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Suppression of hepatic ChREBP⍺-CYP2C50
axis-driven fatty acid oxidation sensitizes
mice to diet-induced MASLD/MASH
Deqiang Zhang1,2,8, Yuee Zhao1,2,3,8, Gary Zhang1,2, Daniel Lank 4, Sarah Cooke 5, Sujuan Wang6,
Alli Nuotio-Antar 7, Xin Tong1,2,9, Lei Yin1,2,*,9
ABSTRACT

Objectives: Compromised hepatic fatty acid oxidation (FAO) has been observed in human MASH patients and animal models of MASLD/MASH. It
remains poorly understood how and when the hepatic FAO pathway is suppressed during the progression of MASLD towards MASH. Hepatic
ChREBP⍺ is a classical lipogenic transcription factor that responds to the intake of dietary sugars.
Methods: We examined its role in regulating hepatocyte fatty acid oxidation (FAO) and the impact of hepatic Chrebpa deficiency on sensitivity to
diet-induced MASLD/MASH in mice.
Results: We discovered that hepatocyte ChREBP⍺ is both necessary and sufficient to maintain FAO in a cell-autonomous manner independently
of its DNA-binding activity. Supplementation of synthetic PPAR⍺/d agonist is sufficient to restore FAO in Chrebp�/� primary mouse hepatocytes.
Hepatic ChREBP⍺ was decreased in mouse models of diet-induced MAFSLD/MASH and in patients with MASH. Hepatocyte-specific Chrebp⍺
knockout impaired FAO, aggravated liver steatosis and inflammation, leading to early-onset fibrosis in response to diet-induced MASH.
Conversely, liver overexpression of ChREBP⍺-WT or its non-lipogenic mutant enhanced FAO, reduced lipid deposition, and alleviated liver injury,
inflammation, and fibrosis. RNA-seq analysis identified the CYP450 epoxygenase (CYP2C50) pathway of arachidonic acid metabolism as a novel
target of ChREBP⍺. Over-expression of CYP2C50 partially restores hepatic FAO in primary hepatocytes with Chrebp⍺ deficiency and attenuates
preexisting MASH in the livers of hepatocyte-specific Chrebp⍺-deleted mice.
Conclusions: Our findings support the protective role of hepatocyte ChREBPa against diet-induced MASLD/MASH in mouse models in part via
promoting CYP2C50-driven FAO.
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1. INTRODUCTION

Hepatic lipid metabolic homeostasis is maintained by coordinated
regulation of de novo lipogenesis (DNL), fatty acid oxidation (FAO),
lipid uptake, and lipoprotein secretion during normal fasting and
feeding cycles [1e4]. Mounting evidence to date has highlighted that
the disruption of hepatic lipid homeostasis is persistent during both
the onset and progression of MASLD [3,4]. Animal models and hu-
man patients with MASLD have shown that DNL and fatty acid uptake
are significantly increased [5e9], while hepatic FAO is suppressed
[9e12], leading to an imbalance between lipid anabolism and
catabolism. Polymorphisms in several lipid metabolic genes (for
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example, PNPLA3, MBOAT7, and TM6SF2) were reported to be
associated with an increased risk of MASLD in humans, highlighting
a critical role of impaired lipid homeostasis during the pathogenesis
of MASLD [13e15].
Hepatocytes utilize FAO to break down lipids as an energy source when
the circulating glucose concentration is low [1,2]. This process mainly
occurs within the mitochondria when acyl-fatty acids are transported
via carnitine palmitoyl-transferase 1 (CPT1) [16]. Animal experiments
demonstrate that the enhancement of mitochondria-mediated FAO is
beneficial in treating MASLD. For example, overexpression of a
permanently active mutant form of human CPT1A enhances hepatic
FAO and autophagy, reduces liver steatosis, and improves glucose
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homeostasis [17]. Pharmacological ACC inhibitors increase CPT1a
activity and hepatocyte FAO by reducing malonyl-CoA, leading to
improved liver steatosis [18,19]. These findings suggest the potential
therapeutic value of improving mitochondrial FAO against MASLD.
The nuclear receptor PPAR⍺ acts as the major transcription factor to
activate hepatic FAO in response to energy demands or pharmaco-
logical agonists [6,20]. During the progression of MASLD, FAO and the
activity of PPAR⍺ are suppressed in the liver [21]. Hepatocyte-specific
Ppar⍺ deletion impairs fatty acid catabolism, resulting in hepatic lipid
accumulation during fasting and methionine and choline-deficient
(MCD) diet feeding [21,22]. Conversely, synthetic PPAR⍺ agonists
have been explored extensively to treat simple liver steatosis and MASH
[23,24]. In particular, phase III clinical trial of the dual PPAR⍺/d agonist
Elafibranor has shown promise that activating the FAO pathway may be
an effective approach to reducing liver steatosis, inflammation, and
slowing down fibrosis in MASH patients [25]. How exactly the hepatic
PPAR⍺-driven FAO pathway is suppressed during MASH remains
largely unclear. The transcriptional activity of PPAR⍺ depends on not
only the expression of PPAR⍺, RXR, and coactivators but also the levels
of endogenous ligands within hepatocytes [6,20,26]. Several fatty acids
and eicosanoids have been identified as endogenous ligands of PPAR⍺,
especially lipid mediators synthesized from arachidonic acid [27e29].
For example, 20-COOH-AA and 20-HETE, an eicosanoid produced from
arachidonic acid by cytochrome P450 (CYP) omega-oxidases potently
activate PPAR⍺ in transfected COS-7 cells [29,30]. Interestingly, the
product of CYP450 epoxygenase, was found to reduce hepatic
inflammation and protect mice from MCD diet-induced NASH. It has
been reported that the expression of liver CYP epoxygenases (Cyp2c50,
Cyp2c54, and Cyp2c49) was markedly reduced in the liver of MCD diet-
fed mice [31]. A recent study showed that total epoxygenases were
reduced in simple steatosis and progressively depleted with the severity
of MASH [32]. Thus far, whether and how the reduction of CYP450
epoxygenase contributes to the suppression of endogenous ligands for
PPAR⍺ pathway, and subsequent impairment of FAO during diet-
induced MASLD/MASH has not been well examined.
Herewe report that hepatocyte ChREBP⍺ is both necessary and sufficient
to activate the FAO pathway in a cell-autonomous manner. More
importantly, this action is independent of its DNA binding and lipogenic
activity. Liver ChREBP levels are reduced in MASH in both mice and
humans. Hepatocyte-specific Chrebp knockout sensitizes mice to early-
onset and more severe MASH, whereas hepatic overexpression of
ChREBP reduces liver MASH and improves liver health. Consistent with
in vitro findings, loss of ChREBP⍺ reduces liver FAO, while over-
expression of ChREBP⍺ (both WT and DNA-binding deficient AG mutant)
does the opposite inmousemodels of diet-inducedMASH.Mechanically,
ChREBP⍺ likely promotes FAO by controlling the biogenesis of endog-
enous ligands of PPAR⍺ via the CYP450 epoxygenase CYP2C50, one of
the key players in arachidonic acid metabolism. Restoring hepatic
CYP2C50 expression in the background of Chrebp⍺ deficiency is suffi-
cient to reduce liver steatosis, fibrosis, and hepatocyte injury. In sum-
mary, we provided evidence supporting the protective role of ChREBP⍺-
CYP2C50 axis in diet-induced MASLD/MASH via its cell-autonomous
action promoting hepatic FAO. Our findings also link ChREBP⍺ non-
lipogenic actions and arachidonic acid metabolism for the first time.

2. RESULTS

2.1. ChREBP⍺ is both required and necessary for FAO in
hepatocytes
The canonical action of ChREBP in hepatocytes is to sense glucose or
fructose and stimulate lipogenesis [33,34]. This action requires ChREBP
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to form a complex with MLX, binding to its cis-elements, and activating
the transcription of lipogenic enzymes [34,35]. Whether ChREBP is also
required for fatty acid oxidation in a cell-autonomous manner remains
untested even though a previous report suggests this possibility [36]. To
examine this issue, we isolated primary hepatocytes from WT and
Chrebp�/� mice and analyzed the FAO pathway. Consistent with the
literature [33,37], the mRNA levels of classical DNL genes including
Acc1, Fasn and Scd1 were greatly reduced in the Chrebp�/� primary
mouse hepatocytes (PMHs) (Supplementary Fig. 1A). Within the same
samples, several FAO key genes [1] were markedly downregulated in
Chrebp�/� hepatocytes (mRNA of Ehhadh, Acox1, and Cyp4a10 and
protein of ACADL and ACADM) (Figure 1AeB). Consistent with reduced
expression of FAO enzymes, the rate of FAO of PMHs was significantly
reduced after incubation in medium containing H3-labeled palmitate
(Figure 1C). Furthermore, both BODIPY staining and cellular triglyceride
assay showed elevated cellular lipid accumulation in Chrebp�/� PMHs
(Figure 1DeE). We also found similar responses on FAO gene expres-
sion in HUH7 human liver cancer cells following acute depletion of
Chrebp⍺ (Supplementary Fig. 1C).
To test if ChREBP is sufficient to drive FAO within hepatocytes, we
transduced WT PMHs with Ad-Chrebp⍺-WT vs. Ad-GFP. When over-
expressed in PMHs, ChREBP⍺ promoted the mRNA levels of DNL
enzymes including Acc1 and Fasn (Supplementary Fig. 1B), while
elevating the mRNA and protein expression of FAO enzymes
(Figure 1FeG). In addition, palmitate plus oleate-induced lipid droplet
formation (Figure 1H) was significantly repressed by Ad-Chrebp⍺ vs.
Ad-LacZ in PMHs. Moreover, the application of Etomoxir [16,38], a
specific inhibitor of CPT1A, restored lipid accumulation in hepatocytes
transduced with Ad-ChREBP⍺ (Supplementary Fig. 2). Altogether,
these results suggest that ChREBP⍺ can promote the hepatocyte
CPT1A-FAO pathway in a cell-autonomous manner.
SREBP-1c is another potent lipogenic transcription factor that mediates
the insulin’s action on DNL following food intake [39e41]. To test
whether SREBP-1c has a similar function as ChREBP⍺ in the regulation
of FAO in hepatocytes, we transduced Hepa1c1c-7 cells with Ad-
shSrebp-1c vs. Ad-shLacZ. Despite a clear reduction of the DNL
genes including Acc1 and Scd1, the FAO genes (Cpt1a, Acox1,
Cyp4a10, and Cyp4a14) were markedly increased in the presence of
shSrebp-1c (Supplementary Fig. 3). This indicates that the ChREBP⍺-
driven FAO activation that we observe is not a general response to
suppressed DNL in hepatocytes.
Lastly, we examined the physiological role of ChREBP⍺-driven FAO
pathway in fasted or refed mice. 12-hr fasting significantly induced the
mRNA levels of hepatic FAO genes such as Cpt1a, Acadm, and Ehhadh
in Chrebp⍺-WT mice but not in Chrebp⍺-LKO mice (Supplementary
Fig. 4), suggesting that hepatocyte ChREBP⍺ partially contributes to
fasting-induced FAO in the mouse liver.

2.2. ChREBP⍺ promotes hepatocyte FAO independently of its DNA-
binding ability
The canonical action of ChREBP⍺ is as a transcription activator of de novo
lipogenesis in response to fructose or glucose intracellular influx [33,42].
It seemed paradoxical for ChREBP⍺ to function as a direct transcriptional
activator of FAO genes. Moreover, we examined a previously published
ChIP-seq dataset [43] of ChREBP⍺ and could not find evidence sup-
porting direct genomic binding of ChREBP⍺ on the promoters of classical
FAO genes (Cpt1a, Ehhadh, and Acox1). Therefore we hypothesized that
ChREBP⍺ may promote hepatocyte FAO independently of its DNA-
binding ability. To test this hypothesis, we generated a mutant of
ChREBP⍺ that is incapable of inducing lipogenic gene expression due to
an alanine (A)-glycine (G) mutation in its DNA binding motif(ChREBP⍺-
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: ChREBPa is both necessary and sufficient to promote fatty acid oxidation in mouse hepatocytes. Primary mouse hepatocytes (PMHs) were isolated from 8wk-
old Chrebp�/� and WT littermates and cultured in serum-free medium for 24 h later prior to RT-qPCR for and immunoblotting to assess the expression of genes of FAO (AeB)
as well as incubation with H3-palmitate for 4 h before the measurement of the rate of FAO (C). WT and Chrebp�/� PMH were cultured in MEM medium with 300 mM palmitate
and 600 mM oleate for 8 h, then switched to serum-free MEM medium for 16 h before lipid droplet detection by BODIPY staining (D) and cellular triglycerides assay (E). WT
PMHs were isolated and transduced with either Ad-GFP control vs. Ad-Chrebpa. FAO enzyme expression was assessed by RT-qPCR and immunoblotting (F-G), while lipid
content was measured by BODIPY staining and cellular TG assay after palmitate/oleate incubation (HeI). The data were plotted as Mean � SEM (n ¼ 3). *p < 0.05,
**p < 0.01 by the Student’s t-test.
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AG), originally generated and described by the Towle group [44].
Compared with Chrebp⍺-WT, overexpression of ChREBP⍺-AG failed to
activate luciferase reporters driven by the promoters of target genes Lpk
or Fasn, which is consistent with deficient DNA binding and resulting
reduced expression of other lipogenic targets (Supplementary Figs. 5Ae
B). In contrast, when either ChREBP⍺-WT or AG mutant were overex-
pressed in Huh7 hepatocytes, we observed increased CPT1A and
ACADM protein expression, and reduced lipid droplet formation
(Supplementary Fig. 6A-B). Taken together, we presented evidence
showing ChREBPa promotes the hepatocyte FAO pathway independently
of its DNA-binding ability and lipogenic activity.

2.3. Suppression of hepatic ChREBP⍺ in liver with inflammation
and fibrosis
We and others found that the intake of high-carbohydrate food or
fructose-rich drinks induced hepatic ChREBP⍺ expression [45e47].
However, the regulation of hepatic ChREBP⍺ in the context of liver
inflammation and fibrosis has not been reported. We firstly found that
the combination of a lipotoxicity inducer (300 mM of palmitate) and an
inflammatory cytokine (10 ng/ml of TNF⍺) markedly reduced the levels
of ChREBP⍺ but not SREBP-1c, another major lipogenic transcription
factor (Figure 2A). The induction of p38 phosphorylation confirmed the
positive stress response to palmitate/TNF⍺ (Figure 2A). Next, we
examined liver ChREBP⍺ in mouse models of MASLD/MASH. Nuclear
ChREBP⍺ but not SREBP-1c was greatly reduced (up to 70%) in the
liver of mice following a 10 week high fructose, methionine and
choline-deficient (HFLMCD) diet (Figure 2B). Of note, HFLMCD diet is
commonly used to induce full-blown MASH within 10 weeks of feeding
in WT mice without causing body weight loss [48,49]. Moreover, we
found that mice fed with just 7 days of HFLMCD exhibited liver injury
and liver steatosis, markers of liver inflammation and fibrosis
(Supplementary Figs. 7AeD). In the same liver, nuclear ChREBP⍺ was
reduced whereas nuclear SREBP1c was elevated (Supplementary
Fig. 7E), suggesting that hepatic ChREBP⍺ abundance is inversely
associated with liver inflammation and fibrosis.
Next, we fed WT mice a MASH diet that is high in cholesterol, saturated
fat, and fructose for 0, 3, 6, 12,15, and 20 weeks and examined the
dynamics of liver ChREBP⍺ and SREBP-1c protein levels. We chose this
MASH diet because it largely mimics the diet of human NASH patients
[50,51]. Of note, it takes at least 15 weeks of feeding for mice to develop
inflammation and fibrosis [52,53]. During this time course, the nuclear
abundance of ChREBP⍺ was transiently increased between 6 and 12
weeks but dampened after 15weeks. In contrast, nuclear SREBP-1cwas
up as early as 3 weeks and stayed elevated throughout the rest of the
feeding period except for week 15 (Figure 2C). Lastly, we examined
mRNA expression of ChREBP in normal control, steatotic, and MASH
human livers. Consistent with the literature, several markers for liver
fibrosis including COL1A1, ⍺-SMA, and TIMP1 were significantly upre-
gulated in steatosis and further increased in MASH samples vs. normal
liver tissues [54,55]. Liver ChREBPmRNA decreased in both steatotic and
MASH liver samples, andwas inversely associatedwith expression of the
fibrosis markers. In contrast, liver SREBP1 mRNA was significantly
elevated in humanMASH (Figure 2D). In summary, liver ChREBP⍺ protein
is markedly reduced in the liver of mouse models with MASH, consistent
with reduced Chrebp⍺ in human NASH liver. In the same setting, nuclear
SREBP-1c is elevated in mouse and human MASH livers.

2.4. Hepatocyte Chrebp⍺ deficiency leads to early onset of diet-
induced MASH
Even though acute knockdown of liver Chrebpa using adenoviral
transduction in db/db mice results in improved insulin sensitivity,
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glucose metabolism, and liver steatosis [37], the pathogenic role of
hepatocyte ChREBP⍺ in diet-induced MAFLD/MASH remains unclear.
To examine how hepatocyte Chrebp⍺ deficiency in adult mice impacts
the onset and progression of this disease, we took advantage of AAV to
generate adult-onset hepatocyte-specific Chrebp⍺ knockout
(Chrebp⍺-LKO) mice [56]. This approach allowed us to bypass any
developmental defects due to the loss of hepatocyte ChREBP⍺. The
loss of nuclear Chrebp⍺ was confirmed by immunoblotting in liver
tissues from Chrebp⍺flox/flox mice injected with AAV-TBG-Cre
(Figure 3A). Following 20 weeks of MASH diet feeding, both
Chrebp⍺-LKO and control groups gradually gained weight at a similar
rate (Figure 3B). However, Chrebp⍺-LKO mice showed more severe
liver injury, as assessed with serum ALT and LDH at 12 weeks and 20
weeks of MASH diet feeding compared with control mice (Figure 3Ce
D). The total liver TG content showed an upward trend in the liver of
Chrebp⍺-LKO mice without reaching statistical significance
(Figure 3E). Total liver cholesterol was significantly higher in Chrebp⍺-
LKO mice at the 12 week timepoint only (Figure 3F). Liver sections
showed increased lipid droplets by H&E staining, inflammation by F4/
80 immunohistochemistry staining, liver fibrosis by Sirius Red staining
analyzed with Brunt Scoring system [57], and apoptosis by TUNEL
staining (Figure 3G). Moreover, the RNA-seq analysis highlighted the
enrichment of proinflammatory pathways (Cxcl10, Ccl2, Ccl5, Nlrp3
and Tlr9) as well as classical genes that indicate hepatic stellate cell
activation and fibrosis (Col1a1, Col3a1, Tgfb1, Shh, Mmp12, and Plau)
in Chrebp⍺-LKO mouse livers compared with controls (Figure 3H).
Some of these markers were also elevated in the liver of Chrebp⍺-LKO
mice after 12 weeks of MASH diet (Supplementary Fig. 8). Lastly, the
total protein levels of a-SMA and Vimentin, the two classical markers
for hepatic stellate cell activation during liver fibrosis, were signifi-
cantly elevated in the livers of Chrebp⍺-LKO mice after 20-wk NASH
diet (Figure 4I). Taken together, our findings demonstrate that the loss
of hepatocyte Chrebp⍺ sensitizes mice to MASH diet-induced liver
steatosis, hepatocyte injury, liver inflammation, and fibrosis.

2.5. Hepatic overexpression of ChREBP⍺ protects mice against
HFLMCD diet-induced MASH
Given the potent reduction of ChREBP⍺ protein in MASH liver and its
role in promoting hepatic FAO, we hypothesized that restoring liver
ChREBP⍺ expression might mitigate liver steatosis, hepatocyte injury,
and fibrosis in WT mice with pre-existing MASLD/MASH induced by
HFLMCD. To this end, WT male mice were fed the HFLMCD for 3 weeks
prior to tail vein injection of Ad-GFP, Ad-Chrebp⍺-WT, or Ad-Chrebp⍺-
AG. All groups of mice were on HFLMCD diet for 2 more weeks before
sacrifice. The levels of liver ChREBP⍺ were examined by immuno-
blotting to confirm the restoration of ChREBP⍺ protein (Figure 4A).
When compared with the Ad-GFP group, Ad-Chrebpa-WT and Ad-
Chrebp⍺-AG mice showed reduced levels of total TG but not choles-
terol in the liver (Figure 4BeC). This reduction in liver steatosis was
accompanied with reduced hepatocyte injury measured by serum ALT
(Figure 4D). H&E staining showed reduced lipid content and improved
liver histology. TUNEL staining showed barely detectable hepatocyte
apoptosis when ChREBP⍺-WT or -AG mutant was over-expressed,
indicating that this protective role of ChREBP⍺ is independent of its
lipogenic action (Figure 4E). Restoration of ChREBP⍺ expression also
reduced liver fibrosis and inflammation, as shown by Sirius-Red
staining and F4/80 immunohistochemistry staining, respectively
(Figure 4E). Lastly, the total protein levels of ⍺-SMA were significantly
reduced in both ChREBP⍺ WT and AG-injected mouse liver (Figure 4F).
In summary, our data show that restoring hepatocyte ChREBP⍺
expression in mice with pre-existing MASH not only markedly
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Figure 2: Hepatic ChREBPa is suppressed in the liver of mouse models with diet-induced NASH and human patients of NASH. WT PMHs from male mice were firstly
transduced with either Ad-Chrebp⍺ (A) or Ad-Srepb-1c (B) prior to treatment with TNF-⍺ (10 ng/ml) plus palmitate (300 mM). The protein levels of ChREBP⍺ or SREBP-1c were
determined by immunoblotting. (C) Nuclear fractions of the liver samples of mice fed either regular chow vs. HFLMCD diet for 10 weeks or (D) mice fed NASH diet for 0, 3, 6, 9, 12,
15, or 20 weeks. The nuclear abundance of ChREBP⍺ and SREBP-1c were determined by immunoblotting. (E-F) Livers samples form patients at different stages of NAFLD (Normal,
Steatosis, and NASH) were subjected to RT-qPCR to exam the expression levels of fibrosis markers (COL1A1, ⍺-SMA, and TIMP1) and ChREBP and SREBP-1. The data were plotted
as mean � SEM. *p < 0.05, ****p < 0.0001 by the Student’s t-test for B, and by one-way ANOVA for D.
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Figure 3: Adult-onset deletion of hepatic Chrebp⍺⍺ sensitizes mice to NASH diet-induced liver steatosis. 8-wk old Chrebpaflox/flox mice on regular chow were injected with
AAV-TBG-Cre (Chrebpa-LKO) or AAV-TBG-GFP (Chrebpa-WT) via tail vein, and 2 weeks later, the mice were switched to NASH diet. (A) Western blot against ChREBPa was used to
confirm Chrebpa deletion. (B) Body weight was monitored weekly. (CeD) Serum ALT and LDH at 12 weeks and 20 weeks of NASH diet feeding, (E-F) liver triglyceride and
cholesterol. (G) H&E staining, F4/80 immunohistochemistary, Sirius Red staining, and TUNEL staining were used to detect lipid droplets, macrophage, fibrosis and apoptosis,
respectively. (H) RNAs-seq analysis of liver tissue from Chrebpa-LKO and Chrebpa-WT mice fed NASH diet for 20 weeks. Heat-map of DGE associated with liver fibrosis and
inflammation/macrophage infiltration was generated. (I) Western blot against a-SMA and Vimentin was used to assess fibrosis. The data were plotted as Mean � SEM. *p < 0.05,
**p < 0.01, & ****p < 0.0001 by linear regression for B, by one-way ANOVA for C, D &F, and by the Student’s t-test for I.
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Figure 4: Hepatic ChREBPa overexpression ameliorates liver steatosis and hepatocyte injury in mice with pre-existing NASH independently of its lipogenic action. 8-
wk old wildtype male mice fed HFLMCD diet for 2 weeks, and then injected with or Ad-GFP (n ¼ 8), Ad-Chrebpa-WT (n ¼ 17), or Ad-Chrebp⍺-AG (n ¼ 5) via tail vein. After another
week of HFLMCD feeding, (A) Confirmation of hepatic ChREBPa overexpression by immunoblotting, (BeC) liver triglycerides and cholesterol, (D) serum ALT. (E) H&E staining, F4/
80 immunohistochemistry, Sirius Red staining and TUNEL staining were used to detect lipid droplets, macrophage infiltration, fibrosis, and apoptosis, respectively. (F) Protein levels
of ⍺-SMA in the liver by immunoblotting. The data were plotted as Mean � SEM. *p < 0.05, **p < 0.01 & ***p < 0.001 by one-way ANOVA.
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abrogates liver steatosis and hepatocyte injury but also improves liver
fibrosis and inflammation, which supports the therapeutic potential of
hepatocyte ChREBP⍺ against MASH.

2.6. Role of hepatic ChREBPa in regulating the liver FAO pathway
during diet-induced MASH
The canonical action of ChREBP⍺ is to sense the intracellular influx of
simple sugars and promote lipogenesis [33]. Unexpectedly, hepatocyte
Chrebpa deficiency did not reduce mRNA and protein of DNL enzymes
following 12 weeks of the MASH diet (Supplementary Figs. 9AeB).
Moreover, hepatocyte Chrebpa deficiency did not impact mRNA levels
of lipolysis (Atgl and Lipe), lipid uptake (Cd36), and lipid droplet binding
proteins (Fsp27b and Plin2) (Supplementary Figs. 9CeE).
We have shown that, at least in cultured hepatocytes, ChREBP⍺ is both
necessary and sufficient to drive FAO, a catabolic pathway of fatty acid
metabolism (Figure 1AeC). We also showed that hepatic Chrebp⍺
deficiency partially impairs the fasting-induced FAO pathway in the
liver of WT mice (Supplementary Fig. 4C). We were intrigued whether
ChREBP⍺ is also important for FAO gene expression in the context of
diet-induced MASH. When compared with WT mice fed with MASH diet
for 12 weeks, the expression of Cpt1 and Ehhadh were significantly
reduced in the liver of Chrebp⍺-LKO mice (Figure 5AeB). Similar
findings were observed in the liver of mice fed 20 weeks of MASH diet
with the expression of CPT1A being potently reduced in the liver of
Chrebp⍺-LKO mice (Figure 5CeD). Conversely, overexpression of
either ChREBP⍺-WT or AG mutant elevated the hepatic mRNA and
protein levels of Cpt1a, Ehhadh, and Acadm in HFLMCD diet-fed mice
(Figure 5EeF) with little effects on lipogenic and lipolysis pathways
(Supplementary Fig. 10). In summary, our data showed that hepatocyte
Chrebp⍺ deficiency impairs the FAO pathway in both the fasting state
and during MASH diet feeding, whereas its overexpression promotes
the liver FAO pathway in mice with pre-existing MASH, suggesting that
ChREBP⍺ is both necessary and sufficient to activate the FAO pathway
in the context of chronic liver injury.
It is well established that PPAR⍺ drives the hepatocyte FAO pathway
during fasting [6]. Interestingly, the Postic group showed that
ChREBP⍺ cooperates with PPAR⍺ on glucose-induction of FGF21
expression, suggesting crosstalk between the two transcription
factors to regulate FAO [58]. Indeed, we found that overexpression of
ChREBP⍺ significantly reduced the amount of lipid droplets in PMHs
transduced with Ad-shLacZ. However, such effects were nearly
abolished in cells transduced with Ad-shPpar⍺, supporting that
PPAR⍺ plays a major role in ChREBP⍺-driven FAO at least in vitro
(Figure 5G).

2.7. ChREBP⍺ is a novel regulator of the CYP450 epoxygenase
pathway of arachidonic acid metabolism in the liver
How exactly ChREBP⍺ impacts PPAR⍺ activity remains unexplored.
Our unpublished data showed no major differences between WT and
Chrebp⍺-LKO mice in terms of hepatic Ppar⍺ expression, raising the
possibility that ChREBP⍺ could regulate the PPAR⍺ activity through its
ligands. To test this hypothesis, we firstly examined whether synthetic
PPAR⍺ agonists could restore the FAO gene in Chrebp�/� PMHs. We
used GFT505 (also called Elafibranor), a dual agonist of PPAR⍺ and
d since GFT505 has been shown to improve MASH in mice and human
patients in a clinical trial [25]. Compared with the vehicle-treated
Chrebp�/� PMHs with markedly reduced mRNA expression of FAO
enzymes, GFT505-treated Chrebp�/� PMHs demonstrated completely
restored levels of those genes (Supplementary Figs. 11AeB).
Furthermore, either PPARa-specific agonist WY14643 [59] or PPARd-
specific agonist GW501516 [60] could restore the protein expression
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of CPT1a, EHHADH, and ACADM in Huh7 cells with Chrebp⍺ depletion
(Supplementary Fig. 11C). In contrast, inhibition of PPARd by its spe-
cific antagonist GSK0660 [61] modestly impairs the ChREBP⍺ ability’s
to promote FAO (Supplementary Fig. 11D). These findings have
established a functional link between ChREBP⍺ and the PPAR⍺-driven
FAO pathway, possibly via ChREPB⍺-mediated production of endog-
enous ligands for PPARa.
To gain molecular insights into the cell-autonomous action of
ChREBP⍺ in promoting hepatocyte FAO pathway, we performed
pathway analysis of the RNA-seq data from livers of Chrebp⍺-WT vs.
Chrebp⍺-LKO mice following 20-wk MASH diet as well as livers of
Ad-GFP vs. Ad-Chrebp⍺ after 2-wk HFLMCD diet. Several pathways
were identified following the manipulation of ChREBP⍺ and diet
(Figure 6AeB). It is no surprise that fatty acid metabolism is altered
given that ChREBP⍺ activity increases lipogenesis and FAO.
Intriguingly, we identified the arachidonic acid metabolic pathway as
one of the unique pathways significantly altered in both experimental
groups. In particular, one of the key epoxygenases of arachidonic
acid metabolism [62,63], Cyp2c50, was significantly reduced in
Chrebp⍺-LKO mice but increased by about 7-fold in the liver of Ad-
Chrebp⍺-injected mice (Figure 6 C-D). Moreover, in PMHs, we
observed similar changes of Cyp2c50 in response to overexpression
or deletion of Chrebp⍺ (Figure 6EeG), indicating that regulation of
Cyp2c50 by ChREBPa is a cell-autonomous event. Interestingly,
Cyp4f18, one of the omega-hydroxylases [64], was suppressed by
Chrebpa overexpression, suggesting that ChREBPa -mediated in-
duction of Cyp2c50 is highly specific. Of note, the expression of other
Cyp2C enzymes including Cyp2C55, Cyp2c29, and Cyp2c39 was
elevated in the liver of Chrebpa-LKO liver after 12 weeks of MASH
diet (Supplementary Fig. 12). Lastly, the mRNA expression of the
human homolog of Cyp2c50, called CYP2C19 [65], was markedly
reduced in human steatosis and MASH liver samples (Figure 6H).
Altogether, our data support that ChREBP⍺ may stimulate hepatic
FAO by activating Cyp2c450 expression to regulate arachidonic acid
metabolism.

2.8. Cyp2c50 overexpression partially reverses liver steatosis,
inflammation, and fibrosis in mice with pre-existing NASH
We firstly asked if restoring Cyp2c50 expression in Chrebp⍺-deficient
PMHs is sufficient to restore the FAO pathway. To this end, we
transduced Chrebp⍺-LKO PMH with Ad-Cyp2c50 that induced
Cyp2c50 by about 10-fold compared with Ad-LacZ control (Figure 7A).
In this condition, the mRNA of several FAO enzymes, especially Acadm
and Acox1, were significantly elevated by Cyp2c50 overexpression
(Figure 7B). BODIPY staining showed that Cyp2c50 overexpression
reduced the accumulation of lipid droplets in Chrebp⍺-LKO PMH
(Figure 7C). These in vitro findings suggest restoring Cyp2c50 is
sufficient to enhance the hepatocyte FAO pathway and reduce lipid
droplet accumulation in the absence of ChREBP⍺. To test whether
PPAR⍺ is required for CYP2C50-mediated FAO, we depleted Ppar⍺ in
PMHs prior to overexpressing Cyp2c50. BODIPY staining showed that
Cyp2c50 overexpression reduced the accumulation of lipid droplets in
WT PMH-transduced with Ad-shLacZ. However, such effects were
largely abrogated in cells transduced with Ad-shPpar⍺ (Figure 7D).
Next we asked if hepatic Cyp2c50 is involved in diet-induced MAFLD
in vivo. We first examined the expression of Cyp2c50 in mouse models
of diet-induced MAFLD/MASH. By RT-qPCR (the antibody against
CYP2C50 is not available), we found that liver Cyp2c50 mRNA levels
were markedly downregulated in mice fed either 10 weeks of the
HFLMCD (down to 10%) or 20 weeks of the MASH diet (down to 30%)
(Supplementary Fig. 13). Thus we tested the therapeutic impact of
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Figure 5: Manipulations of hepatic ChREBP⍺⍺ impact FAO pathway in NASH. (A-D) Hepatic Chrebpa deficiency impairs FAO in the liver. Liver tissues from Chrebpa-WT and
Chrebpa-LKO mice fed NASH diet for 12 weeks (A&B) or 20 weeks (C&D) were subjected to RT-qPCR and western blot to assess the expression of FAO enzymes. (E-F) ChREBPa
overexpression promotes FAO in the liver. Liver tissues from mice injected with Ad-GFP, Ad-Chrebpa-WT, or Ad-Chrebpa-AG and fed HFLMCD diet for 3 weeks were subjected to
RT-qPCR and immunoblotting to assess FAO enzyme expression. (G) PMHs were transduced with either Ad-shLacZ or Ad-shPpar⍺ with or without Ad-Chrebp⍺ prior to BODIPY
staining. The data were plotted as Mean � SEM. *p < 0.05, **p < 0.01 by the Student’s t-test for A&C, by one-way ANOVA for E.
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Figure 6: Identification of epoxogenase pathway of arachidonic acid metabolism as a novel pathway of ChREBPa during diet-induced NASH. Liver tissues from
Chrebpa-LKO vs. Chrebpa-WT mice on NASH diet for 20 weeks, as well as liver tissues from WT mice fed 2-wk HFLMCD diet and injected Ad-Chrebpa vs. Ad-GFP were subjected
to RNA-seq analysis (n ¼ 4). (A-B) Regulation of epoxygenase pathway of the arachidonate metabolism by hepatic Chrebpa via Pathway Analysis. (C) Reduced hepatic Cyp2c50
expression in Chrebpa-LKO mice following NASH diet; (D) Elevated hepatic Cyp2c50 expression in Ad-GFP vs. Ad-Chrebp⍺-injected mice. (E) Decreased expression of hepatic
Cyp2c50 in Chrebp�/� mice. (F) Cyp2c50 expression in Ad-GFP vs. Ad-Chrebp⍺ PMHs, (G) Cyp2c50 expression in PMHs from mice injected with AAV-TBG-GFP, AAV-TBG-
Chrebpa-WT, or Chrebpa-AG. (H) Expression levels of CYP2C9 and CYP2C19 (the human ortholog of mouse Cyp2c50) in the liver of normal human vs. liver steatosis or NASH
patients.

Original Article
restoring Cyp2c50 expression on liver steatosis, fibrosis, and inflam-
mation in mice with pre-existing MASH. WT mice were fed the
HFLMCD diet for 7 days before tail vein injection of Ad-Cyp2c50 vs. Ad-
LacZ. 10 days later, Ad-Cyp2c50-injected mice showed about 2 fold
increase in hepatic Cyp2c50 expression (Figure 7E). In the same group
of mice, Cyp2c50 overexpression led to a significant reduction of
serum ALT (Figure 7F) and liver TG (Figure 7G), but not liver cholesterol
10 MOLECULAR METABOLISM 85 (2024) 101957 � 2024 The Authors. Published by Elsevier GmbH. T
(Figure 7H). H&E staining showed reduced liver steatosis around the
portal vein (Figure 7I). At the molecular level, we found the fibrosis
markers, including ⍺-Sma and Col1a1, mRNA levels were markedly
reduced upon Cyp2c50 overexpression (Figure 7J). Furthermore, we
detected about 2 fold increase in the mitochondrial CPT1A protein level
and significantly elevated total EHHADH and ACOX1 proteins
(Figure 7K). Taken together, these in vivo findings highlighted the
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Figure 7: Restoring CYP2c50 expression rescues FAO and alleviates diet-induced liver steatosis in Chrebpa deficient condition. PMHs from Chrebpa-WT and Chrebpa-
LKO mice were transduced with adenovirus overexpressing LacZ or Cyp2c50. The cells were harvested 24 h later for RT-qPCR to exam the expression levels of Cyp2c50 and genes
involved in FAO (A-B) and BODIPY (C) staining to assess lipid accumulation. (D) PMHs were transduced with either Ad-shLacZ or Ad-shPpar⍺ with or without Ad-Cyp2c50 prior to
BODIPY staining. Chrebpa-LKO mice were injected with Ad-Cyp2c50 or Ad-LacZ. 2 days later, the mice were fed HFLMCD diet for 9 days, and then dissected. Liver Cyp2c50 mRNA
were measured by RT-qPCR (E). Liver injury was assessed by serum ALT (F), hepatic lipid content by liver triglycerides (G), cholesterol (H), and H&E staining (I), and the gene
expression of hepatic fibrosis markers by RT-qPCR (J) and FAO enzymes by immunoblotting with quantification (K).
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therapeutic potential of Cyp2c50 activation in improving liver steatosis,
reducing liver injury, and alleviating liver fibrosis possibly via restoring
the hepatic FAO pathway.

3. DISCUSSION

Elevated de novo lipogenesis (DNL) is considered an important driver of
MAFLD [5,9]. Hyperinsulinemia in metabolic syndrome leads to exces-
sive hepatic DNL via activation of the LXR⍺-SREBP-1c cascade [66]. The
Postic group showed that acute depletion of liver Chrebp in ob/ob mice
markedly reduces liver DNL and lipid accumulation, supporting that
ChREBP-driven DNL plays a crucial role in obese conditions due to loss
of leptin signaling [37]. However, this might not be the case in mouse
models of MASH. At least in mouse models of MASH that we examined,
the nuclear abundance of ChREBP⍺ is markedly reduced, whereas
SREBP-1c is elevated, indicating that ChREBP is less relevant compared
to SREBP-1c in the regulation of DNL in MAFLD. Meanwhile, our data
with human MASH liver samples showed an inverse correlation between
ChREBP⍺ and the fibrosis marker COL1A in terms of the mRNA levels,
consistent with previous findings [67]. Moreover, another study showed
that hepatic ChREBP was increased in patients with liver steatosis but
decreased in patients with severe insulin resistance [68], consistent with
our time-course study of NASH diet feeding. Liver ChREBP⍺ showed a
bi-phasic pattern in which it was elevated during the first 12 weeks then
dropped down to the basal level (Figure 2C). In contrast, liver SREBP-1c
rose after 3 weeks of the MASH diet and remained elevated for the
remainder of feeding. Such differential responses might explain steady
or elevated levels of lipogenic genes in the liver of Chrebp⍺-LKO mice
following 12-weeks and 20-weeks of the MASH diet (Supplementary
Figs. 9AeB). So far, we have no evidence to suggest that elevated
SREBP-1c is a consequence of ChREBP⍺ inhibition in the liver under-
going metabolic and inflammatory stresses. We previously reported that
ChREBP⍺ promotes protein degradation of SREBP2 in response to
fructose [46]. It is tempting to speculate that ChREBP⍺ activity might
have a similar effect on SREBP-1c in the context of metabolic and in-
flammatory stresses. Further detailed analysis of the dynamics between
hepatocyte ChREBP⍺ and SREBP-1c is warranted in the progression of
NAFLD towards MASH.
In healthy conditions, the PPAR⍺-dependent transcriptional activation
of rate-limiting enzymes in FAO is necessary for hepatocytes to handle
the influx of free fatty acids (FFA) during fasting [6,20,22]. However, in
the presence of inflammatory and nutritional stresses, utilization of FFA
by FAO is largely suppressed as a result of an impaired PPAR⍺
pathway [6,20]. Accumulated evidence suggest that PPAR⍺’s tran-
scriptional activities are downregulated in mouse models of MASH due
to [1] reduced expression of PPAR⍺ and its transcriptional coregulators
and [2] elevated levels or activities of inhibitory regulators of PPAR⍺
[69e72]. In our current study, we revealed a novel mechanism for the
suppression of PPAR⍺-driven FAO by reducing the biosynthesis of its
endogenous ligands [27,28]. We found that CYP2C50, one of the P450
epoxygenases of arachidonic acid metabolism, was potently reduced
in the livers of mouse models of MASH, congruous with reduced he-
patic FAO and the development of liver steatosis and fibrosis. In
contrast, restoring hepatic CYP2C50 expression in mice with pre-
existing NASH enhanced the FAO program and alleviated liver stea-
tosis, fibrosis and injury. The P450 epoxygenase pathway leads to the
formation the epoxyeicosatrienoic acids (EETs), which are further
converted to dihydroxyeicosatrienoic acids (DHETs) by soluble epoxide
hydrolase (sEH) [63,73]. EETs were found to potently activate PPAR⍺ at
least in cell culture-based assays [28,74]. So far, it remains unclear
about the identity of metabolites downstream of CYP2C50 that serve as
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endogenous ligands for hepatic PPARa. In addition to CYP2C50, it has
been observed that the expression of other CYP epoxygenases,
including Cyp2c55 and Cyp2c29, was also potently reduced in mice
fed an atherogenic diet [75]. The expression of these two enzymes was
slightly increased in the liver of Chrebp⍺-LKO mice, indicating that the
ChREBP⍺-driven Cyp2c50 is highly specific and the inhibitory effect of
downregulation of Cyp2c50 on FAO could not be compensated by other
CYP epoxygenases such as Cyp2c55 or Cyp2c29, underscoring the
physiologic importance of CYP2C50 as an endogenous activator of the
PPAR⍺-FAO pathway. Our current study supports that ChREBP⍺ is
both necessary and sufficient to promote hepatocyte Cyp2c50
expression. Yet our ChREBP⍺ AG-mutant data support that it does not
require the ChREBP⍺’s DNA-binding activity. Future research will
examine non-canonical actions of ChREBP⍺ on the expression of
CYP2C50 and, subsequently, PPAR⍺ and FAO pathways.
Our RNA-seq analysis unveiled the impact of hepatocyte Chrebp⍺
deficiency on the activation of hepatic stellate cells (HSCs) and elevated
liver fibrosis. One possible explanation is the secondary response
following reduced liver steatosis and liver injury. Another possibility is
hepatocyte ChREBP might influence the liver microenvironment to
regulate the activity of HSCs. This concept is supported by recent
findings that hepatocyte-derived factors such as pro-fibrogenic cyto-
kines, lipids, and ROS can directly activate HSCs [54,76]. For example,
overactivation of hepatocyte NOTCH signaling promotes HSC activation
by releasing excess osteoponitin [77]. Hepatocyte-derived IL-11 can
directly activate quiescent HSCs via the ERK pathway [48]. We found
via RNA analysis that the NASH diet elevates several hepatic profi-
brogenic factors (Thbs1, Tgfb1, Ctgf and Shh) [78e80] in Chrebp⍺-
LKO mice, suggesting that hepatocyte ChREBP⍺ may function as a
non-cell autonomous regulator of HSC activation.
In this study, our extensive analysis performed in Chrebp�/� hepato-
cytes and Chrebp⍺-LKO mice has allowed us to identify the novel ac-
tions of ChREBP⍺ in hepatocyte fatty acid metabolism. ChREBP⍺ plays a
surprisingly essential for FAO by potentially supporting CYP2C50-
dependent biosynthesis of endogenous ligands for PPAR⍺. Our work
provides the first demonstration that hepatocyte-specific Chrebp⍺
deletion impairs FAO and sensitizes mice to early onset of MASH,
whereas hepatocyte-specific overexpression of ChREBP⍺ enhances FAO
and mitigates liver steatosis, hepatocyte injury, and fibrosis in mice with
pre-existing MASH. These findings underscore the protective role of
hepatocyte ChREBP⍺ via its non-lipogenic actions against lipid overload
and hepatocyte injury during MASLD. These data highlight the relevance
of ChREBP⍺ as a drug target for MAFLD treatment.

4. MATERIALS AND METHODS

4.1. Animal experiments
All animal experiments were approved by the Institutional Animal Care
and Research Advisory Committee at the University of Michigan.
C57BL/6mice were maintained on 12 h/12 h light/dark cycles with ad-
lib access to food and water. Chrebpflox/flox mice were generously
provided by Dr. Lawrence Chan, Dr. Pradip Saha, and Dr. Alli Antar at
Baylor College of Medicine. Mice were fed MAFLD-inducing diets for
specified durations and fasted for 6 h before dissection. MASH diet
(D09100310, 40 kcal% Fat (Palm Oil), 20 kcal% Fructose and 2%
Cholesterol) and HFLMCD (A06071309, 45 kcal% Fat, 0.1% Methio-
nine and Choline deficient diet) were purchased from Research Diets.
For liver specific overexpression, GFP, Flag-Chrebpa-WT, Flag-
Chrebpa-AG, or Cyp2c50 overexpressing adenoviruses were delivered
via tail vein injection at the dose of 1 � 1012 plaque-forming units.
Liver tissues were harvested for histological analysis, mRNA, and
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protein analysis. Frozen sections were used for TUNEL staining, while
paraffin-embedded tissues were used for section and Haematoxylin
and Eosin (H&E) staining, Picro-Sirius Red staining, and F4/80 staining.
Detailed protocols for Picro-Sirius Red staining and F4/80 staining are
available in the Supplemental Experimental Procedures.

4.2. RNA-seq analysis
Total RNA was extracted with RNeasy (QIAGEN, Cat. 74104) from livers
of Chrebpaflox/flox mice (n ¼ 4) or Chrebpa-LKO mice (n ¼ 4) fed with
MASH diet for 12 weeks, or livers of mice injected with Ad-GFP (n ¼ 4)
or Ad-Chrebpa (n ¼ 4) fed with HFLMCD diet. RNA-seq libraries were
prepared via the following workflow: mRNA enrichment, reverse tran-
scription with N6 random primer, end repair, PCR amplification, dena-
turation and cyclization. Samples were processed on DNBseq platform
to generate datasets of single-end 50bp reads. After reads filtering,
clean reads were mapped to reference transcripts using Bowtie2. Then
gene expression level for each sample was calculated with RSEM.
Differentially expressed genes (DEG) were identified with DEseq2 al-
gorithms. The heatmap was generated with heatmap R package to
compare gene expression levels between NASH diet-fed Chrebpaflox/flox

mice vs. Chrebpa-LKO mice, and between HFLMCD diet-fed Ad-GFP
injected vs. Ad-Chrebpa injected mice. The KEGG pathway analysis was
performed by using DAVID database and visualized by ggplot2 R
package.

4.3. Data resource sharing and availability
All the data and critical resources supporting our findings as well as
methods, and conclusions will be shared by the corresponding authors
upon request. The original data of RNA-seq is available in the NCBI’s
Gene Expression Omnibus (GEO) database (GEO GSE223649).

4.4. Statistical analyses
Statistical analysis was performed using Prism version 6.0 (GraphPad
Software, San Diego, CA). Statistical significance was determined
either by unpaired two-tailed Student’s t-test for comparison between
two groups or by one-way ANOVA with Tukey’s or Dunnett’s post-hoc
test for multiple group comparison. All results are given as the
Mean � SEM or Mean � SD. Results were considered statistically
significant with p value < 0.05.
Additional methods are provided in Supplementary Materials.
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