were selected metabolites, shown in box plots (lower). (C) Heatmap showing differen-
tial abundance of metabolites in ethanol-fed mice (Etoh-DMSO) versus Control (Con-DMSO) (upper) and ethanol-fed mice treated with SR9009 (Etoh-SR) 
versus ethanol-fed mice (Etoh-DMSO). Red label indicated metabolites decreased in ethanol-fed mice, which were restored with SR9009 treatment.
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(SR9009) and CYP4A antagonist (HET0016) ameliorated liver injury in our mouse model (Figure 4). Mice 
that were treated with either SR9009 or HET0016 had lower levels of  serum ALT and decreased expression 
of  fatty acid synthesis gene. Our therapeutic studies also confirmed that CYP4A was the downstream target 
of  REV-ERBα, based on the evidence that inhibition of  CYP4A is adequate in preventing alcoholic steato-
sis in REV-ERBα deficient state (Figure 7).

In summary, we reported a mechanism linking the circadian pathway and alcohol-induced liver 
injury by identifying a possibly novel SHP-REV-ERBα-CYP4A axis in the pathogenesis of  alcoholic 
liver disease. Activation of  REV-ERBα and inhibition of  CYP4A markedly attenuated hepatic steato-
sis and liver injury from alcohol. REV-ERBα and CYP4A are potential therapeutic targets for alcohol-
ic liver disease.

Methods
Animals. Shp−/− mice were generated as previously described (42). Rev-Erbα+/− mice were purchased from 
the Jackson Lab and bred to generate Rev-Erbα−/− mice. Eight-week-old male mice (weight more than 20 g) 
were subjected to the National Institute on Alcohol Abuse and Alcoholism-ethanol plus binge model (26). 

Figure 6. REV-ERBα agonist SR9009 treatment reduced hepatic TAGs in lipidomic profiles in ethanol-fed mice. 
(A) The predominance of partial least squares-discriminant analysis (PLS-DA) scores plots in 2D (left) and 3D (right) 
format. The ovals filled with different color indicated 95% CI Hotelling’s ellipses. (B) Heatmap showing differential 
abundance of lipids in ethanol-fed mice treated with SR9009 (Etoh-SR) versus ethanol-fed control mice (Etoh-DMSO). 
Red square indicated TAGs decreased in SR9009-treated ethanol-fed mice. (C) Top 20 significantly reduced TAGs in 
SR9009-treated ethanol-fed mice.
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Mice were sacrificed at 9 hours after gavage, when blood samples and liver tissues were collected (ZT 12), 
and then at every 6 hours (ZT 18, ZT 0, and ZT 6) over a 24-hour period.

In selected experiments, in vivo overexpression of  flag-tagged REV-ERBα was performed using Tur-
boFect in vivo Transfection Reagent (Thermo) as described previously (18). For in vivo knockdown of  
REV-ERBα, mice were injected through the tail vein with 1 × 1011 AAV8-TBG-Null or AAV8-TBG-U6-
shREV-ERBα virus for 2 weeks. Then, they were fed using ethanol plus binge protocol. At the end of  the 
experiments, liver tissues were collected at 9 hours after an oral ethanol binge.

Figure 7. CYP4A antagonist HET0016 attenuated Rev-Erbα deficiency enhanced lipid accumulation in ethanol treatment. 
(A) HE (top) and Oil Red O staining (bottom) in Etoh binged mice livers of indicated groups. WT mice were injected with Null 
(Etoh-Null) or shRNA (Etoh-shR) for Rev-Erbα for 1 week before being subjected to the Etoh-binge model. During the Etoh 
feeding period, mice were IP injected with DMSO or HET0016 (HET, 5 mg/kg) (Etoh-shR-HET) daily. Scale bar: 200 μm. (B) 
Liver TG and plasma TG, ALT, and AST levels in indicated groups. (C) qPCR analysis of Rev-Erbα, Cyp4a10, and Cyp4a14, and 
Acc and Fasn mRNAs. *P < 0.05; **P < 0.01; ****P < 0.0001 versus Etoh-Null; #P < 0.05; ###P < 0.001; ####P < 0.0001 versus 
Etoh-shR. One-way ANOVA. (D) Oil Red O staining in primary hepatocytes of WT or Rev-Erbα−/− mice. Primary hepatocytes 
were pretreated with HET0016 (4 μM) for 6 hours followed by 50 mM Etoh for 24 hours. Scale bar: 100 μm.
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The schematic diagram for the administration of  REV-ERBα agonist (SR9009) or CYP4A antagonist 
(HET0016) is shown in Supplemental Figure 7. The REV-ERBα agonist (SR9009 at 100 mg/kg/d; ref. 29) 
and CYP4A antagonist (HET0016 at 5 mg/kg/d; ref. 31) were dissolved in DMSO and injected i.p. daily 
during the ethanol feeding period. At the end of  the experiments, serum and liver tissue were harvested at 
9 hours after oral ethanol binge.

Cell line and in vitro transfection. The human hepatocyte cell line HC-04 (provided by José Manaut-
ou, University of  Connecticut) was maintained in equal volumes of  DMEM and Ham’s F-12 media 
(Gibco) supplemented with 10% FBS (Gibco). HEK293T (CRL-3216), AML12 (CRL-2254) or Hepa 
1 (CRL-1830) cells (ATCC) were maintained in DMEM with 10% FBS, 100 IU/mL penicillin G, 
and 100 μg/mL streptomycin (Invitrogen). They were incubated in a 37°C in a humidified incubator 
with a 5% CO2 atmosphere. Transfection experiments were performed using X-tremeGENE HP DNA 
transfection reagent (Roche). The luciferase reporter assay was performed using Dual-Glo Luciferase 
Assay System, as described previously (18). The luciferase activity was normalized to Renilla lucifer-
ase activities in the same sample.

Figure 8. CYP4A was induced in human alcoholic liver cirrhosis. (A) Western blot analysis of CYP4A protein levels 
in controls and patients with alcoholic liver disease (ALD). ACTIN was used as the loading control. (B) The intensity 
scan of the Western blot bands using ImageJ (Version 2.0.0). *P < 0.05 versus controls. Student’s t test. (C) qPCR 
analysis for CYP4A11 and CYP4A22, the human homolog of the mouse Cyp4a14 and Cyp4a10, in human patients 
with ALD. ALD (n = 10, triplicated after pooled); Con, controls (n = 8, triplicated after pooled). ****P < 0.0001 versus 
Control. Student’s t test. (D) Proposed mechanism of the SHP/REV-ERBα/CYP4A axis in the pathogenesis of ALD. 
Alcohol activates CYP4A through the inhibition of REV-ERBα leading to hepatic steatosis and liver injury. Treat-
ment with REV-ERBα agonist SR9009 or CYP4A antagonist HET0016 ameliorated alcohol-induced liver injury.
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PLA and IP. The cells were fixed with 4% paraformaldehyde in 1× PBS for 15 minutes. followed 
by blocking with 5% normal goat serum with 0.3% Triton X-100 in PBS. Mouse anti-FLAG (F1804, 
MilliporeSigma) and rabbit anti-GFP (SAB4701015, MilliporeSigma) were used to incubate the slices 
overnight for detecting the interaction between SHP and REV-ERBα. In situ PLA was carried out using 
Duolink In Situ Red Starter Kit mouse/rabbit (MilliporeSigma) according to the manufacturer’s pro-
tocol. The images were taken by Nikon A1R confocal laser microscope (Nikon). For the IP, HEK 293 
cells were transfected with indicated plasmids for 24 hours before the treatment. Then, cells were lysed 
with Pierce IP lysis buffer (Thermo) and the complex was pulled down with the anti-flag M2 magnetic 
beads (MilliporeSigma). The interacted protein was detected with mouse anti-FLAG (MilliporeSigma) 
and rabbit anti-GFP Abs (MilliporeSigma).

Primary hepatocytes isolation and treatment. Primary hepatocytes isolation and culture were described 
previously (43). Briefly, the mice were anesthetized, and the liver was perfused with a prewarmed solution. 
The hepatocytes were suspended in 50% Percoll (MilliporeSigma), and seeded on collagen-coated culture 
plates with William E medium (MilliporeSigma) containing 2 mM glutamine, 1% Pen/Strep, and 5% FBS. 
Four to six hours after cell attachment, the medium was changed with William E medium without FBS 
before treatment with ethanol and other treatments, as indicated.

ChIP assay. Liver tissues were minced and cross-linked by 1% formaldehyde for 20 minutes before quench-
ing with 1:20 volume of 2.5 M glycine solution for 5 minutes. After washing with PBS twice, the nuclear 
were extracted by Dounce homogenization in ChIP buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 140 mM 
NaCl, 0.1% sodium deoxycholate, 1% Triton X-100). The chromatin fragments were prepared in lysis buffer 
(50 mM Tris-HCL, pH 8.0, 10 mM EDTA, 0.1% SDS) by sonication. Proteins were immunoprecipitated using 
REV-ERBα Ab (13418, CTS, MA) or IgG in ChIP buffer. The cross-link was reversed overnight in SDS buffer 
(50 mM Tris-HCL, pH 8.0, 10 mM EDTA, 1% SDS), and DNA was purified and used as templates for qPCR.

Luciferase assay. AML12 or Hepa1 cells (ATCC CRL-2254, ATCC CRL-1830) were transfected with 
mouse Cyp4a10 or Cyp4a14 promoters (sequences were provided in Supplemental Figure 5), which was 
cloned into pGL3-Basic (Promega) and sequenced for confirmation. The transfections were performed 
using Lipofectamine 2000 (Thermo). Luciferase activities were detected using Dual-Luciferase Reporter 
Assay (Promega) and normalized against renilla activities. Triplicates were performed in each group, and 
each experiment was repeated 3 times.

IHC, Oil Red O, and Nile Red staining. Liver tissues were collected and fixed in 10% formalin on a shaking 
device for 24–48 hours, paraffin-embedded, and sliced into 5 μm sections for the following H&E staining 
according to the standard protocol. For IHC, Abs against CYP4A (sc-271983) and CYP2E1 (AB1252, 
Millipore) were used to stain the paraffin sections and visualized with DAB Peroxidase Substrate Kit (Vec-
tor Laboratories). For the Oil Red O staining, 5 μm frozen sections were prepared by cryosection from 
snap-frozen liver tissues. The primary hepatocytes or human hepatocyte cell line HC04 was treated and 
fixed with 4% paraformaldehyde. The sections or cells were stained in 0.5% Oil Red O in 60% isopropanol 
for 30 minutes. The images were taken by Olympus BX41 microscope. Cultured cells or frozen sections 
were fixed with 4% paraformaldehyde and stained with 250 μg/mL Nile Red solution for 15 minutes. The 
images were obtained by Nikon A1R confocal laser microscope (Nikon).

Liver TG assay and ALT/AST assay. Serum and liver TG were analyzed using Pointe Scientific Tri-
glycerides Liquid Reagents (Thermo) as described previously (18). Serum ALT and AST were measured 
using Infinity ALT and AST reagents (Thermo) according to the manufacturer’s instructions. All experi-
ments were performed in duplicates.

Measurement of  ROS generation. ROS generation in primary hepatocytes was measured using 2′,7′–
dichlorofluorescin diacetate (DCFDA) Cellular Reactive Oxygen Species Detection Assay Kit (Abcam) as 
previously (44). Briefly, primary hepatocyte from WT or Rev-Erbα−/− mice livers were isolated and seeded 
to the black wall, clear-bottom 96-well microplate overnight before the indicated treatments; DCFDA solu-
tion was added and incubated indicated time. The fluorescence was measured with excitation at 485 nm 
and emission at 535 nm using a microplate reader (Bio-Tek).

Quantitative PCR. Total RNA was isolated using TRIzol Reagent (Invitrogen) and cDNA synthesis was 
performed with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative PCR 
(qPCR) was performed with iTaq Universal SYBR Green Supermix (Bio-Rad). The primers were provided 
in Supplemental Table 2. Each qPCR analysis was run in triplicate. The relative ratio of  the indicated genes 
was normalized to internal control, β-actin.
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Western blots. Human or mouse liver tissues or primary mouse hepatocytes were lysed using RIPA buffer 
(0.5 M Tris-HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, and 10 mM EDTA) with pro-
tease inhibitors (MilliporeSigma). The Pierce BCA Protein Assay Kit (Thermo) was used to measure the 
concentration of  protein. The standard procedures of  SDS-PAGE were performed using 30 μg lysates and 
transferred to nitrocellulose membranes. The SuperSignal West Pico Chemiluminescent Substrate (Thermo) 
was used according to the manufacturer’s protocol. The following Abs were used: CYP4A (sc-271983; Santa 
Cruz Biotechnology), ACTIN (sc-47778; Santa Cruz Biotechnology), and CYP2E1 (AB1252; Millipore).

Metabolomic analysis. Metabolomic and lipidomics analyses were performed at the West Coast Metabolo-
mics Center, University of California, Davis, as described previously (43). Briefly, 50 mg frozen liver tissues 
were submitted for gas chromatography/mass spectrometry (GC/MS) to detect the primary metabolism. Leco 
ChromaTOF software (Version 2.32) was used for data preprocessing. Another 50 mg frozen liver tissues were 
submitted for complex lipids by CSH-QTOF MS/MS analysis. The online web-based software, MetaboAna-
lyst (https://www.metaboanalyst.ca/), was used for statistical, functional, and integrative analysis (45).

RNA-Seq and bioinformatics analysis. Sequencing was performed using the Illumina TrueSeq RNA Library 
Preparation Kit v2 with polyA selection to obtain 50 cycles single-end reads. The reads were aligned to the 
December 2011 mouse reference sequence genome (GRCm38) using the Novoalign short-read alignment soft-
ware (Version 1.0A). Sample reads were visualized using the Integrated Genome Browser (Version 9.0.1). Dif-
ferentially expressed genes were identified using the Useq software package from the University of Utah. The 
DRDS function calculated the false discovery rate (FDR) statistic for the significance of differentially expressed 
genes. Log-transformed FPKM of >0.1 in at least one treatment group were used for the analysis. We only used 
differentially expressed genes (DEGs) with fold changes greater than 1.5 and with a log-transformed FDR of  
0.05 or less. Means-centered log-transformed FPKM were used to make hierarchical clustering heatmaps in 
Cluster (version 3.0) and Java Tree View (version 3.0). The differentially expressed genes were analyzed and 
networks and pathway comparison diagrams were generated using QIAGEN’s Ingenuity Pathway Analysis 
(IPA, Hilden; www.qiagen.com/ingenuity). The original sequencing data were submitted to National Center 
for Biotechnology Information with an access number, GSE137059. The upregulated genes in Rev-Erbα−/− mice 
liver were gated with a fold change of more than 1.3 in both GRO-Seq (GSE59486) and microarray (GSE59460, 
FDR<0.1) experiments (27). The downregulated genes in Shp−/− mice liver were obtained from GSE43893 
(FDR<0.05; fold change>1.5; ref. 46). The Rev-Erbα ChIP-Seq analysis was obtained from GSE67962 (27). 
The single-cell sequencing data from human cirrhotic livers were obtained from GSE136103. The plots were 
downloaded from an open-access gene browser (http://www.livercellatlas.mvm.ed.ac.uk) (34).

Statistics. All experiments were performed in triplicate. The data are shown as the mean ± SEM. Com-
parisons between groups were performed using 2-tailed Student’s t test or 2-way ANOVA with post hoc anal-
ysis (Prism Version 7.0) for the continuous variables. A P value of  less than 0.05 was considered significant.

Study approval. The deidentified human liver specimens for mRNA and protein analysis were col-
lected under an IRB-approved protocol at the Indiana University–Purdue University Indianapolis and 
the Liver Tissue Procurement and Distribution System (Minneapolis, Minnesota, USA) as described 
previously (47). All animal experiments were performed in accordance with relevant guidelines, and 
regulations were approved by the IACUC at Indiana University–Purdue University Indianapolis and 
the University of  Connecticut.

Author contributions
ZY and SL originated the study concept and design. ZY, RVS, YH, YJ, PK, TZ, SH, WB, DAD, NJS, JM, 
and NH managed data acquisition. ZY, RVS, LW, DAD, and SL analyzed and interpreted data. NJS crit-
ically revised the manuscript. ZY and SL drafted and finalized the manuscript. All authors have read and 
approved the manuscript for submission. The order of  the co–first authors in the author list was determined 
as follows: ZY participated in the study since the study inception and planning stage, and RVS assisted with 
experiments to complete the study.

Acknowledgments
We would like to thank the team at the West Coast Metabolomics Center for conducting the metabolomics 
analysis and José Manautou (University of  Connecticut) for providing the human hepatocyte cell line. We 
would also like to thank Dongju Shin and Melanie Tran at the University of  Connecticut and Yuxia Zhang, 
Hito Tsuchiya, and Sangmin Lee at the University of  Utah for their assistance with experiments. We also 

https://doi.org/10.1172/jci.insight.140687
https://www.metaboanalyst.ca/
http://www.livercellatlas.mvm.ed.ac.uk


1 5

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(16):e140687  https://doi.org/10.1172/jci.insight.140687

thank the Liver Tissue Procurement and Distribution System (Minneapolis, Minnesota) for providing the 
human liver samples. ZY is supported in part by NIH grant K01AA026385, Indiana University Research 
Support Fund Grant (IU RSFG), and the Ralph W and Grace M Showalter Research Trust and the Indiana 
University School of  Medicine. SL is supported in part by NIH grants R01 DK107682, R01 AA025208, 
U01 AA026917, and UH2/UH3 AA026903, the VA Merit Award 1I01CX000361, and Indiana Clinical 
and Translational Sciences Institute, UL1TR002529, National Center for Advancing Translational Sciences, 
Clinical and Translational Sciences Award and Showalter Scholar, and Dean’s Scholar in Medical Research, 
Indiana University School of  Medicine. PK is supported by a grant from the Indiana Institute for Medical 
Research. RVS was supported by AHA Predoctoral fellowship 14PRE17930013 at the time of  this study.

Address correspondence to: Zhihong Yang or Suthat Liangpunsakul, Division of  Gastroenterology and 
Hepatology, Department of  Medicine, Indiana University School of  Medicine, 702 Rotary Circle, India-
napolis, Indiana 46202, USA. Phone: 317.988.4546; Email: yangjoe@iu.edu (ZY); Phone: 317.278.1630; 
Email: sliangpu@iu.edu (SL).

RVS’s present address is: Montana State University, Bozeman, Montana, USA.

LW’s present address is: Independent Researcher, Tucson, Arizona, USA.

DD’s present address is: National Institute of Environmental Health Sciences, Durham, North Carolina, USA.

NJS’s present address is: Louisiana State University Health Science Center, New Orleans, Louisiana, USA.

 1. Liangpunsakul S, et al. Alcoholic liver disease in Asia, Europe, and North America. Gastroenterology. 2016;150(8):1786–1797.
 2. Gilmore W, et al. Alcohol: taking a population perspective. Nat Rev Gastroenterol Hepatol. 2016;13(7):426–434.
 3. Lachenmeier DW, et al. Influence of  unrecorded alcohol consumption on liver cirrhosis mortality. World J Gastroenterol. 

2014;20(23):7217–7222.
 4. Sozio MS, et al. The role of  lipid metabolism in the pathogenesis of  alcoholic and nonalcoholic hepatic steatosis. Semin Liver 

Dis. 2010;30(4):378–390.
 5. Mandrekar P, et al. Alcoholic hepatitis: Translational approaches to develop targeted therapies. Hepatology. 2016;64(4):1343–1355.
 6. Udoh US, et al. The molecular circadian clock and alcohol-induced liver injury. Biomolecules. 2015;5(4):2504–2537.
 7. Gao B, Bataller R. Alcoholic liver disease: pathogenesis and new therapeutic targets. Gastroenterology. 2011;141(5):1572–1585.
 8. Gao B, et al. Innate immunity in alcoholic liver disease. Am J Physiol Gastrointest Liver Physiol. 2011;300(4):G516–G525.
 9. Buhr ED, Takahashi JS. Molecular components of  the Mammalian circadian clock. Handb Exp Pharmacol. 2013;(217):3–27.
 10. Marcheva B, et al. Circadian clocks and metabolism. Handb Exp Pharmacol. 2013;(217):127–155.
 11. Zhou P, et al. Disturbances in the murine hepatic circadian clock in alcohol-induced hepatic steatosis. Sci Rep. 2014;4:3725.
 12. Raspe E, et al. Identification of  Rev-erbalpha as a physiological repressor of  apoC-III gene transcription. J Lipid Res. 

2002;43(12):2172–2179.
 13. Sahar S, Sassone-Corsi P. Regulation of  metabolism: the circadian clock dictates the time. Trends Endocrinol Metab. 2012;23(1):1–8.
 14. Cho H, et al. Regulation of circadian behaviour and metabolism by REV-ERB-α and REV-ERB-β. Nature. 2012;485(7396):123–127.
 15. Zhang Y, et al. Role of  nuclear receptor SHP in metabolism and cancer. Biochim Biophys Acta. 2011;1812(8):893–908.
 16. Lee SM, et al. Small heterodimer partner/neuronal PAS domain protein 2 axis regulates the oscillation of  liver lipid metabo-

lism. Hepatology. 2015;61(2):497–505.
 17. Pan X, et al. Diurnal regulation of  MTP and plasma triglyceride by CLOCK is mediated by SHP. Cell Metab. 2010;12(2):174–186.
 18. Yang Z, et al. REV-ERBα activates C/EBP homologous protein to control small heterodimer partner-mediated oscillation of  

alcoholic fatty liver. Am J Pathol. 2016;186(11):2909–2920.
 19. Cederbaum AI. Molecular mechanisms of  the microsomal mixed function oxidases and biological and pathological implica-

tions. Redox Biol. 2015;4:60–73.
 20. Johnson AL, et al. Cytochrome P450 ω-hydroxylases in inflammation and cancer. Adv Pharmacol. 2015;74:223–262.
 21. Simpson AE. The cytochrome P450 4 (CYP4) family. Gen Pharmacol. 1997;28(3):351–359.
 22. Capdevila JH, et al. Arachidonic acid monooxygenase: Genetic and biochemical approaches to physiological/pathophysiologi-

cal relevance. Prostaglandins Other Lipid Mediat. 2015;120:40–49.
 23. Hardwick JP. Cytochrome P450 omega hydroxylase (CYP4) function in fatty acid metabolism and metabolic diseases. Biochem 

Pharmacol. 2008;75(12):2263–2275.
 24. Zhang X, et al. Ablation of  cytochrome P450 omega-hydroxylase 4A14 gene attenuates hepatic steatosis and fibrosis. Proc Natl 

Acad Sci U S A. 2017;114(12):3181–3185.
 25. Wang L, Liangpunsakul S. Circadian clock control of  hepatic lipid metabolism: role of  small heterodimer partner (Shp). J Inves-

tig Med. 2016;64(7):1158–1161.
 26. Bertola A, et al. Mouse model of  chronic and binge ethanol feeding (the NIAAA model). Nat Protoc. 2013;8(3):627–637.
 27. Zhang Y, et al. GENE REGULATION. Discrete functions of  nuclear receptor Rev-erbα couple metabolism to the clock. Science. 

https://doi.org/10.1172/jci.insight.140687
mailto://yangjoe@iu.edu
mailto://sliangpu@iu.edu
https://doi.org/10.1053/j.gastro.2016.02.043
https://doi.org/10.1038/nrgastro.2016.70
https://doi.org/10.3748/wjg.v20.i23.7217
https://doi.org/10.3748/wjg.v20.i23.7217
https://doi.org/10.1055/s-0030-1267538
https://doi.org/10.1055/s-0030-1267538
https://doi.org/10.1002/hep.28530
https://doi.org/10.3390/biom5042504
https://doi.org/10.1053/j.gastro.2011.09.002
https://doi.org/10.1152/ajpgi.00537.2010
https://doi.org/10.1194/jlr.M200386-JLR200
https://doi.org/10.1194/jlr.M200386-JLR200
https://doi.org/10.1016/j.tem.2011.10.005
https://doi.org/10.1038/nature11048
https://doi.org/10.1002/hep.27437
https://doi.org/10.1002/hep.27437
https://doi.org/10.1016/j.cmet.2010.05.014
https://doi.org/10.1016/j.ajpath.2016.07.014
https://doi.org/10.1016/j.ajpath.2016.07.014
https://doi.org/10.1016/j.redox.2014.11.008
https://doi.org/10.1016/j.redox.2014.11.008
https://doi.org/10.1016/S0306-3623(96)00246-7
https://doi.org/10.1016/j.prostaglandins.2015.05.004
https://doi.org/10.1016/j.prostaglandins.2015.05.004
https://doi.org/10.1016/j.bcp.2008.03.004
https://doi.org/10.1016/j.bcp.2008.03.004
https://doi.org/10.1073/pnas.1700172114
https://doi.org/10.1073/pnas.1700172114
https://doi.org/10.1136/jim-2016-000194
https://doi.org/10.1136/jim-2016-000194
https://doi.org/10.1038/nprot.2013.032
https://doi.org/10.1126/science.aab3021


1 6

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(16):e140687  https://doi.org/10.1172/jci.insight.140687

2015;348(6242):1488–1492.
 28. Cederbaum AI, et al. Role of  oxidative stress in alcohol-induced liver injury. Arch Toxicol. 2009;83(6):519–548.
 29. Solt LA, et al. Regulation of  circadian behaviour and metabolism by synthetic REV-ERB agonists. Nature. 2012;485(7396):62–68.
 30. Geldof  L, et al. In vitro metabolic studies of  REV-ERB agonists SR9009 and SR9011. Int J Mol Sci. 2016;17(10):E1676.
 31. Park EC, et al. Inhibition of  CYP4A reduces hepatic endoplasmic reticulum stress and features of  diabetes in mice. Gastroenter-

ology. 2014;147(4):860–869.
 32. Crabb DW, Liangpunsakul S. Acetaldehyde generating enzyme systems: roles of  alcohol dehydrogenase, CYP2E1 and catalase, 

and speculations on the role of  other enzymes and processes. Novartis Found Symp. 2007;285:4–16.
 33. Zhao Z, et al. Ethanol-induced alterations in fatty acid-related lipids in serum and tissues in mice. Alcohol Clin Exp Res. 

2011;35(2):229–234.
 34. Ramachandran P, et al. Resolving the fibrotic niche of  human liver cirrhosis at single-cell level. Nature. 2019;575(7783):512–518.
 35. Zhou P, et al. Dissociation between diurnal cycles in locomotor activity, feeding behavior and hepatic PERIOD2 expression in 

chronic alcohol-fed mice. Alcohol. 2015;49(4):399–408.
 36. Burke L, et al. Transcriptional repression by the orphan steroid receptor RVR/Rev-erb beta is dependent on the signature motif  and 

helix 5 in the E region: functional evidence for a biological role of RVR in myogenesis. Nucleic Acids Res. 1996;24(18):3481–3489.
 37. Shachter NS. Apolipoproteins C-I and C-III as important modulators of  lipoprotein metabolism. Curr Opin Lipidol. 

2001;12(3):297–304.
 38. Le Martelot G, et al. REV-ERBalpha participates in circadian SREBP signaling and bile acid homeostasis. PLoS Biol. 

2009;7(9):e1000181.
 39. Solt LA, et al. The REV-ERBs and RORs: molecular links between circadian rhythms and lipid homeostasis. Future Med Chem. 

2011;3(5):623–638.
 40. Zhang T, et al. Small heterodimer partner regulates circadian cytochromes p450 and drug-induced hepatotoxicity. Theranostics. 

2018;8(19):5246–5258.
 41. Leclercq IA, et al. CYP2E1 and CYP4A as microsomal catalysts of  lipid peroxides in murine nonalcoholic steatohepatitis. 

J Clin Invest. 2000;105(8):1067–1075.
 42. Wang L, et al. Redundant pathways for negative feedback regulation of  bile acid production. Dev Cell. 2002;2(6):721–731.
 43. Liu C, et al. Long noncoding RNA H19 interacts with polypyrimidine tract-binding protein 1 to reprogram hepatic lipid homeo-

stasis. Hepatology. 2018;67(5):1768–1783.
 44. Wu J, et al. Loss of  PDK4 switches the hepatic NF-kappaB/TNF pathway from pro-survival to pro-apoptosis. Hepatology. 

2018;68(3):1111–1124.
 45. Chong J, et al. MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic Acids Res. 

2018;46(w1):W486–W494.
 46. Smalling RL, et al. Genome-wide transcriptome analysis identifies novel gene signatures implicated in human chronic liver dis-

ease. Am J Physiol Gastrointest Liver Physiol. 2013;305(5):G364–G374.
 47. Zhang Y, et al. E2F1 is a novel fibrogenic gene that regulates cholestatic liver fibrosis through the Egr-1/SHP/EID1 network. 

Hepatology. 2014;60(3):919–930.

https://doi.org/10.1172/jci.insight.140687
https://doi.org/10.1126/science.aab3021
https://doi.org/10.1007/s00204-009-0432-0
https://doi.org/10.1038/nature11030
https://doi.org/10.1053/j.gastro.2014.06.039
https://doi.org/10.1053/j.gastro.2014.06.039
https://doi.org/10.1111/j.1530-0277.2010.01338.x
https://doi.org/10.1111/j.1530-0277.2010.01338.x
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1016/j.alcohol.2015.03.005
https://doi.org/10.1016/j.alcohol.2015.03.005
https://doi.org/10.1093/nar/24.18.3481
https://doi.org/10.1093/nar/24.18.3481
https://doi.org/10.1097/00041433-200106000-00009
https://doi.org/10.1097/00041433-200106000-00009
https://doi.org/10.1371/journal.pbio.1000181
https://doi.org/10.1371/journal.pbio.1000181
https://doi.org/10.4155/fmc.11.9
https://doi.org/10.4155/fmc.11.9
https://doi.org/10.7150/thno.28676
https://doi.org/10.7150/thno.28676
https://doi.org/10.1172/JCI8814
https://doi.org/10.1172/JCI8814
https://doi.org/10.1016/S1534-5807(02)00187-9
https://doi.org/10.1002/hep.29654
https://doi.org/10.1002/hep.29654
https://doi.org/10.1002/hep.29902
https://doi.org/10.1002/hep.29902
https://doi.org/10.1093/nar/gky310
https://doi.org/10.1093/nar/gky310
https://doi.org/10.1152/ajpgi.00077.2013
https://doi.org/10.1152/ajpgi.00077.2013
https://doi.org/10.1002/hep.27121
https://doi.org/10.1002/hep.27121

