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hepatic lipid regulation. IL22RA1 is downregulated in palmitic acid-treated
mouse primary hepatocytes, as well as in the livers of NAFLD model mice
and patients. Hepatocyte-specific //22ra1 knockout mice display diet-induced
hepatic steatosis, insulin resistance, impaired glucose tolerance, increased
inflammation, and fibrosis compared with flox/flox mice. This is attributed to
increased lipogenesis mediated by the accumulation of hepatic oxysterols,
particularly 3 beta-hydroxy-5-cholestenoic acid (3¢ HCA). Mechanistically,
hepatic IL22RA1 deficiency facilitates 3 HCA deposition through the acti-
vating transcription factor 3/oxysterol 7 alpha-hydroxylase axis. Notably, 3
HCA facilitates lipogenesis in mouse primary hepatocytes and human liver
organoids by activating liver X receptor-alpha signaling, but IL-22 treatment
attenuates this effect. Additionally, restoring oxysterol 7 alpha-hydroxylase
or silencing hepatic activating transcription factor 3 reduces both hepatic 3
HCA and lipid contents in hepatocyte-specific //22ra1 knockout mice.

Conclusions: These findings indicate that IL22RA1 plays a crucial role in
maintaining hepatic lipid homeostasis in an activating transcription factor
3/oxysterol 7 alpha-hydroxylase-dependent manner and establish a link

INTRODUCTION

Increased obesity drives global NAFLD prevalence.!"!
NAFLD comprises 2 stages: NAFLD characterized by
excessive lipid accumulation and NASH indicating
disease progression.l' Regulating hepatic lipids
involves intricate processes like fatty acid uptake, de
novo lipogenesis (DNL), and lipid oxidation. DNL, a
tightly controlled process converting carbohydrates into
fatty acids, relies on insulin signaling and key transcrip-
tion factors like sterol regulatory element binding protein
1c and Liver X receptors (LXRs).[®l Sterol regulatory
element binding protein 1c activates enzymes such as
fatty acid synthase (Fasn) and stearoyl-CoA desaturase
1 (Scd?) in DNL.B! In conditions like obesity,
uncontrollable DNL leads to excessive triglyceride
accumulation.®! Consequently, modulating hepatic lipo-
genesis shows potential for NAFLD treatment.!

IL-22, a secretory protein produced by innate lymph-
oid cells,®! offers tissue repair benefits!® and protects
against NAFLD by preventing hepatocyte apoptosis,
modulating lipid metabolism, and enhancing insulin
sensitivity.®! These effects involve signal transducer
and activator of transcription 3 (STAT3) and protein
kinase B pathways.!>7 8! |L-22 signals through binding to
a receptor complex comprising IL-22 receptor alpha 1
(IL22RA1) subunit, and an IL-10 receptor beta subunit.!
IL22RA1, the functional receptor of IL-22, is exclusively
expressed in metabolic tissues like the liver, pancreas,
and intestine.®! IL22RA1 also pairs with IL20R2 to form

between 33 HCA and hepatic lipid homeostasis.

the receptor for IL-20 and IL-24.51 While only IL-22
activates STAT3 in hepatocytes, IL-20 and IL-24 have
minimal impact on metabolic disorders.[”] Targeting the
IL-22/IL22RA1 pathway shows promise for NAFLD
treatment due to its tissue-protective and metabolic
effects, without affecting the immune system.! Under-
standing the exact function of IL22RA1 in hepatocytes
and its role in NAFLD requires further exploration.

Oxysterols are crucial for metabolic regulation and
possess therapeutic potential. They are bioactive lipids
produced from cholesterol through specific reactions.["]
These compounds impact immune, inflammatory pro-
cesses, and metabolic syndrome. An imbalance in
oxysterols due to disruptions in cholesterol homeostasis
can harm metabolic homeostasis.'” For instance,
systemic administration or hepatic accumulation of 17-
hydroxyprogesterone, an intermediate steroid formed
during the conversion of cholesterol to cortisol, causes
hyperglycemia and insulin resistance in mice.['"! Con-
versely, elevated 25-hydroxycholesterol levels alleviate
hepatic steatosis.['?l Despite their importance in meta-
bolic diseases, the specific connections between
endogenous oxysterols and hepatic lipid metabolism
are not fully understood.

Here, we investigated the role of IL-22/IL22RA1 in
hepatocytes during NAFLD progression using multiple
mouse models. We demonstrated that IL22RA1 expres-
sion decreased in obesity-related fatty livers both in
murine models and humans, as well as in palmitic
acid-treated mouse primary hepatocytes (MPHSs).
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Hepatocyte-specific  /[22ra1-knockout (HKO) mice
exhibited aggravated hepatic steatosis on high-fat diet
(HFD) and high fructose high cholesterol (HFHC) diets.
Mechanistically, IL22RA1 deficiency in hepatocytes
exacerbates hepatic steatosis through 3 beta-hydroxy-
5-cholestenoic acid (3 HCA)-mediated lipogenesis,
involving activating transcription factor 3 (ATF3)/oxy-
sterol 7 alpha-hydroxylase (CYP7B1) axis. These
findings highlight the pro-lipogenic effects of 3p HCA
and emphasize the role of hepatocyte IL22RA1 in
NAFLD progression.

METHODS
Human liver tissues

Human liver samples (excluding those with steatosis
caused by alcohol, hepatitis virus, drug use, or toxins)
were obtained from Capital Medical University Affiliated
Beijing Shijitan Hospital (Ethics approval number:
sjtky11-1x-2022[098]), with written informed consent
collected from all individuals. Clinical characteristics are
provided in Supplemental Table S1, http://links.lww.
com/HEP/I534. The study followed the ethical guide-
lines outlined in the 1975 Declaration of Helsinki and
was approved by the Ethics Committee of Capital
Medical University Affiliated Beijing Shijitan Hospital.

Generation of hepatocyte-specific //122ra1
knockout mice

HKO mice were generated by introducing loxP sites into
I122ra1 exon 2 using CRISPR/Cas9 and Cre-loxP
technology. Two sgRNAs targeted the exon, enabling
loxP insertion through homologous recombination. This
involved injecting sgRNAs, oligo donors, and Cas9
mRNA into C57BL/6J zygotes (GemPharmatech, Nanj-
ing, China). A founder mouse was bred with a C57BL/6J
mouse to establish //22ra1-flox mice. Crossing these
mice with Alb-Cre transgenic mice to produce HKO
mice, with l[22ra1-flox littermates as controls. PCR,
DNA sequencing, and gPCR validated exon deletion,
with genotyping primers listed in Supplemental Table
S2, http://links.lww.com/HEP/I534.

Public RNA-sequencing data and single-
nucleus RNA-sequencing data analysis

The single-nucleus RNA-sequencing (RNA-seq) data
was retrieved from the GEO database: Hepatocytes
demarcated by EphB2 contribute to the progression of
NASH (GSE189600).['s! This analysis was performed
using 3 normal human livers and 3 NASH human livers.
The RNA-seq data was obtained from the GEO

database: Transcriptomic profiling across the spectrum
of NAFLD (GSE135251).['Yl These data comprise 206
snap-frozen biopsy samples from 206 patients diag-
nosed with NAFLD.

Other methods

The following methods are described in the Supporting
Information, including animal experiments, adeno-asso-
ciated virus (AAV)-mediated and adenovirus-mediated
gene manipulation, hepatic and serum biochemical
assays, histological analyses, glucose and insulin
tolerance tests, luciferase reporter assay, RNA isola-
tion, reverse transcription-qPCR, RNA-seq, western
blotting, immunofluorescence staining, primary hepato-
cyte isolation, cell culture, enzyme-linked immuno-
sorbent assay, bile acid quantification, oxysterol anal-
ysis, chromatin immunoprecipitation, Biacore assays,
and human liver organoids generation.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism software (version 8.2.1; GraphPad Software Inc.,
La Jolla, CA). Data are presented as mean (SEM). A
two-tailed, unpaired Student f-test was employed for
comparisons between 2 groups, and one-way ANOVA
was used for comparisons among 3 groups. Significant
differences are indicated as *p < 0.05, **p < 0.01, ***p
<0.001.

RESULTS

IL-22 overexpression protects against HFD-
induced hepatic steatosis

To assess the impact of AAV-mediated IL-22 over-
expression on hepatic steatosis, 7-week-old C57BL/6J
mice were fed an HFD for 8 weeks and then administered
tail vein injections of AAV-IL-22 or AAV-green fluorescent
protein (GFP) (Figure 1A). ELISA validated increased
serum IL-22 levels in AAV-IL-22 mice (Figure 1B). While
body weights remained similar between groups
(Figure 1C), IL-22-overexpressing mice exhibited
reduced liver weights (Figure 1D and E), liver-to-body
weight ratios (Figure 1F), and milder hepatic steatosis,
indicated by lower liver triglyceride (TG) levels (Figure 1G)
compared to controls. Oil Red O and hematoxylin and
eosin staining of liver sections corroborated decreased
lipid accumulation in AAV-IL-22 mice (hematoxylin and
eosin [H&E]; Figure 11). IL-22 overexpression significantly
lowered the expression of lipogenic genes, as confirmed
using quantitatve PCR (gPCR) and western blots
(Figure 1J and K). However, the difference in fatty acid—
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FIGURE 1 IL-22 overexpression protects against HFD-induced hepatic steatosis. Mice were fed a high-fat diet for 8 weeks and then i.v.

injected with adeno-associated virus expressing interleukin-22 (AAV-IL-22 or AAV-green fluorescent protein (AAV-GFP). They were subsequently
subjected to a high-fat diet for another 8 weeks. (A) Schematic diagram illustrating the study design for AAV-mediated IL-22 overexpression in
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C57BL/6J mice. (B) Measurement of serum IL-22 levels after IL-22 overexpression. (C) Body weights of the mice (n = 7). (D) Representative
photographs of the livers in mice (n = 7). (E, F) Liver weight (E) and liver-to-body weight ratio (n = 6-7) (F). (G, H) Hepatic TG content (G) and
serum TG levels (H) (n = 6-7). (I) Representative photomicrographs of Oil Red O (upper panel) and H&E (lower panel) stained liver sections from
mice in the indicated groups. Scale bar, 100 ym (n = 6-7). (J) Relative mRNA levels of genes associated with fatty acid synthesis and oxidation
(n = 3). (K) Western blots analysis of lipogenic genes in the livers (n = 3). (L, M) Serum levels of ALT (L) and AST (M) (n = 6). (N) gPCR analysis
of genes associated with inflammation and fibrosis (n = 6). (O, P) Insulin tolerance test (O) and glucose tolerance test (P) were conducted 8
weeks after the AAV injection. (Q) Fasting serum insulin levels in mice (n = 6-7). Data are presented as mean + SEM. For (B), (E), (F-H), (J),
(L-N), (Q), and statistical analysis of AUC in (O) and (P), significance was determined using the Student two-tailed t-test. For (O, left panel),
significance was determined using two-way ANOVA. Abbreviations: AAV, adeno-associated virus; GFP, green fluorescent protein; H&E, hem-
atoxylin and eosin; HFD, high-fat diet; Srebf1, sterol regulatory element binding transcription factor 1; TG, triglyceride.

oxidation gene expression between these 2 groups was
insignificant (Figure 1J). Additionally, liver injury marker,
serum ALT (Figure 1L), AST Figure 1M, and TG levels
(Figure 1H) were substantially decreased in HFD-fed
AAV-IL-22 mice. IL-22 overexpression also correlated with
decreased expression of genes involved in inflammation
and fibrosis (Figure 1N). Lp. insulin tolerance test
indicated enhanced insulin sensitivity in AAV-IL-22 mice
compared to controls (Figure 10), though fasting serum
insulin levels and glucose tolerance did not significantly
differ between groups (Figure 1Q and P). These data
demonstrated that IL-22 alleviated HFD-induced NAFLD
progression.

Similarly, under chow diet (CD) conditions,
AAV-IL-22 mice exhibited lower hepatic TG than
controls (Supplemental Fig. S1E, http://links.lww.com/
HEP/1535). Oil Red O and H&E staining of the liver
sections confirmed this reduction (Supplemental Fig.
S1D, http://links.lww.com/HEP/1535). AAV-IL-22 mice
exhibited decreased serum ALT levels and slightly
improved insulin sensitivity relative to controls (Supple-
mental Fig. S1G and J, http://links.lww.com/HEP/I535).
However, liver weights (Supplemental Fig. S1B, http://
links.lww.com/HEP/1535), liver-to-body weight ratio
(Supplemental Fig. S1C, http:/links.lww.com/HEP/
I1535), body weights (Supplemental Fig. S1l, http:/
links.lww.com/HEP/1535), AST (Supplemental Fig.
S1H, http://links.lww.com/HEP/I535), serum TG levels
(Supplemental Fig. S1F, http:/links.lww.com/HEP/
1535), and glucose tolerance were comparable between
the 2 groups (Supplemental Fig. S1K, http:/links.lww.
com/HEP/I535). These findings suggest that IL-22 also
reduces hepatic TG content in mice fed a CD that
mimics physiological status.

IL22RA1 expression is decreased in fatty
liver and PA-treated mouse primary
hepatocytes

We explored the endogenous role of IL22RA1 by
assessing its expression in 3 NAFLD mouse models.
Western blot analysis of the liver samples revealed
downregulation of IL22RA1 protein levels in HFD, db/
db, and ob/ob mice compared to normal controls
(Figure 2A—C). Experiments using palmitic acid-treated

MPHs also showed a gradual reduction in IL22RA1
expression with increasing palmitic acid concentrations
(Figure 2D). Additionally, reduced IL22RA1 protein levels
were observed in HFHC diet-induced NASH mice and
patients with NAFLD compared to healthy individuals
(Figure 2E and F). Single-nucleus RNA-seq revealed
enriched IL22RA1 mRNA expression in hepatocytes
compared to nonparenchymal liver cells in human liver
samples (Figure 2G),["® a finding validated through qPCR
analysis in mouse hepatocytes (Figure 2H).

Hepatocyte-specific IL22RA1 deficiency
exacerbates HFD-induced hepatic
steatosis and HFHC-induced NASH

To study the impact of IL22RA1 on liver lipid metabo-
lism, we analyzed mice with HKO (Supplemental Fig.
S2A, http://links.lww.com/HEP/I536). qPCR, western
blotting, and immunofluorescence staining of liver tissue
demonstrated knockout of IL22RA1 in the liver of HKO
mice without affecting other tissues (Supplemental Fig.
S2B-D, http://links.lww.com/HEP/1536). Primary hepa-
tocytes from HKO mice did not show elevated phosphor
(p)-STATS3 levels following IL-22 stimulation, indicating
effective IL22RA1 knockout (Supplemental Fig. S2E,
http://links.lww.com/HEP/I536). Although liver weights
(Supplemental Fig. S2G, http://links.lww.com/HEP/
1536), liver-to-body weight ratios (Supplemental Fig.
S2H, http://links.lww.com/HEP/I536), serum TG levels
(Supplemental Fig. S2M, http://links.lww.com/HEP/
1536), and body weights were similar between the flox/
flox and HKO littermates fed a CD (Supplemental Fig.
S2N, http://links.lww.com/HEP/I1536), the HKO mice
showed a trend towards more severe hepatic steatosis,
as evidenced by slightly higher TG content and lipid
accumulation in the liver (Supplemental Fig. S21 and L,
http://links.lww.com/HEP/1536). Moreover, HKO mice
had higher serum ALT and AST levels (Supplemental
Fig. S2J and K, http://links.lww.com/HEP/1536), slightly
impaired glucose tolerance (Supplemental Fig. S20,
http://links.lww.com/HEP/I536), and insulin tolerance
(Supplemental Fig. S2P, http://links.lww.com/HEP/
1536) compared to controls, suggesting that hepatic
IL22RA1 deficiency contributes to TG accumulation,
even under CD-fed conditions.
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When fed an HFD to induce steatosis, HKO mice
showed increased weight gain after 4 weeks of feeding
compared to controls. By the seventh week of HFD,
body weight became more pronounced, peeking by the
eighth week (Supplemental Fig. S3A, http:/links.lww.
com/HEP/I537). Under HFD conditions, HKO mice
exhibited higher liver weights (Figure 3A and B), liver-
to-body weight ratio (Figure 3C), and liver TG content
than flox/flox mice (Figure 3D). Hepatic TG
accumulation in HKO mice was confirmed using Oil
Red O staining and H&E staining (Figure 3G). However,
the serum TG levels were comparable between the 2
groups (Supplemental Fig. S3B, http:/links.lww.com/
HEP/1537). The expression of lipogenic genes was
significantly elevated in the liver of HKO mice
(Figure 3H and 1), while fatty acid beta-oxidation gene
expression was comparable between the 2 groups
(Figure 3H), consistent with minimal changes in
metabolic rates (Supplemental Fig. S3C-H, http://
links.lww.com/HEP/1537). Corresponding with elevated
steatosis, serum ALT and AST levels were significantly
increased in HKO mice (Figure 3E and F), indicating

enhanced liver damage. Despite elevated hepatic
steatosis, significant fibrosis did not occur with an HFD
alone.['sl However, HKO mice exhibited increased
inflammation and fibrosis gene expression in the liver
relative to controls, as identified through RNA-seq and
gPCR (Supplemental Fig. S3I and J, http:/links.lww.
com/HEP/I537). IL22RA1 deficiency exacerbated insu-
lin resistance and glucose intolerance (Supplemental
Fig. S3K and L, http://links.lww.com/HEP/1537), as
shown by i.p. insulin tolerance test and i.p. glucose
tolerance test. Increased insulin resistance led to higher
fasting serum insulin levels in HKO mice compared to
controls (Supplemental Fig. S3M, http://links.lww.com/
HEP/1537). Collectively, these results indicate that
IL22RA1 deficiency in hepatocytes exacerbates diet-
induced steatosis and disrupts glucose homeostasis.
We further investigated the role of hepatocyte IL22RA1
in HFHC diet-induced NASH. Following HFHC diet feeding,
HKO mice exhibited comparable body weights but slightly
higher liver weights (Supplemental Fig. S3N and O, http://
links.mww.com/HEP/1537), and liver-to-body weight ratio
than controls (Figure 3K). HKO mice displayed
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FIGURE 3 Hepatocyte-specific IL22RA1 deficiency exacerbates HFD-induced hepatic steatosis and HFHC-induced NASH. (A-I) Flox/flox
and HKO mice were fed a high-fat diet starting at 8 weeks of age for 8 weeks. (A) Representative images of the livers (n = 9). (B, C) Liver

weight (B) and liver-to-body weight ratio (C) (n

8-9). (D) Hepatic TG content. (E, F) Serum ALT (E), and AST levels (F) (n = 8-9).
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(G) Representative images of Oil Red O (upper panel) and H&E (lower panel) stained liver sections (n = 9). Scale bar, 100 ym. (H) mRNA
levels of genes involved in fatty acid synthesis and oxidation (n = 6). (I) Western blots analysis of lipogenic genes (n = 3). (J-T) Flox/flox and
HKO mice were fed an HFHC diet starting at the age of 8 weeks for 28 weeks. (J) H&E, Oil Red O, Sirius red, Masson, and F4/80 staining of
liver sections (n = 6). Scale bar, 100 ym. (K) Liver-to-body weight ratio (n = 6). (L) Hepatic TG contents (n = 6). (M-O) Quantification of
Sirius red staining (M), Masson staining (N), and F4/80 staining (O) (n = 6). (P) The heatmap displayed genes linked to fibrosis and
inflammation in the livers of flox/flox and HKO mice that were fed an HFHC diet, as identified through RNA sequencing. (Q) Relative mRNA
levels of genes related to fibrosis and inflammation (n = 6). (R-T) Serum ALT (R), AST (S), and TG (T) levels (n = 6). Data are presented as
mean = SEM. For (B—F), (H), (K-0O), and (Q-T), significance was determined using the Student two-tailed t-test. Abbreviations: HFD, high-fat
diet; HFHC, high fructose and high cholesterol; HKO, hepatocyte-specific //22ra1 knockout; Srebf1, sterol regulatory element binding tran-

scription factor 1; TG, triglyceride.

aggravated liver steatosis, evidenced by H&E staining, Oil
Red O staining (Figure 3J), and increased hepatic TG
contents (Figure 3L). Mice with IL22RA1-deficient
hepatocytes demonstrated elevated collagen deposition,
as evidenced by Sirius red staining (Figure 3J), Masson
staining (Figure 3J), along with higher mRNA expression
levels of fibrogenesis-related genes in the liver compared to
flox/flox mice (Figure 3P and Q), indicating escalated liver
fibrosis. Inflammatory responses, as revealed by the F4/80
immunohistochemistry of liver section (Figure 3J), and
mMRNA expression levels of inflammation-related genes
in the liver (Figure 3P and Q), were higher in HKO mice
than controls. Serum ALT and AST levels were notably
elevated in HKO mice compared to flox/flox mice
(Figure 3R and S), while serum TG levels remained
unaltered (Figure 3T). These findings suggest that the
absence of IL22RA1 in hepatocytes contributed to NASH
development.

IL-22 overexpression induces while hepatic
IL22RA1 deficiency reduces CYP7B1
expression in the liver

Having determined that IL-22 overexpression alleviated
steatosis, whereas hepatocyte-specific IL22RA1 defi-
ciency aggravated it, we delved into the molecular
mechanism of the IL-22/IL22RA1 signaling in regulating
hepatic lipid. To achieve this, we performed RNA-seq
using liver tissues from multiple animal models: AAV-IL-
22-mice and AAV-GFP mice on CD or HFD, and HFD-
fed HKO and flox/flox mice. We conducted GO analysis
on differentially expressed genes between the following
pairs: CD-fed AAV-IL-22 and AAV-GFP; HFD-fed AAV-
IL-22 and AAV-GFP; and HFD-fed HKO and flox/flox
mice. In the three pairs, the lipid metabolic process
emerged as the most enriched biological process
(Figure 4A-C). We identified 12, 71, and 77
differentially expressed genes related to lipid
metabolic across these pairs. Notably, Cyp7b1, which
encodes oxysterol 7 alpha-hydroxylase, a key enzyme
in the alternate pathway in bile acid synthesis,['®!
emerged as a common gene (Figure 4D).
Subsequently, we validated the expression of CYP7B1
in different animal models. In AAV-IL-22 mice on CD or
HFD, both protein and mRNA levels of CYP7B1 increased
in the liver (Figure 4E—H), aligning with RNA-seq results.

However, genes encoding other bile acid synthesis
enzymes like Cyp8b1 and Cyp27a1!'% remained largely
unaffected, except for elevated Cyp7a? mRNA levels in
the HFD-fed mice (Figure 4F). Conversely, hepatic
IL22RA1-deficient mice exhibited decreased CYP7B1
expression in both CD-fed and HFD-fed HKO mice
compared with flox/flox mice (Figure 4I-L). Expression
levels of Cyp7a1, Cyp8b1, and Cyp27a1 were minimally
changed in flox/flox and HKO mice, except for decreased
Cyp27a1 mRNA levels in CD-fed HKO mice (Figure 41-L).
Nr1h4 (encoding farnesoid X receptor, FXR) and NrOb2
(encoding small heterodimer partner, SHP) levels, key
regulators of bile acid synthesis, were unaltered in the liver
of IL-22 overexpression and IL22RA1-deficient mice
compared to controls (Figure 4E—L). These data imply
that CYP7B1 may be a key target gene influencing liver
lipid metabolism mediated by IL-22 signaling.

CYP7B1 replenishment reverses HFD-
induced hepatic steatosis in HKO mice

Given that hepatic CYP7B1 levels decreased in HKO
mice, we investigated whether replenishment of
CYP7B1 could alleviate HFD-induced accentuation of
hepatic steatosis. We use viral vectors to boost hepatic
CYP7B1 expression by transducing mice with AAV8
virus particles carrying GFP or mouse CYP7B1
(Figure 5A). HKO-AAV-NC mice showed reduced
CYP7B1 expression compared to flox/flox-AAV-NC
mice, while HKO-AAV-Cyp7b1 mice exhibited
CYP7B1 overexpression in the liver (Figure 5B).
Under HFD conditions, HKO-AAV-Cyp7b1 mice
showed blunted weight gain, notably differing after 4
weeks of HFD feeding compared with HKO-AAV-NC
mice (Figure 5C). The weight difference continued to
expand over the 8-week observation period. Gross
morphological changes in the liver size and color
were evident between the 2 groups (Figure 5D), with
HKO-AAV-Cyp7b1 mice displaying lower liver weights,
liver TG content, and liver-to-body weight ratio
(Figure SE-G). Oil Red O and H&E staining of liver
sections confirmed diminished lipid droplet formation in
HKO-AAV-Cyp7b1 mice (Figure 5H), owning to
suppressed lipogenic genes in the liver of HKO-
AAV-Cyp7b mice compared to HKO-AAV-NC mice
(Figure 5J and K). Furthermore, HKO-AAV-Cyp7b1
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FIGURE 4 IL-22 overexpression induces while IL22RA1 deficiency reduces CYP7B1 expression in the liver. (A) Statistically significant (p <
0.05) differentially regulated biological processes in chow diet (CD)-fed AAV-IL-22 and AAV-GFP mice (n = 2). (B) Statistically significant (p <
0.05) differentially regulated biological processes in HFD-fed AAV-IL-22 and AAV-GFP mice (n = 3). (C) Hallmark biological processes from
enrichment analysis using differentially (o < 0.05) expressed genes in HFD-fed flox/flox and HKO mice (n = 4-6). (D) Venn diagram displaying
overlapping genes in lipid metabolic process from 3 comparative analyses. The protein levels (n = 3) (E) and mRNA expression (n = 7-8) (F) of
the key enzymes and molecular responsible for modulating bile acid synthesis in whole liver lysates from HFD-fed AAV-IL-22 and AAV-GFP mice.
The protein levels (n = 3) (G) and mRNA expression (n = 5) (H) of the key enzymes and molecular responsible for modulating bile acid synthesis
in whole liver lysates from CD-fed AAV-GFP and AAV-IL-22 mice. The protein levels (n = 3) (I) and mRNA expression (n = 9) (J) of the key
enzymes and molecular responsible for regulating bile acid synthesis in whole liver lysates from HFD-fed flox/flox and HKO mice. The protein
levels (n = 3) (K) and mRNA expression (n = 7) (L) of the key enzymes and molecular responsible for regulating bile acid synthesis in the livers of
CD-fed flox/flox and HKO mice. Data are presented as mean + SEM. For (F), (H), (J), and (L), significance was determined using the Student two-
tailed t-test. Abbreviations: AAV, adeno-associated virus; CD, chow diet; CYP7A1, cholesterol 7 alpha-hydroxylase; CYP27A1, sterol 27-

hydroxylase; CYP7B1, oxysterol 7 alpha-hydroxylase; CYP8B1, Sterol-12 alpha-hydroxylase; HFD, high-fat diet; HKO, hepatocyte-specific //22ra1
knockout.
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FIGURE 5 CYP7B1 replenishment reverses HFD-induced hepatic steatosis in HKO mice. (A) Schematic diagram of animal experiments.
HKO mice were intravenously injected with AAV-Cyp7b1 (HKO-AAV-Cyp7b1) or negative AAV control vector (HKO-AAV-NC), while flox/flox mice
were transduced with negative AAV control vector (flox/flox-AAV-NC), all mice were fed a high-fat diet for 7 weeks. (B) Quantitation of protein
levels of CYP7B1 in the livers using western blotting. (C) Body weights of mice during a 7-week high-fat diet (n = 5-6). (D) Representative images
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of livers (n = 5-6). (E, F) Liver weights (E) and liver-to-body weight ratio (F) (n = 5-6). (G) Hepatic TG contents (n = 5-6). (H) Representative Oil
red O (upper panel) and H&E (lower panel) staining of mouse livers (n = 5-6). Scale bar, 100 uym. (I) Serum TG levels (n = 5-6). (J) Relative
mRNA expression of genes related to fatty acid synthesis and oxidation in the livers of mice assessed using gPCR (n = 5). (K) Protein levels of
lipogenic genes in the liver (n = 3). (L, M) Serum ALT (L) and AST (M) levels (n = 5-6). (N, O) Insulin tolerance test (N), glucose tolerance test
(0), and the calculation of the AUC (n = 5-6). (P) Fasting serum insulin level (n = 5-6). Data are presented as mean + SEM. For (C), (N, left
panel), and (O, left panel), significance was determined by two-way ANOVA. For (J), significance was determined by Student’s two-tailed t-test.
For (E-G), (1), (K), (L), (M), (N, right panel), (O, right panel), and (P), significance was determined by one-way ANOVA. *p < 0.05, **p < 0.01,
**p < 0.001, #p < 0.05, #p < 0.01, #Hp < 0.001 as indicated. *Comparison of flox/flox-AAV-NC and HKO-AAV-NC; #Comparison of HKO-
AAV-NC and HKO-AAV-Cyp7b1. Abbreviations: AAV, adeno-associated virus; CYP7B1, oxysterol 7 alpha-hydroxylase; H&E, hematoxylin and
eosin; HFD, high-fat diet; HKO, hepatocyte-specific //22ra1 knockout; NC, negative control; Srebf1, sterol regulatory element binding transcription

factor 1; TG, triglyceride.

mice exhibited lower serum ALT levels than HKO-AAV-
NC mice (Figure 5L), alongside improved insulin
sensitivity (Figure 5N), glucose tolerance (Figure 50),
and decreased serum insulin levels following CYP7B1
overexpression (Figure 5P), while serum TG and AST
levels remained unaltered (Figure 51 and M). These
data confirm that CYP7B1 overexpression reversed
hepatic steatosis, improved insulin sensitivity, and
glucose tolerance in HKO mice.

The 3p HCA accumulation caused by
CYP7B1 depletion accelerates lipogenesis
in mouse primary hepatocytes and human
liver organoids

CYP7B1 is a key enzyme in cholesterol metabolism and
oxysterol production.l'” We studied its impact on hepatic
steatosis in HKO mice. Oxysterol analysis of the liver
tissues from flox/flox and HKO mice revealed distinct
separation by principal component analysis (Supplemen-
tal Fig. S4A, http://links.lww.com/HEP/I538). In the HKO
mice liver, 3¢ HCA, derived from converting 27-hydrox-
ycholesterol by sterol 27-hydroxylase (CYP27A1) in the
cholesterol metabolic process, exhibited the most sub-
stantial elevation among various oxysterols compared to
flox/flox mice (Figure 6B, Supplemental Fig. S4B, http://
links.lww.com/HEP/1538). 3p HCA can be further con-
verted to 3 beta,7 alpha-dihydroxy-5-cholestenoic acid
by CYP7B1 (Figure 6A). Treatment of MPHs with 33 HCA
led to dose-independent increases in cellular TG
(Figure 6D), as confirmed by Oil Red O staining
(Figure 6C), attributed to increased expression of
lipogenic genes (Figure 6E). Similarly, human liver
organoids (HLOs) displayed enhanced lipogenesis
when exposed to 3p HCA, as evidenced by Bodipy
staining and western blots (Figure 6F and G). IL-22
treatment markedly attenuated lipid synthesis induced by
3p HCA in HLOs (Figure 6F and G). Importantly, MPHs
from flox/flox mice treated with 3 HCA showed
comparable cellular lipid deposition levels with HKO-
derived MPHs (Supplemental Fig. S4C-E, http://links.
Iww.com/HEP/I1538).

The cholesterol metabolic pathway converts choles-
terol to oxysterols, which generate bile acids.'d Bile
acids profoundly affect multiple metabolic pathways,

including lipid and glucose metabolism.l'”l We analyzed
serum bile acids in hepatic IL22RA1-deficient and IL-22-
overexpressing mice to explore their role in lipid
metabolism regulation. The primary bile acid composition
(Supplemental Fig. S5A, http://links.lww.com/HEP/1539),
total levels (Supplemental Fig. S5B, http://links.lww.com/
HEP/I539), relative abundances of primary and second-
ary bile acids (Supplemental Fig. S5C, http://links.lww.
com/HEP/1539), conjugated and unconjugated bile acids
(Supplemental Fig. S5D, http://links.lww.com/HEP/1539),
and 120H and non-120H bile acids in the serum were
comparable between the HFD-fed flox/flox and HKO
mice (Supplemental Fig. S5E, http://links.lww.com/HEP/
1539). IL-22 treatment minimally affected serum primary
bile acid composition and levels in both CD-fed and HFD-
fed mice (Supplemental Fig. S5F—J, http://links.lww.com/
HEP/I1539). These results indicate that increased hepatic
oxysterol, particularly 3 HCA, rather than bile acids, may
contribute to the detrimental effects observed in hepatic
IL22RA1-deficient mice.

LXRs, particularly LXR-alpha (Nr1h3), are pivotal
oxysterol targets.l'" To investigate if 3p HCA modulates
fatty acid synthesis through LXR-alpha binding, a dual
luciferase reporter assay was conducted to assess its
ability to transactivate the mice sterol regulatory element
binding transcription factor 1 (Srebf1) gene promoter.
LXR-alpha interacts with the retinoid X receptor alpha,
forming a heterodimer that binds to the LXR response
element and controls gene expression.['”! Through the
introduction of LXR-alpha and retinoid X receptor-alpha
expression plasmids along with the Srebf? (the target
gene of LXR-alpha) reporter plasmid into HEK293T and
Hepa 1-6 cells, we observed 3p HCA inducing LXR-alpha
transactivation in both cell lines (Figure 6H and I),
comparable to the synthetic LXR-alpha agonist
T0901317. Additionally, surface plasmon resonance/
Biacore analysis demonstrated 3 HCA has a robust
affinity (KD = 9.60E-6) for human LXR-alpha (Figure 6J),
surpassing the affinity of T0901317 (KD = 8.36E-4)
(Supplemental Fig. S5K, http://links.lww.com/HEP/1539).

To assess whether LXR-alpha was indispensable
for the lipogenic effect of 3 HCA, we treated the
MPHs with SR9243, an LXR-alpha antagonist. SR9243
abolished 3p HCA’s promotion of fatty acid synthesis, as
evidenced by reducing lipogenic proteins (Figure 6K),
lipid droplets (Figure 6L), and cellular TG contents
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FIGURE 6 The 3p HCA accumulation caused by CYP7B1 depletion accelerates lipogenesis in mouse primary hepatocytes and human liver
organoids. (A) Diagram of oxysterol synthesis in hepatocytes. Red arrows indicate higher oxysterol levels found in the liver of HKO mice compared
with flox/flox mice. Enzymes are written in blue. (B) Heatmap showing oxysterols in the livers of flox/flox and HKO mice as quantified using LC-MS/MS
(n = 8-9). (C-E) MPHs were treated with vehicle DMSO, 5 yM 33 HCA, and 10 pM 3 HCA, and the metabolic phenotype was measured. (C)
Representative images of Oil Red O staining of primary mouse hepatocytes treated with different doses of 3p HCA for 24 h (n = 3). Scale bar, 100 ym.
(D) Ex vivo cellular TG content in mouse primary hepatocytes after being treated with 3 HCA for 24 h (n = 3). (E) The protein levels of genes involved
in fatty acid synthesis were determined using western blotting in mouse primary hepatocytes treated with 3p HCA (n = 2). (F, G) HLOs were
administrated with DMSO (Vehicle), 10 uM 3p HCA or 10 uM 38 HCA + 200 ng/mL IL-22 (20-min pretreatment), and metabolic phenotypes were
measured. (F) Representative images of lipid droplets in the HLOs (Bodipy in green, and DAPI in blue), and the mean Bodipy fluorescent intensity was
quantified (n = 15). Scale bars, 50 ym. (G) Protein levels of lipogenic genes. (H, I) Luciferase assays for the Srebf1 (the gene harboring the liver X
receptor alpha-responsive elements) activity in HEK293T (H) and Hepa1-6 cell lines (1) treated with 10 uM 3 HCA for 24 h. The synthetic LXR-alpha
agonist T0901317 (5 uM) was used as a positive control (n = 3). (J) A representative SPR response from the association and dissociation of 3¢ HCA
with human recombinant LXR-alpha. (K—-M) MPHs were isolated from 8-week-old C57BL/6J mice and administrated with DMSO (Vehicle, with a final
concentration of 0.1%), 10 uM 3p HCA, 10 uM 3p HCA + 100 ng/mL IL-22 (20-min pretreatment), and 10 uM 38 HCA + 20 yM SR9243 (LXR-alpha
inhibitor, 2-h pretreatment). (K) Protein levels of the genes associated with fatty acid synthesis in mouse primary hepatocytes (n = 3). (L) Repre-
sentative images of Oil Red O staining of mouse primary hepatocytes (n = 3). Scale bar, 100 ym. (M) TG contents in mouse primary hepatocytes
(n = 3). (N-P) MPHs isolated from C57BL/6J were treated with DMSO (Vehicle, with a final concentration of 0.1%), 10 uM 3 HCA, 10 uM 3 HCA +
100 ng/mL IL-22 (20-min pretreatment), and 10 uM 3p HCA + shLXR-alpha (ShRNA was used to silence LXR-alpha expression, 24 h pretreatment).
(N) Cellular TG contents (n = 3). (O) Oil Red O staining of MPHs (n = 3). Scale bar, 100 um. (P) The protein levels of LXR-alpha and its target genes
were measured using western blotting (n = 3). (Q) ChIP-gPCR assay showing recruitment of LXR-alpha onto the promoter region of Srebf1 (n = 4).
Data are presented as mean + SEM. For (D), (H), (1), and (F, right panel), significance was determined by one-way ANOVA. For (M), (N), and (Q),
significance was determined using the Student two-tailed t-test. Abbreviations: 7 alpha-CHO, 7alpha-hydroxycholesterol; 240H-CHO, 24-hydrox-
ycholesterol; 250H-CHO, 25-hydroxycholesterol; 270H-CHO, 27-hydroxycholesterol; 7 alpha-OH-cholestenone, 7 alpha-hydroxy-4-cholesten-3-
one; 7 alpha,24(S)-diHCO, 7 alpha,24(S)-dihydroxycholesterol; 7 alpha,25-diHCO, 7 alpha,25-dihydroxycholesterol; 3¢ HCA, 3 beta-hydroxy-5-
cholestenoic Acid; 7 alpha,12 alpha-diHCO, 7 alpha-12 alpha-dihydroxy-4-cholesten-3-one; 3 beta,7 alpha-diHCA, 3 beta,7 alpha-dihydroxy-5-
cholestenoic acid; CYP7A1, cholesterol 7 alpha-hydroxylase; ChIP, chromatin immunoprecipitation; CYP27A1, sterol 27-hydroxylase; CYP39A1,
sterol 7 alpha-hydroxylase; CYP46A1, sterol 24-hydroxylase; CYP7B1, oxysterol 7 alpha-hydroxylase; CYP8B1, sterol-12 alpha-hydroxylase; FLUC/
RLUC, firefly luciferase to renilla luciferase ratio; HEK293T, human embryonic kidney 293t; HKO, hepatocyte-specific [122ra1 knockout; HLOs, human
liver organoids; HSD3B7, 3 beta-hydroxysteroid dehydrogenase; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LXR-alpha, liver X
receptor alpha; MPHs, mouse primary hepatocytes; SPR, surface plasmon resonance; Srebf1, sterol regulatory element binding transcription factor 1;
SREBP, sterol regulatory element binding protein; TG, triglycerides.

(Figure 6M). The effect of IL-22 on abrogating 3 (Figure 7A and B). Among these, Atf3 and Srebf1

HCA-driven lipogenesis mirrored that of SR9243  displayed contrasting gene expression patterns in CD-
(Figure 6K—M). Adenovirus-mediated LXR-alpha fed and HFD-fed IL-22 overexpression versus HKO
knockdown  further  confirms  these  findings, mice. Nr1i2 and Zbtb7c, the 2 other transcription
demonstrating silencing LXR-alpha counteracted factors, exhibited contrasting trends between the CD-
lipogenesis induced by 3p HCA (Figure 6N-P). fed and HFD-fed IL-22 overexpression models. Given
Additionally, chromatin immunoprecipitation assays IL-22’s ability to reduce hepatic TG accumulation

showed elevated recruitment of LXR-alpha to Srebf1
promoter regions in the livers of HKO mice compared to
flox/flox mice (Figure 6Q). These findings collectively
indicated that LXR-alpha was essential for 3 HCA-
induce lipogenesis.

under both CD (Supplemental Fig. S1, http:/links.
Iww.com/HEP/1535) and HFD conditions (Figure 1), we
postulated that target transcription factors expression
would reflect similar trends. Other studies linked ATF3
to hepatic steatosis.['%21 |n this study, western blots
analysis showed IL-22 lowering ATF3 expression in
HFD-fed mice while boosting CYP7B1 expression

ATF3 represses Cyp7b1 expression in the
liver of HKO mice

Subsequently, we probed the upstream regulator of
CYP7B1 and found that small heterodimer partner, an
atypical nuclear receptor encoded by NrOb2 influenc-
ing Cyp7b1 expression,['® remained unchanged after
IL-22 overexpression or hepatic IL22RA1 deficiency
(Figure 4E-L). Therefore, we analyzed the RNA-seq
data globally to identify the potential upstream
regulators modulating CYP7B1 expression. After
studying differentially expressed transcription factors
in CD-fed, HFD-fed IL-22 overexpression, and HKO
mice, we pinpointed 4 overlapping transcription factors
across the models: Atf3, Srebf1, Nrli2, and Zbtb7c

(Figure 7C). In contrast, ATF3 levels increased while
CYP7B1 decreased in the liver of HFD-fed HKO mice
compared to the flox/flox mice (Figure 7D). Luciferase
reporter assays confirmed that ATF3 repressed
CYP7B1 expression (Figure 7E). Consistently,
analyzing public transcriptome datal’#! (GSE135251)
comprising 206 liver biopsies from patients with
NAFLD revealed a significantly negative correlation
between ATF3 and CYP7B1 mRNA expression
(Figure 7F). These data shed light on how ATF3 acts
as a transcriptional suppressor of CYP7B1 in the liver.

IL-22 primarily activates the Janus kinase/STAT
pathway.?®! Therefore, we determined whether STAT3
is directly upstream of Atf3 using luciferase reporter
assays and revealed the negative regulatory effects of
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FIGURE 7 Activating transcription factor 3 (ATF3) negatively regulates Cyp7b1 expression in the liver of HKO mice. (A) A Venn diagram of
transcription factors that were differentially expressed (p < 0.05) showed opposite changes in the livers of AAV-IL-22 and HKO mice, as identified
using RNA-seq. (B) A list showing the 4 overlap genes generated from the 3 pairs of compare analyses, including CD-fed and HFD-fed AAV-IL-22
versus AAV-GFP, HFD-fed HKO versus flox/flox. Protein levels of ATF3 and CYP7B1 in the livers of HFD-fed AAV-IL-22 and AAV-GFP mice (n =
3) (C), and HFD-fed flox/flox and HKO mice (n = 3) (D). (E) The Cyp7b1 promoter, regulated by ATF3, was measured using a luciferase assay in
HEK293T cells (n = 3). (F) Analysis of public transcriptome data (GSE135251) comprising 206 liver biopsies from patients with NAFLD revealed a
negative association of ATF3 with CYP7B1 in individuals with NAFLD. (G) The Atf3 promoter, regulated by signal transducer and activator of

transcription 3 (STAT3), was measured using a luciferase assay in HEK293T cells (n = 3). (H) MPHs isolated from C57BL/6J mice were treated
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with stattic (10 uM, inhibitor of p-STAT3) for 4 h, phosphor-STAT3 (p-STAT3), total-STAT3 (T-STAT3), and ATF3 levels were quantified using
western blotting; a 24-hour treatment of MPHs was applied for western blotting analysis of ATF3 and CYP7B1 protein levels (n = 3). (I) MPHs
isolated from C57BL/6J mice were treated with 10% BSA (Vehicle, with a final concentration of 0.5%), PA (final concentration 0.25 mM), and PA +
100 ng/mL IL-22 (20 min pretreatment). Phosphor-STAT3 (p-STAT3) and total-STAT3 (T-STAT3) levels and ATF3 were assessed using western
blotting. A 24-hour treatment of MPHs with PA and IL-22 was used for western blotting detection of ATF3 and CYP7B1 protein levels (n = 3). (J—
M) shRNA was used to knock down ATF3 in MPHs from HKO mice ex vivo. (J) ATF3 and CYP7B1 protein levels in MPHs from flox/flox and HKO
mice (n = 3). (K) Cellular TG contents (n = 3). (L) Representative images of Oil Red O staining of the MPHs (n = 3). Scale bar, 100 ym. (M) The
protein levels of ATF3 and genes involved in fatty acid synthesis were quantified using western blotting (n = 3). (N, O) HLOs were administrated
with BSA (Vehicle), 0.5 mM oleic acid (OA) or 0.5 mM OA + 200 ng/mL IL-22 (20-min pretreatment), and metabolic phenotypes were measured.
(N) Protein levels of ATF3 and lipogenic genes. (O) Representative images of lipid droplets in the HLOs (Bodipy in green and DAPI in blue), and
the mean Bodipy fluorescent intensity was quantified (n = 15). Scale bars, 50 um. Data are presented as mean + SEM. For (E) and (G),
significance was determined using the Student two-tailed t-test. For (K) and (O, right panel), significance was determined by one-way ANOVA.
Abbreviations: AAV, adeno-associated virus; ATF3, activating transcription factor 3; BSA, bovine serum albumin; CD, chow diet; CYP7B1,
oxysterol 7 alpha-hydroxylase; FLUC/RLUC, firefly luciferase to renilla luciferase ratio; GFP, green fluorescent protein; HFD, high-fat diet; HKO,
hepatocyte-specific //22ra1 knockout; HLOs, human liver organoids; OA, oleic acid; PA, palmitic acid; Srebf1, sterol regulatory element binding

transcription factor 1; STAT3, signal transducer and activator of transcription 3; TG, triglyceride.

STAT3 on ATF3 expression in HEK293T cells
(Figure 7G). Inhibiting p-STAT3 levels using stattic, a
specific inhibitor, increased ATF3 protein levels in
MPHs (Figure 7H), leading to enhanced lipid
accumulation (Supplemental Fig. S6A and B, http://
links.lww.com/HEP/1540), primarily by facilitating the
expression of lipogenic genes (Supplemental Fig. S6C
and D, http://links.lww.com/HEP/I540). Notably, IL-22
treatment reversed the downregulation of p-STAT3
levels and dampened ATF3 expression induced by PA
treatment (Figure 71). This suggests that IL-22 modifies
lipid homeostasis in hepatocytes by inhibiting ATF3
through STATS3, providing metabolic benefits during
high-energy diet conditions.

To illustrate the role of ATF3 in HKO mice, we
introduced an adenovirus-interfering mouse Aff3
expression into MPHs from HKO mice. ATF3 knock-
down increased CYP7B1 expression (Figure 7J),
attenuated cellular TG content (Figure 7K), and
diminished lipid droplet accumulation (Figure 7L),
mainly by decreasing lipogenic protein expression in
MPHs derived from HKO mice (Figure 7M). This
suggests that dampening ATF3 restored CYP7B1
expression, reducing lipid accumulation in HKO
mice-derived MPHs. Treating HLOs with oleic
acid raised ATF3 levels and lipogenic gene
expression. However, IL-22 counteracted oleic acid’s
effects by suppressing ATF3 expression in HLOs
(Figure 7N and O).

ATF3 knockdown in the liver of HKO mice
attenuates hepatic steatosis and improves
glucose homeostasis

To evaluate the lipid regulatory effect of ATF3 in HKO
mice, we used AAVS8 to deplete ATF3 expression in the
liver (Figure 8A). ATF3 depletion increased CYP7B1
expression (Figure 8B), reduced body weights
(Figure 8C), liver weights (Figure 8D and E), and liver-
to-body weight ratio in HKO mice (Figure 8F). This

depletion mitigated steatosis in the liver of HKO-shA#f3
mice without affecting serum TG levels (Figure 8G—K).
Decreased serum ALT and AST levels were observed
(Figure 8L and M), indicating reduced liver damage in
HKO-shAt#f3 mice compared with HKO-NC mice.
Moreover, ATF3 knockdown improved insulin
sensitivity and glucose tolerance (Figure 8N and O),
with reduced fasting insulin levels in HKO-shA{f3 mice
(Figure 8P). These results demonstrate that ATF3
interference restored CYP7B1 expression, alleviating
hepatic steatosis and improving glucose homeostasis.
Notably, both ATF3 knockdown and CYP7B1
overexpression in HKO mice reduced hepatic 3 HCA
contents to levels similar to those in flox/flox mice
(Figure 8Q and R).

DISCUSSION

IL-22 signaling plays a role in hepatic lipid
homeostasis,”# but the exact molecular mechanisms
remained partially elucidated. Our study revealed signif-
icant downregulation of IL22RA1 in hepatocytes of murine
and individuals with NAFLD, suggesting its importance in
hepatic lipid homeostasis. By generating hepatocyte-
specific /[22ra1 knockout mice, we demonstrated that
hepatocyte-specific IL22RA1 deficiency accentuated
HFD-induced hepatic steatosis, weight gain, glucose
intolerance, and insulin resistance on an HFD while also
intensifying fibrosis and inflammation on an HFHC diet.
Depletion of CYP7B1 expression in the livers of HKO mice
led to increased 3p HCA levels, enhancing lipogenesis
through LXR-alpha activation. IL-22 treatment reduced the
lipogenic effects of 3¢ HCA in both MPHs and HLOs,
suggesting potential therapeutic implications in humans.
Mechanistically, we identified the ATF3-CYP7B1 axis as
crucial for hepatic lipid homeostasis in HKO mice. In
summary, our findings elucidate the precise molecular
mechanisms controlling hepatic lipid metabolism in
hepatocyte-specific IL22RA1-deficient mice, highlighting
the novel role of 3p HCA in modulating lipogenesis.
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FIGURE

8 ATF3 silencing in the liver of HKO mice attenuates hepatic steatosis and improves glucose homeostasis. (A) Schematic

diagram of animal experiments. HKO mice were injected with AAV-shAtf3 (HKO-shA(f3) or AAV negative control vector (HKO-NC) through the
tail vein, flox/flox mice were i.v. injected with the AAV negative control vector, and the metabolic phenotype was assessed. (B) ATF3 and
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CYP7B1 protein levels in whole liver lysates (n = 3). (C) Body weights of mice on an 8-week HFD (n = 10). (D) Representative image of
livers. (E, F) Liver weights (E) and liver-to-body weight ratio (F) (n = 7). (G) Liver TG contents (n = 7). (H) Oil Red O (upper panel) and H&E
staining (lower panel) of liver sections were reviewed in 6 mice per group. Scale bar, 100 pm. (I) Serum TG levels (n = 7). (J) Relative mRNA
expression of genes associated with fatty acid synthesis and oxidation in the liver (n = 4). (K) Protein levels of lipogenic genes in the whole
liver lysate (n = 3). (L, M) Serum levels of ALT (L) and AST (M) (n = 7). (N, O) Insulin tolerance test (N), glucose tolerance test (O), and the
calculated AUC of (n = 6). (P) Fasting serum insulin levels (n = 7). (Q) Hepatic 33 HCA content of mice in the indicated group (n = 7).
(R) Hepatic 33 HCA content of mice in the indicated group (n = 5-6). Data are presented as mean + SEM. For (C), (N, left panel), and
(O, left panel), significance was determined using the two-way ANOVA. For (E-G), (L), (N, right panel), (O, right panel), and (P-R), signifi-
cance was determined by one-way ANOVA. For (J), significance was determined by Student two-tailed t-test. *p < 0.05, **p < 0.01,

***p < 0.001, #p < 0.05, ##p < 0.01, ##Htp < 0.001 as indicated. *Comparison of flox/flox-NC and HKO-NC; #Comparison of HKO-NC and
HKO-shAtf3. Abbreviations: AAV, adeno-associated virus; ATF3, activating transcription factor 3; CYP7B1, oxysterol 7 alpha-hydroxylase;
3B HCA, 3 beta-Hydroxy-5-cholestenoic Acid; H&E, hematoxylin and eosin; HFD, high-fat diet; HKO, hepatocyte-specific //22ra1 knockout;

Srebf1, sterol regulatory element binding transcription factor 1; TG, triglyceride.

The regulatory role of IL22RA1 in hepatic lipid
metabolism seems controversial. Gaudino et al
observed no significant differences in hepatic histology
or lipid deposition between hepatocyte-specific
IL22RA1 knockout and control mice fed an HFD.22 |n
contrast, our study reported that hepatocyte-specific
IL22RA1 ablation aggravates hepatic fat accumulation
under HFD conditions. Discrepancies may stem from
distinct strategies used to generate the floxed 1122ra1
allele: we used loxP sites flanking exon 2, while
Gaudino et al targeted exon 3. Different knockout
strategies result in diverse protein truncations, poten-
tially causing distinct effects. For instance, diverse liver
METTL3 knockout approaches yield different pheno-
types. Studies using different Mettl3-floxed mouse lines
showed that targeting 42%! or exon 2—4[24l led to liver
development defects while targeting exons 2-3 did
not.25 These discrepancies underscore the significant
impact of potential protein products resulting from
targeted gene exon deletions, which is crucial for
accurately interpreting phenotypes.

IL22RA1 expression in metabolically associated
tissues plays distinct regulatory roles. Intestinal epithe-
lium-specific IL22RA1 knockout impairs systemic glu-
cose clearance, increases liver lipid deposition, and
promotes inflammation in white adipose tissue without
affecting weight gain or insulin sensitivity.?2 Conversely,
white adipose tissue-specific IL22RA1 deficiency dis-
plays no metabolic disorders under HFD conditions.?2?
Pancreatic beta-cell IL22RA1 deficiency decreases
insulin secretion, quality, and islet regeneration.2®l In
our study, hepatocyte-specific IL22RA1 knockout results
in weight gain, impairs glucose tolerance and insulin
sensitivity, and worsens NAFLD progression in mice.
This suggests that IL22RA1 controls metabolism in a
context-dependent manner.

Various studies, including ours, demonstrate that IL-
22 ameliorates hepatic steatosis in obese mice.[” 8l
Despite reduced hepatic IL22RA1 protein levels after
an HFD, IL-22 effectively mitigated hepatic steatosis.
This could be attributed to the partial downregulation, not
complete elimination of IL22RA1 expression in the liver,
which allows for sufficient transmission of IL-22 signals.

Furthermore, overexpression of [L-22 raised serum IL-22
levels beyond normal physiological levels (30-100 pg/
mL), indicating that a dosage closer to the physiological
range (~300 pg/mL) might enhance its effects further.
Likewise, AdipoR2, the predominant receptor for adipo-
nectin in the liver, is downregulated in NAFLD and
NASH.2"l However, studies have confirmed that adipo-
nectin treatment can still alleviate NAFLD.[28.29]

In our RNA-seq analysis, we observed varying ATF3
expression in the liver of HKO and IL-22 overexpression
mice. ATF3, a stress-induced transcription factor crucial
for metabolism regulation, displayed increased levels
upon deleting hepatic IL22RA1. Inhibiting ATF3 expres-
sion attenuates hepatic steatosis in HKO mice, consistent
with findings where ATF3 siRNA administration amelio-
rated hepatic steatosis in rats.'¥ While ATF3 over-
expression led to enhanced lipid accumulation, its
knockdown alleviates lipid deposition.[2% Conflicting
reports?’l suggest that global or hepatocyte-specific
ATF3 loss exacerbates HFHC diet-induced hepatic
steatosis and steatohepatitis, indicating a protective role
for ATF3. ATF3 seems beneficial during early disease
stages but potentially harmful if overexpressed chroni-
cally. The outcomes of targeting ATF3 expression using
different animal models or siRNA approaches vary due to
ATF3’s context-dependent functions. Balancing ATF3
expression under stress conditions, rather than complete
abolishment, may be critical in addressing prolonged
HFD-induced obesity-related complications.

Our study revealed that Cyp7b1 controls hepatic
lipids. IL-22 overexpression increased CYP7B1 levels,
while IL22RA1 deficiency decreased them. Restoring
hepatic CYP7B1 expression reversed steatosis in HKO
mice. We observed elevated 3p HCA levels in IL22RA1-
deficient mice livers. This oxysterol is generated
through a 2-step enzyme reaction catalyzed by sterol
27-hydroxylase (CYP27A1) and further converted to 3
beta,7  alpha-dihydroxy-5-cholestenoic  acid by
CYP7B1.['®l The increase in 3p HCA could be attributed
to reduced hepatic CYP7B1 levels, as Cyp27at
expression remained unaltered. Similarly, patients with
CYP7B1 deficiency exhibited early-life 3¢ HCA accu-
mulation, leading to severe neonatal liver disease



HEPATIC IL22RA1 DEFICIENCY PROMOTES HEPATIC STEATOSIS

| 1581

caused by bile acid metabolic dysfunction.l*% Notably,
liver 33 HCA contents increased in a time-dependent
manner during a 6-week western diet in a mouse model,
correlating this rise with increased hepatic inflammation
and injury.B1

In this study, we found that 38 HCA promotes
lipogenesis in MPHs by binding to LXR-alpha. This
pro-lipogenic effect was validated using a human
pluripotent stem cells induced HLOs model, resembling
human organ functions. Importantly, 33 HCA activated
LXR-alpha comparably to the synthetic LXR-alpha
agonist T0901317, emphasizing its lipogenic properties.
IL-22 effectively attenuated 3p HCA'’s lipogenic function
in both MPHs and HLOs. Our findings highlight the
significance of liver oxysterols, specifically 3p HCA, in
regulating hepatic lipids. Oxysterols are crucial for
metabolism modulation. For instance, administering
25HC has been found to alleviate steatosis in mice.['?]
Impairment of oxysterol balance contributes to condi-
tions like atherogenesis and inflammation.32

NAFLD presents diverse therapeutic avenues under
clinical investigation to target steatosis, inflammation,
and fibrosis.[¥3l Combining or using single medications
addressing multiple aspects could yield superior
outcomes.[33 |L-22 emerges as a promising candidate
with anti-steatotic, anti-inflammatory, and anti-fibrotic
effects in the liver. Evidence shows IL-22’s efficacy in
alleviating hepatic steatosis and fibrosis in mouse
models.[6-9:3435] Clinical trials have underscored IL-
22’s potential in treating NAFLD. Phase | clinical trials
indicate that IL-22Fc is well tolerated in healthy
individuals, with minimal adverse effects.3®! A phase
lla trial has demonstrated both the safety and efficacy of
IL-22Fc in patients with severe alcohol-associated
hepatitis.3”] These positive outcomes primarily stem
from IL-22/IL22RA1 signaling activation of STAT3 in
hepatocytes and HSCs.[7:8:34]

There were several limitations in the present study.
First, we noted decreased IL22RA1 expression in
NAFLD without an explanation for this downregulation.
Second, our study illustrated 3 HCA'’s lipogenic role in
hepatocytes and HLOs but did not fully investigate its
effects on inflammatory response. Lastly, while we
showed that 3 HCA boosts lipogenic in MPHs and
HLOs, further research is needed to determine if similar
results occur in vivo, specifically in mice and nonhuman
primates.

In conclusion, our data indicated that hepatic
IL22RA1 modulates lipid homeostasis through the
ATF3/CYP7B1/3p HCA /LXR-alpha signaling. Our study
uncovered a new role for 3p HCA as a potent activator
of lipogenesis in hepatocytes, potentially accounting for
hepatic lipid synthesis in hepatic IL22RA1-deficient
mice. IL-22 effectively suppresses the lipogenic effects
of 3¢ HCA, highlighting the therapeutic potential of IL-
22/IL22RA1 in NAFLD.
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