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SUMMARY

Hepatic overexpression of cholesterol 25-hydroxylase or
exogenous administration of 25-hydroxycholesterol (25-HC)
in mice drastically reduced the high-fat diet-induced hepatic
steatosis via massive production of bile acids. The under-
lying mechanism involves 25-HC activation of the liver X
receptor-cytochrome P450 7A1 pathway.

BACKGROUND & AIMS: Cholesterol 25-hydroxylase (Ch25h),
converting cholesterol to 25-hydroxycholesterol (25-HC), is
critical in modulating cellular lipid metabolism and anti-
inflammatory and antiviral activities. However, its role in
nonalcoholic fatty liver disease remains unclear.

METHODS: Ch25h expression was detected in livers of ob/ob
mice and E3 rats fed a high-fat diet (HFD). Gain- or loss-of-
function of Ch25h was performed using Ch25hþ/þ (wild type
[WT]) mice receiving AAV8-Ch25h or Ch25h knockout
(Ch25h-/-) mice. WT mice fed an HFD were administered with
25-HC. The Ch25h–LXRa–CYP axis was measured in primary
hepatocytes isolated from WT and Ch25h-/- mice.
RESULTS:We found that Ch25h level was decreased in livers of
ob/ob mice and E3 rats fed an HFD. Ch25h-/- mice fed an HFD
showed aggravated fatty liver and decreased level of cyto-
chrome P450 7A1 (CYP7A1), in comparison with their WT lit-
termates. RNA-seq analysis revealed that the differentially
expressed genes in livers of HFD-fed Ch25h-/- mice were
involved in pathways of positive regulation of lipid metabolic
process, steroid metabolic process, cholesterol metabolic pro-
cess, and bile acid biosynthetic process. As gain-of-function
experiments, WT mice receiving AAV8-Ch25h or 25-HC
showed alleviated NAFLD, when compared with the control
group receiving AAV8-control or vehicle control. Consistently,
Ch25h overexpression significantly elevated the levels of pri-
mary and secondary bile acids and CYP7A1 but decreased those
of small heterodimer partner and FGFR4.

CONCLUSIONS: Elevated levels of Ch25h and its enzymatic
product 25-HC alleviate HFD-induced hepatic steatosis via
regulating enterohepatic circulation of bile acids. The underlying
mechanism involves 25-HC activation of CYP7A1 via liver X re-
ceptor. These data suggest that targeting Ch25h or 25-HC may
have therapeutic advantages against nonalcoholic fatty liver
disease. (Cell Mol Gastroenterol Hepatol 2022;13:1161–1179;
https://doi.org/10.1016/j.jcmgh.2021.12.018)
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onalcoholic fatty liver disease (NAFLD) is closely
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Nassociated with obesity, diabetes, dyslipidemia, and
atherosclerosis. As the most common chronic liver disease,
persistent NAFLD can progress to nonalcoholic steatohe-
patitis and end-stage liver diseases such as cirrhosis and
hepatocellular carcinoma.1 Effective prevention and therapy
for NAFLD remain elusive,2 which highlights the unmet need
for understanding the molecular mechanisms and new
therapeutic strategies for this disease.

Homeostatic conversion of cholesterol to bile acids (eg,
cholic acid [CA] and chenodeoxycholic acid [CDCA]) is the
primary pathway for cholesterol catabolism, but accumula-
tion of free cholesterol in the liver contributes to the path-
ogenesis of NAFLD.3,4 Cytochrome P450 7A1 (CYP7A1), a
liver-specific enzyme, catalyzes the first and rate-limiting
step of bile acid biosynthesis. Bile acid metabolism at the
systems level is under tight control of enterohepatic circu-
lation.5 In the rodent liver, CYP7A1 is transcriptionally
upregulated by the nuclear receptor liver X receptor a

(LXRa), a nuclear receptor governing oxysterol meta-
bolism.6,7 Bile acids facilitate fat absorption by enterocytes.
However, most bile acids are reabsorbed in the ileum and
circulate back to the liver via portal circulation to inhibit
CYP7A1 and thereby prevent excessive production of bile
acids.8 This feedback inhibition of bile acid synthesis is
mediated by fibroblast growth factor 15 (FGF15)/19 in the
ileum and small heterodimer partner (Shp) in the liver, both
regulated by the axis bile acid–farnesoid X receptor
(FXR).9,10

Ample evidence indicates that bile acid metabolism plays
a critical role in the development of NAFLD. Transgenic mice
overexpressing CYP7A1 are resistant to high-fat diet (HFD)-
induced obesity and fatty liver via increased CYP7A1
expression and enlarged bile acid pool.11,12 Administration
of CA and ursodeoxycholic acid (UDCA) to ob/ob mice
markedly improved hepatic steatosis.13 Similarly, adminis-
tration of fatty acid-bile acid conjugates to HFD-fed rodent
models alleviated NAFLD.14 However, whether CYP7A1
ablation is beneficial or detrimental is still debated, as
Ferrell et al showed that CYP7A1-/- mice are protected
against HFD/high-cholesterol diet–induced metabolic
disorders.15

Cholesterol 25-hydroxylase (Ch25h), catalyzing the
hydroxylation of cholesterol to 25-hydroxycholesterol (25-
HC), plays an important role in cholesterol and lipid meta-
bolism.16,17 Acting as an endogenous ligand of LXR, 25-HC
positively affects the expression of cholesterol catabolism-
related genes, including ABCA1 and ABCG1.16 However,
25-HC negatively regulates sterol regulatory element-
binding protein 2 (SREBP2), the key transcription factor
regulating cholesterol metabolism.18 At an ample cellular
level, 25-HC inhibits SREBP2 activity by sandwiching itself
between Scap and Insig-2,19 thereby sequestering the
Scap–SREBP2 complex on the ER membrane. In addition to
its regulation of cholesterol metabolism, Ch25h is an
interferon-stimulated gene with antiviral activity against
various enveloped viruses, including severe acute respira-
tory syndrome coronavirus 2.20,21 With respect to hepatic
metabolism, hepatic overexpression of Ch25h in mice
improved glucose tolerance and insulin sensitivity.22

The purpose of this study was to examine whether he-
patic augmentation of Ch25h could ameliorate NAFLD. Using
mouse models with gain- and loss-of-function of Ch25h, we
found that the hepatic upregulation of Ch25h or exogenous
administration of 25-HC greatly reduced HFD-induced he-
patic steatosis via massive production of bile acids. These
results reveal a beneficial role of Ch25h and 25-HC in
regulating cholesterol catabolism in the liver and a potential
strategy for NAFLD therapy.

Results
Ch25h Expression is Decreased in Fatty Liver

Obese ob/ob mice and E3 rats fed an HFD exhibit
NAFLD.23,24 To determine whether a change in Ch25h level is
involved in these NAFLD rodent models, we first compared
the expression of Ch25h in livers of ob/obmice andwild-type
(WT) littermate controls. Hepatic mRNA and protein levels of
Ch25h were significantly decreased in ob/ob mice as
compared with WT mice (Figure 1A and 1E). As well, LXRa,
CYP7A1, and CYP27A1 expression were decreased
(Figure 1B–1E). In contrast, SREBP1 and SREBP2 mRNA
levels were increased in livers of ob/ob mice (Figure 1F and
1G). Similar decreases in mRNA levels of Ch25h, LXRa,
CYP7A1, and CYP27A1 were found in livers of E3 rats fed an
HFD than control rats under a chow diet (Figure 1H–1K).
Because 25-HC is a ligand of LXRa and LXRa transactivates
CYP7A1 and CYP27A1,6 we validated the hierarchical regu-
lation of the Ch25h–LXRa–CYP axis by using primary hepa-
tocytes isolated fromWT, Ch25h-deficient, or overexpression
mice. Ch25h deficiency in mouse hepatocytes increased
mRNA expression of CYP7A1 and CYP27A1, whereas it

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1. Ch25h expression is decreased in liver of obese rodent animals. RT-qPCR analysis of mRNA levels of Ch25h (A),
LXRa (B), CYP7A1 (C), CYP27A1 (D), SREBP1 (F), and SREBP2 (G) in livers of 6 month-old C57BL/6J mice (WT) (n ¼ 8) and ob/
ob mice (n ¼ 11). (E) Western blot analysis of protein levels of Ch25h, LXRa, CYP7A1, and CYP27A1 in livers of WT and ob/ob
mice (n ¼ 3 mice/group). RT-qPCR analysis of mRNA levels of Ch25h (H), LXRa (I), CYP7A1 (J), and CYP27A1 (K) in livers of E3
rats fed a chow diet (n¼ 5) or HFD (n¼ 7) for 12 weeks. Data are presented as mean ± standard error of the mean. Significance
for data in (A–F) and (H–K) was determined by the Student 2-tailed t test and those in (G) by the Mann-Whitney U test. *P < .05;
**P < .01.
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decreased the protein levels of CYP7A1, but not CYP27A1
(Figure 2A–2C). Conversely, overexpression of Ch25h in WT
hepatocytes increased the protein level of CYP7A1,whichwas
blocked by treatment of GSK2033, a LXRa antagonist
(Figure 2D). These results demonstrate that Ch25h activates
CYP7A1 in rodent hepatocytes.
Ch25h Deficiency Promotes HFD-induced
Hepatic Steatosis

Because of the decreased level of Ch25h in livers of
obese rodent models and reduced level of CYP7A1 in
Ch25h-deficient mouse hepatocytes, we inferred a causal
effect of Ch25h loss on hepatic steatosis. Accordingly,
Ch25h-/- mice and their WT littermates were fed an HFD or
chow diet. Compared with WT mice, Ch25h-/- mice showed
comparable body weight under chow diet, but elevated body
weight after HFD feeding for 8 weeks (data not shown).
Macroscopically, HFD feeding induced hepatic macro-
vesicular steatosis in both Ch25h-/- and WT mice
(Figure 3A). However, livers of Ch25h-/- mice were more
enlarged and paler than WT mice (Figure 3A), with greater
liver weight (Figure 3B) and liver weight-to-body weight
ratio (Figure 3C). Hepatic lipid accumulation and steatosis
were substantial in Ch25h-/- mice, as revealed by hema-
toxylin and eosin staining, steatosis score, and Oil-red O
staining (Figure 3D–3F). Among the 4 groups of mice,
Ch25h-/- mice showed the most elevated hepatic levels of
total cholesterol (TC) and triglyceride (TG) and circulatory
level of low-density lipoprotein cholesterol (LDL-C)
(Figure 3G–3I). Furthermore, we performed quantitative
polymerase chain reaction (qPCR) analysis to assess mRNA



Figure 2. Ch25h activa-
tion of CYP7A1 via LXRa.
RT-qPCR analysis of
mRNA levels of CYP7A1
(A) and CYP27A1 (B) in
cultured primary hepato-
cytes from WT and
Ch25h-/- mice. (C) Western
blot analysis of protein
levels of CYP7A1 and
CYP27A1. (C) Western blot
analysis was performed to
show the protein level of
CYP7A1 and CYP27A1 in
cultured primary hepato-
cytes isolated from
AAV8-control or AAV8-
Ch25h-injected mice (n ¼
3 mice/group), along with
treated with or without
LXRa antagonist
(GSK2033) for 24 hours.
Data are presented as
mean ± standard error of
the mean. For data in (A)
and (C), significance was
determined by the Student
2-tailed t test. For data in
(B), significance was
determined by the Mann-
Whitney U test. For data
in (D), significance was
determined by the 1-way
analysis of variance test
between multiple groups.
*P < .05; **P < .01.
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levels of lipid metabolic genes in livers of WT and Ch25h-/-

mice under HFD. SREBP1c, FASN, and Fabp4 were
remarkably increased in Ch25h-/- mice as compared with
WT mice (Figure 3J). By contrast, the levels of mRNA for
fatty acid b-oxidation, including Cpt1, Cpt2, Ascl1, and Acadl,
were significantly decreased in Ch25h-/- mice (Figure 3K).
There were little changes in hepatic mRNA levels of genes
involved in very low-density lipoprotein (VLDL) secretion
(ApoB, Mttp) (Figure 3L). However, VLDL secretion was
slightly decreased in Ch25h-/- mice as compared with WT
mice after injection of Tyloxapol, corresponding to the
increased level of plasma TG (Figure 3M). Together, the
results in Figures 1 to 3 suggest that Ch25h attenuation is
associated with NAFLD in rodent models.
Ch25h Deficiency Alters Bile Acid Metabolism
To investigate how Ch25h deficiency aggravated the

HFD-induced hepatic steatosis, we used RNA-seq analysis of
liver tissues from the 4 groups of mice. Principal component
analysis shown in Figure 4A indicates that gene expression
profiles in these 4 groups clearly varied, as indicated by the
first and second eigenvectors. Next, differentially expressed
genes (DEGs) (log2 fold change >0.5; P < .05) between WT
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and Ch25h-/- mice fed a chow diet or HFD were selected for
Gene Ontology (GO) analysis. With reference to WT livers,
livers of Ch25h-/- mice under a chow diet showed
enrichment of genes involved in pathways of epoxygenase
P450 (GO:0019373), defense response to virus
(GO:0051607), and innate immune response (GO:0045087)
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(Figure 4B). With reference to WT livers, livers of Ch25h-/-

mice under an HFD were enriched in DEGs involved in
pathways of positive regulation of lipid metabolic process
(GO:0045834), steroid metabolic process (GO:0008202),
cholesterol metabolic process (GO:0008203), and bile acid
biosynthetic process (GO:0006699) (Figure 4C). A heat map
showed that HFD feeding robustly reduced the hepatic levels
of genes involved in steroid hormone biosynthesis, primary
bile acid biosynthesis, and bile secretion in both WT and
Ch25h-/- mice (Figure 4D). Altogether, results in Figure 3B to
3D agree with the role of Ch25h in the immune response and
the inhibitory effect of HFD on cholesterol catabolism in the
liver.25,26 Nevertheless, the expression of genes related to
steroid hormone biosynthesis, primary bile acid synthesis,
and bile acid secretion (eg, CYP7A1, CYP27A1, CYP8B1,
SLC27A5) was slightly higher in livers of Ch25h-/- mice fed
an HFD than their WT counterparts (Figure 4D), although
Ch25h-/- mice had more exacerbated steatosis, as seen in
Figure 2A. To this end, we created a KEGG pathway of bile
acid synthesis (hsa00120) (Figure 4E) for a global assess-
ment of bile acid metabolism responding to HFD and Ch25h
loss. Overall, HFD hindered the CYP7A1-regulated classical
bile acid and CYP27A1-regulated alternative pathways in
both WT and Ch25h-/- mice. More specifically, members of
the CYP7A1-regulated pathway (ie, CYP7A1, CYP8B1, and
AKR1D1) were less suppressed in Ch25h-/- than WT livers
by an HFD (Figure 4E). This finding agreed with the highest
induction of LXR in Ch25h-/- mice fed an HFD (Figure 4E).

We then performed bulk assays to further interrogate
the disparity between the CYP7A1 mRNA and steatosis
phenotype. At a glance, HFD reduced the hepatic expression
of CYP7A1 and CYP27A1 mRNA (top and bottom panels in
Figure 4F) and protein (lanes 1, 2 vs lanes 5, 6; lanes 3, 4 vs
lanes 7, 8 in Figure 4G). Although qPCR analysis confirmed
the slightly higher mRNA level of CYP7A1 in livers of
Ch25h-/- than WT mice fed an HFD (lane 3 vs lane 4 in top
panel of Figure 4F), Western blot analysis revealed lower
level of CYP7A1 in Ch25h-/- mice (lanes 5, 6 vs lanes 7, 8 in
Figure 4G). To associate the expression of CYPs with bile
acid production and secretion, we measured total bile acid
in the liver, circulation, and feces of the 4 groups of mice. As
anticipated, HFD feeding increased the bile acid content in
liver, serum, and feces of both WT and Ch25h-/- mice
(Figure 4H). However, bile acid levels were significantly
lower in liver, serum, and feces of Ch25h-/- than WT mice
(Figure 4H). Thus, livers of Ch25h-/- mice fed an HFD, with
the lowest CYP7A1 expression, would have the most severe
steatosis among the 4 groups.
Figure 3. (See previous page). Ch25h deficiency aggravates
WT and Ch25h-/- mice fed a chow diet (n ¼ 8 mice/group) or HF
weight/body weight ratio. (D) Representative hematoxylin and
Representative Oil-red O staining. Scale bars, 50 mm. (G) Hepa
RT-qPCR analysis of mRNA levels of lipogenic genes (J), fatty
livers from HFD-fed WT and Ch25h-/- mice (n ¼ 8 mice/group).
old) were fasted for 8 hours and injected with tyloxapol (500 mg
the retro-orbital plexus at the indicated time point post treatmen
(n ¼ 3 mice/group). Data are mean ± SEM. For data in (B, C, E
variance test between multiple groups. Significance of data in (J–
< .01; ***P < .001.
Ch25h Overexpression Alleviates HFD-induced
Hepatic Steatosis

Given that Ch25h deficiency was associated with NAFLD
via impaired bile acid metabolism, we next examined
whether exogenously delivered Ch25h could mitigate
NAFLD in mouse models. The AAV8 vector was used for
hepatic overexpression of Ch25h in C57BL/6J mice. Eight-
week-old male mice were administered AAV8-Ch25h or
AAV8-control, then fed an HFD for 12 weeks (Figure 5A).
Level of Ch25h was significantly elevated in the liver of mice
receiving AAV8-Ch25h (Figure 5B). Ectopic expression of
Ch25h in liver in these animals markedly alleviated the
HFD-induced NAFLD, as characterized by decreased lipid
accumulation and hepatic steatosis (Figure 5C, 5D), liver
weight, and liver-to-body-weight ratio (Figure 5E), as well
as hepatic levels of TC and TG (Figure 5F) and serum levels
of TC, TG, and LDL-C (Figure 5G). For hepatic steatosis-
associated inflammation, hepatic mRNA levels of inter-
leukin 6 (IL-6), IL-1b, tumor necrosis factor a (TNFa), and
monocyte chemoattractant protein 1 (MCP-1) were signifi-
cantly decreased by AAV8-Ch25h administration
(Figure 5H). Additionally, compared with AAV8-control
mice, the mRNA expression of lipogentic genes, such as
SREBP1c, FASN, Cd36, and Elovl6, were reduced in mice
injected with AAV8-Ch25h (Figure 5I). Conversely, the
mRNA expression of genes involved in fatty acid b-oxidation
(Acox1, Acox2, Cpt2, Acsl1, Acadl, Acaa1a, and Ehhadh), and
VLDL secrection (ApoB, Mttp) were all substantially
increased in AAV8-Ch25h mice as compared with the AAV8-
control mice (Figure 5J and 5K). In a separate set of ex-
periments, we administered AAV8-Ch25h or AAV8-control
at week 8 of HFD feeding (Figure 6A). HFD feeding lasted
for another 8 weeks before mice were sacrificed. Mice
receiving AAV8-Ch25h showed mitigated steatosis as
compared with controls receiving AAV8-control
(Figure 6A–6D), so the exogenously expressed Ch25h
could reverse the onset of NAFLD in mice.
Ch25h Overexpression Increases the Synthesis
and Excretion of Bile Acids

Next, we examined whether the Ch25h-mitigated stea-
tosis in mice fed an HFD resulted from rectified bile acid
metabolism in the enterohepatic system. Using data from
liquid chromatography-tandem mass spectrometry, we
compared constituents and levels of bile acids in liver and
intestine of mice fed an HFD and administered AAV8-Ch25h
or AAV8-control virus. Ch25h overexpression significantly
HFD-induced hepatic steatosis. (A) Representative livers of
D for 8 weeks (n ¼ 12 mice/group). (B) Liver weight. (C) Liver
eosin staining. Scale bars, 50 mm. (E) Steatosis score. (F)

tic TC level. (H) Hepatic TG level. (I) Serum LDL-C level. (J–K)
acid b-oxidation genes (K), and VLDL secretion genes (L) in
(M) VLDL-TG secretion. WT and Ch25h-/- male mice (8 weeks
/kg in PBS) via tail veins. Blood samples were collected from
t, and plasma TG levels were measured using enzymatic kits
, G–I), significance was determined by the 1-way analysis of
M) was determined by the Student 2-tailed t test. *P < .05; **P
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elevated total bile acid in liver (Figure 7A). Levels of both
primary bile acids (CA, CDCA, UDCA, aMCA, bMCA, TCA,
TCDCA, TUDCA, and TaMCA) and secondary bile acids (DCA,
HDCA, uMCA, LCA, TDCA and THDCA) were markedly
increased in livers (Figure 7B and 7C). A heat map sum-
marizing data in Figure 7B and 7C is shown in Figure 7D.
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Overall, mice receiving AAV8-Ch25h increased their bile
acid production, in comparison with those having AAV8-
control. Consistently, total bile acid levels were signifi-
cantly higher in feces of mice administered AAV8-Ch25h
than AAV8-control (Figure 7E). However, bile acid metabo-
lite in intestines of AAV8-Ch25h and AAV8-control mice
were comparable (data not shown). Regarding genes regu-
lating bile acid metabolism, Ch25h overexpression in the
liver decreased CYP7A1 mRNA level (Figure 7F), but
increased CYP7A1 protein (Figure 7G), which were in the
opposite direction to those seen in Ch25h-/- mice (Figure 4F
and 4G). Also, the expression of Shp and FGFR4 was
decreased by Ch25h overexpression (bottom panels of
Figure 7F), which is consistent with their inhibitory effect
on CYP7A1.10 Given that CDCA and DCA bind to the intes-
tinal apical sodium-dependent bile acid transporter (ASBT)
to activate the FXR/FGF15/19 pathway,10 we found that
FGF15 mRNA level was significantly higher, but that of ASBT
tended to be lower in the ileum of AAV8-Ch25h adminis-
tered mice, when compared with control group receiving
AAV8-control (Figure 7H).
25-HC Administration Mitigates HFD-induced
Steatosis

Because Ch25h catalyzes the conversion of cholesterol to
25-HC, we administered 25-HC to HFD-fed mice to test the
efficacy of 25-HC in intervening the HFD-induced steatosis
in mice. C57BL/6J male mice were fed an HFD for 8 weeks
together with daily intraperitoneal injection of 25-HC or
0.3% ethanol as a vehicle control (Figure 8A). Although
body weights of 25-HC treatment and vehicle control mice
had no significant difference (data not shown), 25-HC
administration mitigated the HFD-induced lipid accumula-
tion (Figure 8B), steatosis score (Figure 8C), liver/body
weight ratio (Figure 8D), hepatic levels of TC and TG
(Figure 8E), serum levels of TC and TG (Figure 8F), but
elevated high-density lipoprotein cholesterol level
(Figure 8F). Hepatic mRNA expression of genes encoding
Acox1, Cpt2, Acsl1, Acadl, Acaa1a, ApoB, and Mttp were
higher in the 25-HC treatment mice than in the vehicle-
treated control mice (Figure 8G and 8H). The protein level
of ApoB100/48 in the isolated plasma VLDL fraction was
also remarkably increased in 25-HC administered mice
(Figure 8I). Hepatic mRNA levels of inflammatory genes,
Figure 4. (See previous page). Ch25h deficiency alters bile
genes. (A-E), Ch25h-/- mice and their Ch25hþ/þ (WT) littermate
exacted from liver tissues then underwent RNA-sequencing an
analysis (PCA) plot. Percentages indicate the proportion of va
analysis with use of the Database for Annotation, Visualization,
genes and plotted as –log(P value). (B) Shows WT þ chow die
Ch25h-/- þ HFD. (D) Heat map comparison of the 4 groups (WT
genes. (E) KEGG pathway of bile acid synthesis (hsa00120). (F)
livers of WT and Ch25h-/- mice fed a chow diet or HFD for 8 week
of WT and Ch25h-/- mice fed an HFD for 8 weeks. GAPDH wa
serum, and feces from WT and Ch25h-/- mice fed an HFD for 8 w
of the mean. For the upper panel in (F), significance was determi
H) and the lower panel in (F), significance was determined by the
.05; **P < .01; ***P < .001.
such as IL-6, IL-1b, TNFa, and MCP-1, were lower in in the
25-HC treatment mice than in the vehicle-treated control
mice (Figure 8J). These beneficial effects of 25-HC would be
due in part to the improved enterohepatic circulation of
cholesterol/bile acids, as evidenced by the elevation of he-
patic level of CYP7A1 (Figure 8K).
Discussion
The key finding of this study is that elevated levels of

Ch25h and its enzymatic product 25-HC in liver protect
against HFD-induced hepatic steatosis by regulating enter-
ohepatic circulation of cholesterol and bile acids. This
conclusion was based on mouse models with gain- and loss-
of-function of Ch25h or fed 25-HC. In rodent hepatocytes,
LXRa transactivates CYP7A1.7,27 Given that 25-HC feeding
increased CYP7A1, the underlying mechanism would be 25-
HC activation of CYP7A1 via LXRa. As a result, hepatic
biosynthesis of bile acids is enhanced, which acts against the
HFD-induced steatosis (seen in graphical abstract).

Ch25h is a member of the family of lipid desaturases and
hydroxylases and an important regulator of cholesterol
homeostasis by activating LXR while inhibiting SREBP2.16,17

Previous studies demonstrated that LXRa ablation in mice
impairs the conversion of cholesterol to bile acids and
confers a fatty liver phenotype.27 In this study, we provide
several lines of evidence demonstrating that Ch25h acti-
vates LXRa and its target CYP7A1 via 25-HC in the context
of liver steatosis in mouse. First, Ch25h-/- mice phenotypi-
cally copied LXRa-/- mice (Figure 3), which suggests the
causal effect between Ch25h and LXR in regulating choles-
terol/bile acid metabolism in the rodent liver. This causality
relies on the presence of an LXR response element in the
promoter region of the rodent CYP7A1 gene.28 Such thesis is
supported by the observation that LXRa target gene CYP7A1
were upregulated in mouse primary hepatocytes with
Ch25h overexpression, which was abolished by the LXRa
antagonist (Figure 2D). Furthermore, CYP7A1 were down-
regulated in hepatocytes isolated from Ch25h-/- mice
(Figure 2C). These complimentary changes suggest the hi-
erarchical role of the Ch25h–LXRa–CYP7A1 axis in regu-
lating bile acid metabolism in mouse models. Due to the lack
of LXR putative binding site in the promoter region of the
human CYP7A1 gene,29 we wondered whether Ch25h has an
inducing effect on CYP7A1 expression in human
acid metabolism and the expression of bile acid-related
s were fed a chow diet or HFD for 8 weeks. Total RNA was
alysis (n ¼ 3 mice/group). (A) Two-way principal component
riance explained by each component. (B, C) GO enrichment
and Integrated Discovery (DAVID) of differentially expressed

t vs Ch25h-/- þ chow diet, whereas (C) shows WT þ HFD vs
or Ch25h-/- under chow or HFD) using FPKM of the indicated
qPCR analysis of mRNA levels of CYP7A1 and CYP27A1 in
s. (G) Western blot analysis of CYP7A1 and CYP27A1 in livers
s used as a loading control. (H) Total bile acid levels in liver,
eeks (n ¼ 8–12 mice/group). Data are mean ± standard error
ned by Kruskal-Wallis with Dunn post hoc test. For data in (G,
1-way analysis of variance test between multiple groups. *P <
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hepatocytes. To test so, we knocked down Ch25h in HepG2
cells. Resulting from Ch25h knockdown, the mRNA and
protein levels of LXRa, CYP7A1, and CYP27A1 were all
decreased (Figure 9A and 9B). In contrast, Ch25h
overexpression in HepG2 cells increased the mRNA and
protein levels of LXRa, CYP7A1, and CYP27A1 (Figure 9C
and 9D). This opposite effect between Ch25h knockdown
and overexpression on CYP7A1 expression in HepG2 cells



Figure 6. Exogenously expressed Ch25h reverses HFD-induced hepatic steatosis. (A) Representative liver images of
C57BL/6J mice fed an HFD for 16 weeks, and at the eighth week, AAV8-Ch25h or AAV8-control was administered (n ¼ 9 mice/
group). (B) Hematoxylin and eosin (H&E) and Oil-red O staining. Scale bars, 50 mm. (C) Liver weight and liver weight/body
weight ratio. (D) Steatosis score. Data are mean ± standard error of the mean. For left panels in (C) and data in (D), significance
was determined by the Mann-Whitney U test. For right panels in (C), significance was determined by the Student 2-tailed t test.
**P < .01; ***P < .001. i.v., Intravenous.
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implies that Ch25h production of 25-HC may be beneficial in
human hepatocytes as well. However, the upregulation of
CYP7A1 by Ch25h in human hepatocyte, if it is, would be
independent of LXRa. Given LXR activation is both beneficial
and deleterious for various metabolic processes, Ch25h and
25-HC induction of bile acid production via LXR-
independent mechanism may provide new therapeutic
strategy for NAFLD.

Bile acids can be synthesized via the CYP7A1-regulated
classic bile acid pathway and CYP27A1-regulated alterna-
tive pathway.10 We found the hepatic mRNA and protein
levels of CYP27A1 neither significantly increased nor
decreased in Ch25h gain- and loss-of-function mouse
models (Figure 7F and 7G and Figure 4F and 4G). This result
supports that the classic bile acid pathway (predominantly
regulated by CYP7A1) accounts for the bile acid biosyn-
thesis in response to Ch25h production of 25-HC.

Cholesterol conversion to bile acids is activated by LXR,
but bile acid synthesis is inhibited by FXR via its suppres-
sion of CYP7A1.6,30 Mice receiving AAV8-Ch25h showed
Figure 5. (See previous page). Ch25h overexpression alleviat
C57BL/6J mice administered AAV8-control or AAV8-Ch25h, the
analysis of hepatic Ch25h mRNA level. (C) Hematoxylin and
Steatosis score. (E) Liver weight and liver weight/body weight ra
C levels. (H) Hepatic expression of mRNAs encoded by inflam
AAV8-control or AAV8-Ch25h-injected mice fed an HFD for 12 w
encoded by lipogenesis-related genes (SREBP1c, FASN, Cd3
oxidation related genes (Acox1, Acox2, Cpt1, Cpt2, Ascl1, Acad
(ApoB and Mttp) (K) from AAV8-control and AAV8-Ch25h injecte
mean ± standard error of the mean. For data in (D) and left pane
U test. For right panels in (E, F), and data in (G–K), significance
.01; ***P < .001. i.v., Intravenous.
increased proportion of bile acids that are ligands of FXR (ie,
CA, CDCA, LCA, DCA) in the liver and elevated FGF15 level in
the ileum. These changes should provide a negative feed-
back by the FXR–FGF15–FGFR4 pathway to inhibit CYP7A1
transcription. Intriguingly, the mRNA and protein levels of
CYP7A1 were in the opposite direction in both Ch25h gain-
and loss-of-function mice in vivo and isolated hepatocytes
(Figure 7F and 7G; Figure 4F and 4G; Figure 2A and 2C).
These discrepancies may be due to an acute feedback sup-
pression of Ch25h transcription by FXR–FGF15–FGFR4 but
a longer life of CYP7A1 protein in the mouse liver. To test
this possibility, we administered AAV8-Ch25h to C57BL/6J
mice and livers were harvested 3 days post-virus adminis-
tration. The mRNA level of CYP7A1 had already decreased,
but the protein level was increased (Figure 10).

Levels of primary bile acids (eg, CA, CDCA) and also
secondary bile acids (eg, DCA, LCA) were increased in
mouse livers with Ch25h overexpression (Figure 7A–7D).
Therefore, besides CYP7A1, intestinal bacterial flora is
involved in the increased bile acid biosynthesis regulated by
es HFD-induced fatty liver. (A) Representative liver images of
n fed an HFD for 12 weeks (n ¼ 9 mice/group). (B) RT-qPCR
eosin (H&E) and Oil-red O staining. Scale bars, 50 mm. (D)
tio. (F) Hepatic TC and TG levels. (G) Serum TC, TG, and LDL-
matory-related genes (IL-6, IL-1b, TNFa, and MCP-1) from
eeks (n ¼ 9 mice/group). (I-K) Hepatic expression of mRNAs

6, Fabp1, Fabp3, Fabp4, SCD1, and Elovl6) (I), fatty acid b-
l, Acaa1a, and Ehhadh) (J), and VLDL secretion-related genes
d mice fed an HFD for 8 weeks (n ¼ 8–9 mice/group). Data are
ls in (E, F), significance was determined by the Mann-Whitney
was determined by the Student 2-tailed t test. *P < .05, **P <



2022 Ch25h Deficiency Aggrevates NAFLD 1171
hepatic activation of the Ch25h–25-HC axis. Several studies
reported that microbiota convert primary to secondary bile
acids in the ileum via deconjugation and 7a-
dehydroxylation.31,32 Jiang et al showed that antibiotics
treatment in mice increased the level of conjugated bile
acids, which inhibited intestinal FXR signaling.33 Kim et al



Figure 7. (See previous page). Ch25h overexpression increases the synthesis and excretion of bile acids (BAs). (A)
Content of total BA (TBAs) and primary and secondary BAs in livers of AAV8-control and AAV8-Ch25h-injected mice fed an
HFD for 8 weeks (n ¼ 7 mice/group). (B) Primary BA levels. (C) Secondary BA levels. (D) Heat map summary of primary and
secondary BAs in livers of AAV8-control and AAV8-Ch25h-administered mice fed an HFD for 8 weeks (n ¼ 7 mice/group). (E)
Total BA levels in feces of AAV8-control (n ¼ 8) and AAV8-Ch25h-injected mice (n ¼ 9) fed an HFD for 8 weeks. (F) mRNA
levels of BA-related genes (CYP7A1, CYP27A1, Shp, and FGFR4) in livers from AAV8-control or AAV8-Ch25h-injected mice
fed an HFD for 8 weeks (n ¼ 9 mice/group). (G) Western blot analysis of protein levels of CYP7A1, CYP27A1, Shp, and FGFR4
in livers from AAV8-control and AAV8-Ch25h-injected mice fed an HFD for 8 weeks (n ¼ 3 mice/group). (H) Intestine mRNA
levels of FGF15 (upper panel) and ASBT (lower panel) from AAV8-control (n ¼ 8) or AAV8-Ch25h-administered mice (n ¼ 9) fed
an HFD for 8 weeks. Data are mean ± standard error of the mean. For data in (A, E, and G), panel 1, and 3–7 in (B) and (C), lower
panels in (F), and upper panels in (H), significance was determined by the Student 2-tailed t test. For panel 2, and 8–10 in (B),
panel 2 in (C), the upper panels in (F), and the lower panel in (H), significance was determined by the Mann-Whitney U test. *P <
.05; **P < .01; ***P < .001.

Figure 8. Administration of 25-HC improves HFD-induced hepatic steatosis. (A, B) Representative liver photographs (A)
and hematoxylin and eosin (H&E) and Oil-red O staining (B) of C57BL/6J mice fed an HFD for 8 weeks together with daily
intraperitoneal (i.p.) injection of 25-HC (n ¼ 6) or 0.3% ethanol as a vehicle control (n ¼ 4). Scale bars, 50 mm. (C) Steatosis
score. (D) Liver weight/body weight ratio. (E) Hepatic TC and TG levels. (F) Serum TC, TG, and high-density lipoprotein-
cholesterol (HDL-C) levels. (G, H) Hepatic mRNA levels of fatty acid b-oxidation genes (G), and VLDL secretion genes (H) from
vehicle or 25-HC injected mice fed an HFD for 8 weeks (n ¼ 4–5 mice/group). (I) Western blot analysis of ApoB protein level in
plasma VLDL fraction. The aliquots of pooled plasma from 3 mice in each group were used for VLDL isolation. The plasma
VLDL was fractionated by density gradient centrifugation (d � 1.006). (J) Hepatic mRNA levels of inflammatory-related genes
(IL-6, IL-1b, TNFa, and MCP-1) from vehicle or 25-HC–injected mice fed an HFD for 8 weeks (n ¼ 4–6 mice/group). (K) Western
blot analysis of CYP7A1 and CYP27A1 in livers from vehicle or 25-HC–injected mice fed an HFD for 8 weeks (n ¼ 3 mice/
group). Data are mean ± standard error of the mean. For (C, D, F-H, J, K) and left panel in (E), significance was determined by
the Student 2-tailed t test. For the right panel in (E), significance was determined by the Mann-Whitney U test. *P < .05;
**P < .01.

1172 Dong et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 4



Figure 9. Ch25h positively regulates CYP7A1 and CYP27A1 in cultured HepG2 cells. (A) RT-qPCR analysis of mRNA levels
of Ch25h, LXRa, CYP7A1, CYP27A1, and ABCA1 in HepG2 cells transfected with Ctrl-siRNA or Ch25h-siRNA. (B) Western
blot analysis of protein levels of Ch25h, LXRa, CYP7A1, and CYP27A1 in HepG2 cells transfected with Ctrl-siRNA or Ch25h-
siRNA. (C) qPCR analysis of mRNA levels of Ch25h, LXRa, CYP7A1, CYP27A1, and ABCA1 in HepG2 cells transfected with
pcDNA3.1 or pcDNA3.1-Ch25h. (D) Western blot analysis of Ch25h, LXRa, CYP7A1, and CYP27A1 in HepG2 cells transfected
with pcDNA3.1 or pcDNA3.1-Ch25h. Data are presented as mean ± standard error of the mean. For panels 1, 2, 4, 5 in (A) and
panels 1, 3–5 in (C), significance was determined by the Student 2-tailed t test. For panel 3 in (A) and panel 2 in (C), significance
was determined by the Mann-Whitney U test. *P < .05; **P < .01.
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demonstrated that FXR activation in the intestine is
required for short-term CYP7A1 repression in liver.30 In
agreement with these results, we found that Ch25h over-
expression in liver might activate intestinal FXR signaling
Figure 10. Ch25h overexpression regulates CYP7A1 express
of AAV8-control and AAV8-Ch25h-injected mice fed a chow die
CYP7A1 protein level in livers of AAV8-control and AAV8-Ch25h
Data are mean ± standard error of the mean. Significance for da
**P < .01.
via FGF15 induction (Figure 7H), which would suppress the
transcription of CYP7A1.

Emerging evidence showed that Ch25h also acts as an
immune regulator via its regulation of innate immunity and
ion. (A) RT-qPCR analysis of mRNA levels of CYP7A1 in livers
t for 3 days (n ¼ 6 mice/group). (B) Western blot analysis of
-injected mice fed a chow diet for 3 days (n ¼ 3 mice/group).
ta in (A) and (B) was determined by the Student 2-tailed t test.
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antiviral effect.18 Ch25h deficiency leads to IL-1 production
with ensuing inflammatory insults.26 In contrast, 25-HC
represses NLRP3 inflammasome in macrophages.18 Our
previous study showed that Ch25h–25-HC activation in
vascular endothelium and monocytes/macrophages is
athero-protective via its anti-inflammatory effect.34

Although a 12-week period of HFD feeding could not
result in obvious inflammatory cell infiltration, the levels of
inflammatory genes, such as IL-6, IL-1b, TNFa, and MCP-1
were significantly lower in livers of AAV-Ch25h or 25-HC
treated mice than in controls (Figure 5H and Figure 8J).
As such, the reduced hepatic inflammation by Ch25h over-
expression or 25-HC administration would result, in part,
from their inhibition of the SREBP-induced innate immune
response.

Therapeutic options for NAFLD are lacking. The efficacy
of several agents, such as agonists of FXR (ie, obeticholic
acid), PPARa, and PPARd agonist (ie, elafibrinor, thiazolidi-
nedione) and antagonist against CCR2 and CCR5 (ie, cen-
criviroc), has been tested in clinical trials.2,35-37 Although
these agents alleviate steatosis, unwanted effects are
evident in some individuals.2,38 Because of the significant
effect of Ch25h overexpression and exogenously adminis-
tered 25-HC in ameliorating hepatic steatosis and expres-
sion of inflammatory genes as we showed herein, drugs and
compounds that result in activation of the Ch25h–25-HC
axis might have therapeutic potential for NAFLD. The un-
derlying mechanism may involve bile acid production and
secretion, which is supported by the immensely increased
bile acid levels found in livers and feces from the Ch25h–25-
HC gain-of-function mice. This beneficial effect is reminis-
cent of using non-systemically absorbed resins in treating
NAFLD in humans. Targeting Ch25h or 25-HC might have
additional therapeutic advantages, given that 25-HC is an
endogenous cholesterol-derivative.

In summary, our results show that during the onset of
NAFLD in mice under an HFD, Ch25h suppression in the
liver blunted the CYP7A1-dependent bile-acid biosynthesis
and secretion, which worsened hepatic steatosis. In
contrast, activation of the Ch25h–25-HC axis resulted in
massive production and secretion of bile acids, which
facilitated the hepatic cholesterol homeostasis. Of note,
activation of this axis in mouse liver also changed lipid
metabolism, such as inhibition of lipogenesis, promotion of
fatty acid oxidation and VLDL secretion, and improved
glucose tolerance and insulin sensitivity.22 Thus, activation
of the Ch25h–25-HC pathway may be beneficial in restoring
metabolic homeostasis in general.
Methods
Animal Experiments

All animal protocols were approved by the Institutional
Animal Care and Use Committee of Xi’an Jiaotong University
(approval no. XJTULAC2017.581). The animals received
humane care according to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals prepared by the
National Academy of Sciences and published by the National
Institutes of Health. ob/ob mice were kindly provided by
Laboratory Animal Resources Center, Tsinghua University.
E3 rats were originated from the Section of Medical
Inflammation Research, Lund University, Sweden.23 Liver
samples were obtained from ob/ob mice aged 6 months and
with severe hepatic steatosis. Control livers were collected
from C57BL/6J mice at a corresponding age. Liver samples
were also collected from E3 rats fed an HFD (36% of total
energy as fat) for 12 weeks. Control samples were collected
from E3 rats fed a chow diet. Global Ch25h-knockout mice
(Ch25h-/-) were purchased from The Jackson Laboratory
and genotyped as described.34 The corresponding Ch25hþ/þ

(WT) littermate control mice were obtained from cross-
breeding Ch25hþ/- mice. Male mice used in this study were
housed under a 12-hour light/dark cycle, in a pathogen-free
animal facility at Xi’an Jiaotong University. Mice were
maintained on a standard rodent chow or an HFD
(D12109C, Research Diets) for 8 weeks and water ad
libitum.

Three mouse models were used in this study. In the first
model, C57BL/6J male mice aged 8 weeks were injected
with AAV8-GFP (AAV8-control) or AAV8-Ch25h vectors via
the tail vein (2 � 1011 vg/mouse), then fed an HFD for 12
weeks. In the second model, C57BL/6J mice were fed an
HFD for 16 weeks and at the eighth week, were injected
with AAV8-Ch25h or AAV8-control via the tail vein (2 �
1011 vg/mouse). In the third model, C57BL/6J male mice (8-
week-old) fed an HFD for 8 weeks together with daily
intraperitoneal injection of 25-HC (50 mg/kg) or 0.3%
ethanol as a vehicle control.

Histology Analysis
Liver samples were fixed in 10% formaldehyde for 24

hours, and then processed for embedding in paraffin. Sec-
tions (4-mm thick) were cut and stained with hematoxylin
and eosin. Frozen sections of liver (5-mm thick) were
stained with 0.5% Oil-red O for visualizing hepatic fat, then
counterstained with hematoxylin. Histology and image
processing were carried out using a Leica DMRE microscope
equipped with Spot digital image analysis software and a
camera.

Hepatic and Plasma Lipid Measurements
Liver samples were homogenized for extraction of lipids

by the chloroform/methanol method. Hepatic TC and TG
levels were determined by using the manufacturer’s man-
uals (Nanjing Jiancheng Biotechnological Co). Blood was
obtained from retro-orbital veins and serum was used for
TC, TG, LDL-C, and high-density lipoprotein cholesterol de-
terminations as above.

VLDL-TG Secretion
VLDL secretion in WT and Ch25h-/- mice (8 weeks old)

was measured according to method previously described.39

Briefly, the mice were fasted for 8 hours and then injected
with Tyloxapol (Triton WR-1339, 500 mg/kg in PBS)
(Sigma) via tail veins. Fifty ml of blood were collected from
the retro-orbital plexus in heparinized tubes at the indicate
time points and measured for plasma TG.
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Isolation of Plasma VLDL Fraction
Plasma VLDL fraction was isolated as previously

described.39 Briefly, the aliquots of pooled plasma from 3
mice in each group were used for VLDL isolation. One
hundred mL plasma were diluted 1:30 with 2.9 mL PBS.
Next, 1.2 mL iodixanol was added to 2.75 mL mixture to
obtain 15% concentration of iodixanol (D1556, Sigma). The
final mixture was subjected to ultracentrifugation at
100,000 g for 90 minutes at room temperature in Optima L-
100 XP Ultracentrifuge (Beckman, TYPE 100ti rotor). VLDL
fraction was found on the top fraction with density less than
1.006.

Bile Acid Analyses
Liver and fecal samples were extracted with 50:50

methanol/H2O and 5% ammonium hydroxide in acetoni-
trile. Total bile acids were measured by using the manu-
facturer’s manuals (Nanjing Jiancheng Biotechnological Co).
Quantification of specific bile acids in liver and ileum
involved a Waters Acquity H-Class UPLC system with a
Waters Acquity BEH C18 column (2.1 � 100 mm) coupled
to a Waters Xevo TQ-S.

Isolation and Culture of Primary Hepatocyte
Mouse primary hepatocytes were collected from 8 week-

old WT mice and Ch25h-/- mice according to the method
previously described.40 For overexpression of Ch25h, WT
mice were injected with AAV8-GFP or AAV8-Ch25h via the
tail vein (2 � 1011 vg/mouse) for 3 days. Cells were plated
for 4 hours to permit adhesion in Dulbecco’s Modified Ea-
gle’s Medium containing 10% fetal bovine serum. The cul-
tures were then washed to remove dead or unattached cells.
Thereafter, primary hepatocytes were treated with LXR
antagonist (GSK2033, SML1617, Sigma-Aldrich) for 24
hours.

Cell Lines and Treatments
HepG2 cells were cultured in Dulbecco’s Modified Eagle’s

Medium containing 10% fetal bovine serum, 100 units/ml
penicillin, and 100 units/ml streptomycin at 5% CO2 and
37 �C. siRNA for human Ch25h (50-CCUUCCACGUGGUCAA
CAUTT-30, 50-AUGUUGACCACGUGGAAGGTT-30) and scram-
bled siRNA (50-UUCUCCGAACGUGUCACGUTT-30,
50-ACGUGACACGUUCGGAGAATT-30) were designed and
synthesized by GenePharma. pcDNA3.1-Ch25h was con-
structed by WZ Biosciences Inc (Jinan, China). For Ch25h
knockdown, HepG2 cells were deprived of serum over-
night and transfected with control siRNA or Ch25h siRNA
for 24 hours. For Ch25h overexpression, HepG2 cells were
transfected pcDNA3.1-Ch25h for 24 hours.

RNA-sequencing (RNA-Seq)
Total RNA was extracted from liver tissues. RNA integ-

rity was assessed by using an RNA Nano 6000 Assay Kit and
an Agilent Bioanalyzer 2100 system (Agilent Technologies).
The mRNA was purified from total RNA by using poly-T
oligo-attached magnetic beads. RNA libraries were
generated by using a NEBNext Ultra RNA Library Prep Kit
(NEB) following the Illumina manufacturer’s recommenda-
tions. Library quality was assessed on an Agilent Bio-
analyzer 2100 system. Clustering of the index-coded
samples was performed by using a cBot Cluster Generation
System with a TruSeq PE Cluster Kit v4-cBot-HS (Illumina)
according to the manufacturer’s instructions. Libraries were
then sequenced on an Illumina NovaSeq 6000 platform
(Illumina).

Functional Enrichment Analysis
The gene counts obtained from RNA-Seq were screened

by using the R package DESseq2 to screen DEGs between
WT and Ch25h�/� mice under an HFD or chow diet (P <
.05; logFC > 0.5) for further pathway analysis. The
Morpheus online tool was used to plot a heat map (https://
software.broadinstitute.org/morpheus/). The Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
v6.8 (41,42) was used for GO biological process analysis of
DEGs. KEGG pathway database (https://www.genome.jp/
kegg/pathway.html) was used as reference for the
pathway map.

qPCR and Immunoblotting
Total RNA was extracted from mouse and rat livers or

HepG2 cells by using TRIzol reagent (Invitrogen). Reverse
transcription was conducted with 1 mg total RNA with
HiScript QRT SuperMix (Vazyme). qPCR was carried out in
triplicate for the amplification of specific genes and
normalized by comparison with b-actin. Each PCR reaction
consisting of forward and reverse primers and SYBR Green
PCR Master Mix was performed by using an ABI 7500 sys-
tem (Applied Biosystems). The generation of specific PCR
products was confirmed by melting curve analysis, and
relative gene expression changes were measured by the
comparative Ct method, X ¼ 2-DDCt. qPCR primers are shown
in Table 1. For immunoblotting, liver or HepG2 cell proteins
were extracted by using the RIPA kit (Beyotime). Protein
samples 50 mg were subjected to 10% SDS-PAGE, trans-
ferred to PVDF membrane, and immunoblotted by using the
antibodies for Ch25h (sc-293256, Santa Cruz Biotech-
nology), LXRa) (sc-271064, Santa Cruz Biotechnology),
(CYP7A1 (ab79847, Abcam), CYP27A1 (ab126785, Abcam),
Shp (ab32559, Abcam), and FGFR4 (ab178396, Abcam).
Antibodies for b-actin (sc-47778, Santa Cruz Biotechnology),
GAPDH (#2118S, CST), or a-tubulin (AF7010, AFFINITY)
were loading controls. Detection of apoB100/48
(MA535458, Thermo Fisher) by Western blot was carried
out in VLDL fractions isolated from aliquots of pooled
plasma (n ¼ 3 mice/group). Fifteen mL of VLDL fraction
were subjected to Western blot for ApoB protein expression.
The protein bands were visualized by enhanced chem-
iluminescence (ECL; Millipore).

Statistical Analysis
All statistical analyses were performed using SPSS

version 26.0. Initially, the data sets were analyzed for
normality using the Shapiro-Wilk test (P > .05) and equal

https://software.broadinstitute.org/morpheus/
https://software.broadinstitute.org/morpheus/
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html


Table 1.Primers Used for RT-qPCR

Name Species Sequence

Ch25h Mus musculus Forward: TTAACATCTGGCTGTCGGTG
Reverse: AGAGTGCCCAGCATTTTGTC

LXRa Mus musculus Forward: TCTGGAGACATCTCGGAGGTA
Reverse: GGCCCTGGAGAACTCGAAG

CYP7A1 Mus musculus Forward: AACTGGAGCTTGTAGAGAGC
Reverse: CGTTACATCATCCAGTGTCC

CYP27A1 Mus musculus Forward: GATCCTACATCCATTCGGCT
Reverse: CTCATACTTCTGTACCAGCC

SREBP1 Mus musculus Forward: GCAGCCACCATCTAGCCTG
Reverse: CAGCAGTGAGTCTGCCTTGAT

SREBP2 Mus musculus Forward: GCTGTGAGGATGAAGGCAAG
Reverse: GCTTGGACCGTGGATTTACC

IL-6 Mus musculus Forward: CGGCCTTCCCTACTTCACAA
Reverse: TTCTGCAAGTGCATCATCGT

IL-1b Mus musculus Forward: ATGAGAGCATCCAGCTTCAA
Reverse: TGAAGGAAAAGAAGGTGCTC

TNFa Mus musculus Forward: TGAGCACAGAAAGCATGATCC
Reverse: GCCATTTGGGAACTTCTCATC

MCP-1 Mus musculus Forward: AGATGCAGTTAACGCCCCAC
Reverse: CCCATTCCTTCTTGGGGTCA

Shp Mus musculus Forward: TCTGCAGGTCGTCCGACTATTC
Reverse: AGGCAGTGGCTGTGAGATGC

FGFR4 Mus musculus Forward: TTGGCCCTGTTGAGCATCTTT
Reverse: GCCCTCTTTGTACCAGTGACG

FGF15 Mus musculus Forward: GCCATCAAGGACGTCAGCA
Reverse: CTTCCTCCGAGTAGCGAATCAG

ASBT Mus musculus Forward: TGATGTTTTCTATGGGGTGCAAT
Reverse: TGAGAGGCATGATTCCAAACTG

FASN Mus musculus Forward: GGCCCCTCTGTTAATTGGCT
Reverse: GGATCTCAGGGTTGGGGTTG

Cd36 Mus musculus Forward: AGATGACGTGGCAAAGAACAG
Reverse: CCTTGGCTAGATAACGAACTCTG

Fabp1 Mus musculus Forward: ATGAACTTCTCCGGCAAGTACC
Reverse: CTGACACCCCCTTGATGTCC

Fabp3 Mus musculus Forward: ACCTGGAAGCTAGTGGACAG
Reverse: TGATGGTAGTAGGCTTGGTCAT

Fabp4 Mus musculus Forward: AAGGTGAAGAGCATCATAACCCT
Reverse: TCACGCCTTTCATAACACATTCC

SCD1 Mus musculus Forward: CCTCCGGAAATGAACGAGAG
Reverse: CATCCTGATAGGTGGGGTCG

Elovl6 Mus musculus Forward: GAAAAGCAGTTCAACGAGAACG
Reverse: AGATGCCGACCACCAAAGATA

Acox1 Mus musculus Forward: GCCAAGGCGACCTGAGTGAGC
Reverse: ACCGCAAGCCATCCGACATTC

Acox2 Mus musculus Forward: ACGGTCCTGAACGCATTTATG
Reverse: TTGGCCCCATTTAGCAATCTG

Cpt1 Mus musculus Forward: GAACACAAATGTGCAAGCAGC
Reverse: GCCATGACCGGCTTGATCTC

Cpt2 Mus musculus Forward: CAGCACAGCATCGTACCCA
Reverse: TCCCAATGCCGTTCTCAAAAT

Ascl1 Mus musculus Forward: CGATGGCTGTTGGACTTTGC
Reverse: CACCCAGGCTCGACTGTATC

Acadl Mus musculus Forward: TCTTTTCCTCGGAGCATGACA
Reverse: GACCTCTCTACTCACTTCTCCAG

Acaa1a Mus musculus Forward: AGGCTTCAAGAACACCACCC
Reverse: GGCTCCTGGCTCAAGAACAT
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Table 1.Continued

Name Species Sequence

Ehhadh Mus musculus Forward: CGGTCAATGCCATCAGTCCAA
Reverse: TGCTCCACAGATCACTATGGC

ApoB Mus musculus Forward: GCTCAACTCAGGTTACCGTGA
Reverse: AGGGTGTACTGGCAAGTTTGG

Mttp Mus musculus Forward: ATACAAGCTCACGTACTCCACT
Reverse: TCTCTGTTGACCCGCATTTTC

b-actin Mus musculus Forward: CATCCGTAAAGACCTCTATGCCAAC
Reverse: ATGGAGCCACCGATCCACA

Ch25h Rattus norvegicus Forward: GACCTGCATCACTCTCAGTT
Reverse: TACAGTACATTGCTCTCCGG

LXRa Rattus norvegicus Forward: ACAACCCTGGGAGTGAGAG
Reverse: TAGCATCCGTGGGAACAT

CYP7A1 Rattus norvegicus Forward: CTGATGCTCTCCTGCTTTGA
Reverse: CTTCCAACCACGTATCAGTG

CYP27A1 Rattus norvegicus Forward: AGTATGAGGTGGTCCTGTCT
Reverse: CAGCTTGGTACTACTGTCTC

b-actin Rattus norvegicus Forward: CTTCTTGCAGCTCCTCCGTC
Reverse: CCTTCTGACCCATACCCACC

Ch25h Homo sapiens Forward: ACATGGAGTTCTTCGTGTGG
Reverse: CCCAGACGCTCATATACTGC

LXRa Homo sapiens Forward: TCTGGAGACATCTCGGAGGTA
Reverse: GGCCCTGGAGAACTCGAAG

CYP7A1 Homo sapiens Forward: TCCAGAAATCTACCCAGACC
Reverse: GGCCCTCTATAAGCTCCAAT

CYP27A1 Homo sapiens Forward: GACATCCAACACGCTGACAT
Reverse: AGTGGCAGAACACAAACTGG

ABCA1 Homo sapiens Forward: AACTCTACATCTCCCTTCCCG
Reverse: CTCCTGTCGCATGTCACTCC

b-actin Homo sapiens Forward: CATGTACGTTGCTATCCAGGC
Reverse: CTCCTTAATGTCACGCACGAT

ASBT, Apical sodium-dependent bile acid transporter; Ch25h, cholesterol 25-hydroxylase; CYP7A1, cytochrome P450 7A1;
FGF15, fibroblast growth factor 15; IL, interleukin; LXRa, liver X receptor a; MCP-1, monocyte chemoattractant protein 1; Shp,
small heterodimer partner; TNFa, tumor necrosis factor a.
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variance using the F test (P > .05). For data with normal
distribution, the 2-tailed Student t test was used to compare
2 groups and 1-way analysis of variance with Bonferroni
post-hoc test for multiple groups. For non-normally
distributed data, the Mann-Whitney U test was used to
compare 2 groups and Kruskal-Wallis with Dunn post hoc
test for multiple groups. Data are expressed as mean ±
standard error of the mean, and differences were consid-
ered statistically significant at P < .05, whereas P < .01 and
P < .001 represent more significant change.
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