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Abstract

Alcohol-associated liver disease (ALD) encompasses a wide range of pathologies from simple steatosis to
cirrhosis and hepatocellular carcinoma and is a global health problem. Currently, there are no effective
pharmacological treatments for ALD. We have previously demonstrated that aging exacerbates the
pathogenesis of ALD, but the underlying mechanisms are still poorly understood. Cellular repressor of
ElA-stimulated genes | protein (CREGI) is a recently identified small glycoprotein that has been
implicated in aging process by promoting cellular senescence and activating stress kinases. Thus, the
current study aimed to explore the role of aging associated CREG]1 in ALD pathogenesis and CREGI as
a potential therapeutic target. Hepatic and serum CREGI] protein levels were elevated in ALD patients.
Elevation of hepatic CREGI protein and mRNA was also observed in a mouse model of Gao-binge
alcohol feeding. Genetic deletion of the Cregl gene in hepatocytes (Creglaher) markedly exacerbated
ethanol-induced liver injury, apoptosis, steatosis and inflammation. Compared to wild-type mice,
Cregl4hep mice had increased phosphorylation of hepatic stress kinases such as apoptosis signal-regulating
kinase 1 (ASK1), c-Jun N-terminal kinase (JNK) and p38 but not TGF-B-activated kinase 1 (TAKI) or
extracellular signal-regulated kinase (ERK) after alcohol feeding. In vitro, ethanol treatment elevated the
phosphorylation of ASK1, JNK, and p38 in mouse hepatocyte AML-12 cells. This elevation was further
enhanced by CREGI knockdown but alleviated by CREG1 overexpression. Last, treatment with an ASK1
inhibitor abolished ethanol-induced liver injury and upregulated hepatic lipogenesis, proinflammatory
genes and stress kinases in Cregl4he» mice. Taken together, our data suggest that CREGI protects against
alcoholic liver injury and inflammation by inhibiting the ASK1-JNK/p38 stress kinase pathway and that
CREGI is a potential therapeutic target for ALD.
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Introduction

Alcohol-associated liver disease (ALD) is a major ~ Alcohol exposure triggers hepatocyte apoptosis and

public health problem globally. In the earliest stages  necrosis in hepatocytes as well as hepatic
of ALD, hepatic steatosis appears to be reversible;  inflammation. The second impact of ethanol
however, chronic and excessive alcohol consumption  consumption is the disturbance of lipid metabolism,
may result in steatohepatitis, fibrosis, and, in some  which results in excessive triglyceride (TG)

cases, cirrhosis and even hepatocellular carcinoma [1].

accumulation in the liver, aggravating liver injury [2].
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Although disease progression is well described and
understanding of its pathogenesis has been gained
over the years, the exact pathogenic mechanisms
remain obscure, and there are no FDA-approved
therapies to prevent or cure the disease [3]. Therefore,
to develop rationally targeted therapies for
prevention or treatment, it is necessary to gain a better
understanding of the mechanisms that lead to ALD
initiation and progression.

Cellular repressor of ElA-stimulated genes 1
(CREG1), a small glycoprotein, was initially identified
as a ftranscription repressor that represses
E1A-induced transcription activation, and subsequent
studies have demonstrated that that CREG1 regulates
senescence, autophagy, and mitogen-activated
protein kinase (MAPK) signalling [4, 5]. Aging is
associated with progressive changes in hepatic
structure and function, and also increases the risk of
various types of liver diseases, including ALD,
non-alcoholic liver disease, liver fibrosis and liver
cancer [6]. Our previous studies have shown that aged
mice have a high susceptibility to ethanol-induced
liver damage, mainly manifested by excessive
inflammation and oxidative stress [7, 8]. In addition, it
has been documented that activation of stress kinases
plays critical role in the progression of ALD [9].
CREGI1 has been implicated in the aging process and
promotes cellular senescence by cooperating with
CDKN2A/pléina  [10]. Furthermore, CREG1 is
elevated in the serum and liver of aged mice, age-
related obesity and renal dysfunction are ameliorated
in adipocyte P2-CREGI1 transgenic mice [11]. Recent
studies have shown that CREG1 promotes lysosomal
biogenesis function and improves the skeletal muscle
response to exercise endurance by regulating
mitophagy [12, 13]. In cardiovascular disease studies,
the function of CREG1 primarily relies on its ability to
inhibit inflammation, activate autophagy, and inhibit
vascular smooth muscle cell death by modulating
MAPK signalling [14-16]. Additionally, in liver
disease studies, CREG1 was reported to inhibit
hepatic steatosis and metabolic disorders in high-fat-
diet (HFD)-fed mice through direct interaction with
apoptosis signal-regulating kinase 1 (ASK1) and
inactivation of ASK1-c-Jun N-terminal kinase (JNK1)
signalling; CREG1 was also found to protect against
cell death and inflammation during hepatic ischemia-
reperfusion (I/R) injury in a TGF-p-activated kinase 1
(TAK1)-dependent manner [17, 18]. Aging and
activation of stress kinases have been shown to play
an important role in promoting ALD development [9].
Given the multiple biological functions of CREG1, we
hypothesized that CREGl may be involved in
regulating the pathogenesis of ALD. To test this
hypothesis, we generated hepatocyte-specific Cregl

knockout mice and utilized Gao-binge alcohol feeding
models. Our results suggest that CREG1 protects
against ALD by inhibiting pathways including the
ASK1/JNK/p38 stress kinases.

Materials and method

Animal experiments

All animal experiments were approved by the
Animal Ethics Committee of Anhui Medical
University (AMU). Mice with hepatocyte-specific
Cregl knockout were generated by crossing Cregl
floxed mice (GemPharmatech Co., Ltd.) with Alb-Cre
mice with both strains on the C57BL/6] background.
All animals were housed in ventilated cages at the
SPF facility of AMU in a temperature-controlled
environment with a 12-hour light/dark cycle and had
free access to a normal chow diet (70% carbohydrate,
20% protein, and 10% fat) and water.

For the ALD mouse models, we tested 2 ethanol
feeding protocols modified from a previous report by
Bin Gao’s laboratory: i) the traditional Lieber-DeCarli
diet feeding model (a long-term, chronic model;
age-matched 8-week-old male mice were fed with
either a 5% (vol/vol) alcohol-containing liquid diet or
an isocaloric control diet for 5 weeks, hereafter
referred to as “the tradition model”) [19, 20]; and ii)
the short-term Gao-binge ethanol feeding model
(age-matched 8-week-old male mice were fed with
either an isocaloric control or ethanol Lieber-DeCarli
diet containing 5% (vol/vol) ethanol for 10 days. On
day eleven, ethanol- and pair-fed mice were dosed by
oral gavage with a single bolus of ethanol (5 g/kg
body weight) and isocaloric maltose dextrin solution,
respectively (This NIAAA model was also referred to
as “the Gao-binge model”)[21-23]. The ASK1 inhibitor
GS-4997 (3 mg/Kg GS5-4997) was injected
intraperitoneally daily into mice on day 4 of alcohol
feeding for 7 consecutive days. At the end of the
experiments, liver tissues and serum were collected
for further analysis.

Cell culture and treatment

The mouse hepatocyte AML-12 cell line was
purchased from the Cell Bank of the Chinese
Academy of Sciences. AML-12 cells were cultured in
DMEM/F12(PM150310, Procell) supplemented with
10% foetal bovine serum and 1% antibiotics and
incubated at 37 °C in a humidified atmosphere
containing 5% CO2. Ethanol was added directly to the
medium of the cells after they had grown to 70%
confluency. The culture dishes were sealed with
laboratory film throughout the treatment period to
minimize the evaporation of ethanol, while
nontreated AML-12 cells were used as a control.
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Human liver and serum samples

Human liver tissues from patients with ALD and
controls were collected at the time of surgery. Sera
were collected from intoxicated patients and healthy
individuals. The information of the intoxicated
patients and healthy individual are listed in
Supplementary Table S1. The study protocol and the
use of biosamples for research were approved by the
Ethics Committee of the First Hospital of AMU.

Cregl gene silencing and overexpression

The siRNAs and overexpression plasmids were
purchased from Gene Pharma Corporation (Shanghai,
China). AML-12 cells were transfected with CREG-
siRNA or pEX3-CREG1 and their control constructs
using LipofectamineTM 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol.
The following siRNA sequences were used: CREG1-
siRNA: 5- CUGGUUCUUUGCUAAAUUATT-3'
(sense) and 5-UUCUUGAAGACCCUGGUCCTT-%
(antisense). The AML-12 cell line was used for
overexpression and silencing experiments in the
presence and absence of ethanol at the defined
concentration.

Biochemical assays

Mouse peripheral blood was collected and
centrifuged to obtain serum for analysis. We used a
Mindray automated biochemical analyser (BS-350E)
to test the serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), TG and total
cholesterol (TC) levels.

Hepatic TG and TC analysis

TG and TC concentrations were determined by
commercially available assay kits (Nanjing Jiancheng
Bioengineering Institute). The procedures were
performed according to the manufacturer’s
instructions, and the absorbance was measured at 510
nm using a microplate reader (Bio-Rad Laboratories,
Hercules, USA).

Histopathological analysis and immunohisto-
chemistry (IHC)

Fresh liver tissue was fixed in 10% formalin
solution. Fixed liver tissues were embedded in
paraffin, cut into 5 pm thick slices and stained with
haematoxylin and eosin (HE) following the standard
protocol for analysis. Liver tissues were perfused with
freezing medium and then frozen at -80 °C.
Subsequently, they were sliced for Oil Red O staining
following the standard protocol. IHC staining for
CREG1 (5C-100695, Santa Cruz), myeloperoxidase
(MPO, ab208670, Abcam), and F4/80 (70076S, CST)
was performed on paraffin-embedded tissue sections

(5 pm), visualized using DAB substrate. Slices were
scanned by an automatic digital slide scanner
(Pannoramic MIDI, 3DHISTECH, Hungary) and
analysed by CaseViewer software. We quantified and
counted the positively stained areas and cells by using
Image-Pro Plus (40x magnification) software in 3
fields randomly selected for each sample.

Terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL)

To detect individual apoptotic cells, staining for
terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL) was carried out using a TUNEL
Bright Green Apoptosis Detection Kit (Vazyme
Biotech, Nanjing, China) according to the
manufacturer’s instructions. Samples were observed
with an automatic digital slide scanner (Pannoramic
MIDI, 3DHISTECH, Hungary) and analysed by
CaseViewer software. The numbers of total and
TUNEL-positive cells were counted and analysed
using Image-Pro Plus (40x magnification) software.

ELISA

Liver tissue was added to phosphate-buffered
saline (PBS) containing protease inhibitors. The
tissues were then homogenized for 60 sec. The
homogenates were then centrifuged, and the
supernatant was collected. Commercially available
ELISA kits (Dakewei, Shanghai, China) were used to
detect TNFa, IL-1p and IL-6 levels according to the
instructions provided by the manufacturer.

Protein isolation and Western blotting

Total protein extraction was performed with
RIPA buffer to which protease inhibitors and
phosphatase inhibitors had been added. We
determined the concentration of total protein using
the NanoDrop2000 system (Thermo Scientific, USA)
following the manufacturer’s instructions (Beyotime,
Jiangsu, China). Protein samples were mixed with
loading buffer and separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Then, the
proteins were transferred onto polyvinylidene
difluoride membranes (PVDF; Millipore Corp,
Billerica, MA, USA). PVDF membranes were blocked
in TBST containing 5% skim milk for 2 h at room
temperature. Primary antibodies were used for
Western blotting. Afterwards, the blots were
incubated for 1 h at room temperature with secondary
antibodies of the respective species. Analyses were
carried out using an ECL kit (ECL-plus, Thermo
Scientific, USA) and Image] software to quantify
signals. All of the information about the antibodies
used is provided in Supplementary Table S2.
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RNA isolation and RT-qPCR analysis

Total RNA was extracted wusing TRIzol
(Invitrogen). RNA was quantified by a Nanodrop2000
spectrophotometer (Thermo Scientific, USA). cDNA
was synthesized using an RT-qPCR kit (Takara,
QIAGEN, Japan) and detected using a Pikoreal 96
real-time PCR system (Thermo Scientific, USA). The
relative mRNA expression levels were calculated
using the 2 —AAC method and were normalized
against the levels of p-actin. The primer sequences
used for each gene are listed in Supplementary Table
S3.

Statistical analysis

All data are expressed as the mean £ SEM. We
analysed two samples using the t test, while multiple
samples were analysed by using the Kruskal-Wallis

test and one-way analysis of variance. GraphPad
Prism 8.0 software was used to perform all relevant
statistical analyses. In all cases, p<0.05 was considered
statistically significant.

Results

Hepatic and Serum CREGI levels are
upregulated in patients and mice with ALD

To investigate the potential role of CREGI in the
progression of ALD, we first evaluated CREGI1
expression levels in patients with ALD and in healthy
controls. As shown in Figure 1A, IHC staining
showed that CREG1 was significantly increased in the
ALD patients. Additionally, the serum level of CREG1
was also elevated in drunk patients compared with
healthy individuals (Figure 1B). Next, we established
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Figure 1. Hepatic CREG1 expression levels are increased in ALD patients and ethanol-fed mice. (A) Liver tissues were obtained from patients with ALD and
healthy controls. Inmunohistochemistry analysis of hepatic CREGI expression (n=3 per group). Scale bars: 50 ym. (B) Serum was obtained from intoxicated individuals and
healthy controls. ELISA analysis of CREG1 expression in serum (n=43 per group). (C-E) Mice were pair-fed or ethanol-fed for 10 days and administered a single binge of ethanol
(Gao-binge model). (C) Immunohistochemistry assessment of CREG1 expression (n=4 per group). (D) mRNA levels of hepatic CREGI (n=4 per group). (E) Western blotting
to measure hepatic CREGI expression (n=3 per group). 3-Actin served as the loading control. All data are represented as the mean + SD. *p < 0.05, **p < 0.01 by two-tailed

Student’s t test. CREGI, cellular repressor of E1A-stimulated genes 1.
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a short-term chronic plus one binge feeding model
(Gao-binge model) (Supplementary Figure 1).
Increased hepatic protein expression of CREG1 was
also detected in ALD mice by IHC analyses (Figure
1C). Hepatic mRNA and protein levels of CREGI1
were markedly upregulated in ALD mice compared
to their counterparts (Figure 1D, E). CREGI1
expression were also increased in AML12 cells after
ethanol treatment (Supplementary Figure 2A, B).
Overall, these results suggest that increased hepatic
CREGI expression is associated with ALD.

Hepatocyte-specific Cregl deletion
exacerbates ethanol-induced liver injury and
apoptosis

Interestingly, CREG1 in Kupffer cells was not

— Creg {flox/fiox

altered by alcohol consumption (Supplementary
Figure 2C, D), so we focused more on the role of
CREG1 in hepatocytes in ALD and generated
hepatocyte-specific CREG1 knockout (CreglAhep)
mice (Supplementary Figure 3). Western blotting and
RT-qPCR analysis confirmed specific CREG1 deletion
in hepatocytes (Figure 2A, B). We subjected
aged-matched control Creg1/ovflox and Creg14'r mice to
the Gao-binge model and assessed the ensuing
alterations. Neither serum indices nor liver
morphology differences were noted in Creg14'r mice
versus Creglfo¥/flox mice in the pair-fed group
(Supplementary Figure 4). In the ethanol-fed group,
no differences were found between Creg14 mice and
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or liver weight-to-body weight ratio (Supplementary
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Figure 2. Hepatic Cregl deletion promotes ethanol-induced liver injury and apoptosis. (A) Protein and (B) mRNA levels of CREGI in liver tissues from Creg | flox/flox
and Creglhep mice to confirm Cregl deletion in hepatocytes (n= 3-6 per group). (C-F) Creglfexffoxand Cregl4her mice were ethanol-fed for 10 days and administered a single binge
of ethanol (Gao-binge model). (C) The levels of ALT and (D) AST in the sera of Creglflx/flox and CreglAheb mice after ethanol treatment (n=6-8 per group). (E) Representative
images and quantification of TUNEL staining of liver sections (n=3 per group). Scale bars: 50 pm. (F) Levels of cell death-related protein c-Caspase3 expression (n=3 per group).
B-Actin served as the loading control. All data are represented as the mean % SD. *p < 0.05, **p < 0.01 by two-tailed Student’s t test. ALT, alanine aminotransferase; AST,
aspartate aminotransferase; HE, haematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.
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Figure 5A, B, C). To identify whether CREGI1 affects
alcohol metabolism, the levels of several enzymes
associated with alcohol metabolism, such as
cytochrome  P450  2E1 (Cyp2E1),  alcohol
dehydrogenase 1 (Adhl), and alcohol dehydrogenase
2 (Adh2), were comparable between Cregl® < mice
and Creglfioffor  mice after ethanol feeding
(Supplementary Figure 5D, E). Compared to
Cregl1fiox/fox  mice, ethanol-fed Cregl4r mice had
higher serum ALT and AST levels (Figure 2C, D).
Immunofluorescence staining showed that Creglher
mice had more cell death (cells with TUNEL
positivity) than their counterpart mice after ethanol
feeding (Figure 2E). In addition, greater expression of
pro-cell death proteins was observed in ethanol-fed
Creg12r mice than in Creg1fo¥/flox mice (Figure 2F).

Hepatocyte-specific Cregl deletion worsens
ethanol-induced hepatic steatosis

In addition to apoptosis, lipid accumulation is
also a key step in the development of ALD [3, 24].
Therefore, we further determined the effect of CREG1
deficiency on hepatic steatosis. As shown in Figure 3A
and Figure 3B, TG and TC levels in the liver were
higher in ethanol-fed Cregl2"r mice compared with
those in Creglfo¥flor mice. However, there were no
differences in serum TG and TC levels between these
two groups (Figure 3C, D). HE and Oil staining
demonstrated more lipid accumulation in the livers of
ethanol-fed CregI« mice compared to these in
ethanol-fed Creglfoflor mice (Figure 3E, F). To
determine  which signalling pathways were
dysregulated to produce the alcoholic steatosis
exacerbated by CREGI1 deletion, we measured the
expression of a number of proteins involved in lipid
metabolism. The AMP-activated protein kinase
(AMPK)/mammalian target of rapamycin (mTOR)
pathway regulates many metabolic processes, such as
glucose metabolism, lipid metabolism, and energy
homeostasis [25]. Western blotting analyses showed
that p-mTOR, SREBP1, and peroxisome proliferator
activated receptor gamma (PPARy) were elevated
while p-AMPK and PPARa were decreased in
Creg12er mice compared with Creglfovflox mice after
ethanol feeding (Figure 3G). Furthermore, ethanol-fed
Creg12r mice showed increased expression of
mRNAs associated with fatty acid generation
(Srebpl-c, Fasn, Srebp2, Hmgcr, and Chrebp) and
decreased mRNA levels of Ppar-a in liver tissue
(Figure 3H). These results provide compelling
evidence that CREGI in hepatocytes protects against
ethanol-induced lipid metabolism disorders and
hepatic steatosis.

Hepatic Cregl deficiency aggravates liver
inflammation in ALD

Inflammation is a hallmark of ALD [24].
Proinflammatory cytokines in liver tissue, such as
tumour necrosis factor alpha (TNF-a), interleukin 6
(IL-6) and interleukin 1 beta (IL-1P), were markedly
increased in ethanol-fed Creg1" mice compared to
Creglfiev/flox mice (Figure 4A, B, C). Similarly, F4/80
and MPO staining showed more macrophage and
neutrophil infiltration, respectively, in Creg14r mice
than in Cregl1flovflox mice following ethanol treatment
(Figure 4D, E). The phosphorylation levels of IKKf{3
and p65 were significantly enhanced while that of
IKBa was significantly decreased in ethanol-fed
Creg1tep mice compared to ethanol-fed Cregl/iox/flox
mice (Figure 4F). In addition, hepatic mRNA levels of
Tnf-a, II-6, 1I-1p, F4/80, and Ly6g and the secretion of
C-C chemokine ligand 2 (Ccl2) were elevated in
ethanol-fed Cregl4r mice compared to ethanol-fed
Creg1fiovflox mijce (Figure 4G). Overall, these data
indicate that CREG1 in hepatocytes plays a key role
against the inflammatory response in ALD.

Hepatic CREGI1 deficiency exacerbates
hepatocyte apoptosis, hepatic steatosis and
inflammation in long-term chronic alcohol
consumption mice

To further verify that CREG1 plays a protective
role in ALD, another well-established, traditional
ALD model was implemented. Under the traditional
model, Wester blotting analysis showed that hepatic
expression of CREG1 and CYP2E1l was elevated
following ethanol treatment, whereas CYP2E1
expression did not differ in ethanol-fed Creglfiov/flox
mice and Creglfovfox mice (Supplementary Figure 6).
Compared with Creglfovflor mice, the serum ALT and
AST levels were increased in Cregl®w mice after
ethanol feeding (Figure 5A, B). Similarly, the levels of
TG and TC were elevated in ethanol-fed Cregl4/r
mouse livers (Figure 5C, D). HE staining and Oil Red
O staining showed that liver lipid accumulation was
significantly increased in ethanol-fed Creg14' mouse
livers (Figure 5E, F). In addition, ethanol-fed Creg14/er
mice also had more severe immune cell infiltration
into the liver tissue (Figure 5G, H). The mRNA levels
of molecules that promote fat accumulation and
inflammation were increased in ethanol-fed CreglAte
mice compared with those in Creglfio¥for mice (Figure
51, J). These data suggest for the first time that CREG1
protects against alcohol-induced liver damage in two
well-established animal models of ALD.
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Figure 4. Hepatic Cregl deletion aggravates inflammatory responses in ethanol-fed mice. (A-F) Creglfox/fox and Creglher mice were ethanol-fed for 10 days and
administered a single binge of ethanol (Gao-binge model). The proinflammatory cytokines (A) TNFa, (B) IL- and (C) IL-6 were tested by using ELISA kits (n=4 per group). (D)
F4/80 immunohistochemistry staining as a marker of macrophages and (E) MPO immunohistochemistry staining as a marker of neutrophils (n=4 per group). Scale bar = 50 pm.
(F) Western blotting analysis to evaluate the activation of NF-kB signalling (n=3 per group). (G) mRNA levels of proinflammatory (Tnfa, Il6, Il1, F4/80, Lyég, and Ccl2) genes (n=6
per group). B-Actin served as the loading control. All data are represented as the mean + SD. *p < 0.05, **p < 0.01 by two-tailed Student’s t test. Tnfa, tumour necrosis factor

alpha; 116, interleukin 6; Il1 B, interleukin 1 beta.
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Figure 5. Hepatic Cregl deficiency exacerbates apoptosis, steatosis and inflammation in mice in a traditional ALD model. (A-]) Creglfexifiox and Creg|Ahep mice
were ethanol-fed for 5 weeks (traditional model). (A) The levels of ALT and (B) AST in the sera of Creglfloxifiox and Cregl4heb mice after long-term chronic ethanol feeding (n=6
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Figure 6. CREGI inhibits ethanol-induced activation of ASK1-JNK/p38 signalling. (A) Creglfoxfix and CregAhe» mice were ethanol-fed for 10 days and administered a
single binge of ethanol (Gao-binge model). The protein levels of total and phosphorylated ASK1, TAKI, ERK, JNK, and p38 were assessed (n=3 per group). (B) AML-12 cells were
transfected with or without CREGI siRNA and subsequently treated with 100 mM ethanol and analysed by Western blotting for total and phosphorylated ASK1, JNK, and p38.
(C) AML-12 cells were transfected with or without pEX3-CREGI and subsequently treated with 100 mM ethanol and analysed by Western blotting for total and phosphorylated
ASK1, JNK, and p38. B-Actin served as the loading control. All data are represented as the mean + SD. *p < 0.05, **p < 0.01 by two-tailed Student’s t test. ASK1, apoptosis
signal-regulating kinase 1, JNK, c-Jun N-terminal kinase, TAK1, TGF-B-activated kinase 1, ERK, extracellular signal-regulated kinase.

CREGI diminishes activation of ASK1-p38/JNK
signalling

Subsequently, considering the potent regulation
of CREGI in ALD, we investigated the underlying
mechanisms by which CREG1 inhibits the
progression of ALD. Activation of ASK1 and
p38MAPK has been shown to play an important role
in promoting ALD development [9]. Additionally,
numerous studies indicate that CREG1 mediates the
stress kinase pathway, suggesting that it may regulate
stress kinase signalling during ethanol-induced liver
injury [14, 26, 27]. As shown in Figure 6A, the
phosphorylation of JNK and p38 was significantly
increased in liver samples of Creg1*" mice compared
with those of Cregl/ov/lox mice after ethanol feeding.
However, ERK phosphorylation was not affected by
CREG1 modulation. To identify possible upstream

molecules that contribute to the activation of JNK and
p38, we examined the activation of TAK1 and ASK1.
The results showed that phosphorylation of ASKI,
but not that of TAK1, was significantly elevated in
Creg14er mice. To confirm the above results, cellular
experiments were subsequently performed, and
Western blotting and RT-qPCR were used to evaluate
the efficiency of CREGI silencing and overexpression
(Supplementary Figure 7). CREGI knockdown
significantly increased the phosphorylation of ASK1,
JNK and p38 (Figure 6B) in AML-12 cells treated with
ethanol (100 mM), whereas CREG1 overexpression
decreased the phosphorylation of ASK1, JNK and p38
(Figure 6C). Taken together, both the in vivo and in
vitro data indicate that the ASK1-p38/JNK signalling
pathway is regulated by CREGI1 during ethanol-
induced liver injury.
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CREGI protects the liver from ethanol-
induced liver injury by targeting ASK1

To ascertain whether ASK1 mediates CREG1
function in ethanol-induced liver injury, a specific
ASK1 inhibitor, GS-4997, was used. As shown in
Figure 7A, GS-4997 reversed the exacerbation of
ethanol-induced liver injury caused by CREGI1
deficiency. We also observed that GS-4997 reduced
the increases in hepatic TG and TC (Figure 7B, C). In
addition, the accumulation of liver fat in ethanol-fed
Creg12er mice were reduced after G5-4997 treatment.
(Figure 7D, E). G5-4997 abolished the exacerbation of
liver fat accumulation and inflammatory responses
induced by CREG1 deletion during ALD, as
evidenced by decreased expression of genes encoding
molecules related to lipid synthesis (Fasn and SrebpIc)
and proinflammatory factors (II-18 and Tnfa) (Figure
7F, G, H, I). Western blotting analysis showed that
GS-4997 blocked activation of the NF-«xB signalling
pathway (Figure 7]). The protein levels C-caspase3
were downregulated by GS-4997. G5-4997 inhibited
the hyperactivation of the JNK/p38 signalling
pathway in ethanol-fed Cregl# mice (Figure 7]).
These observations suggest that deletion of CREG1
leads to an intensification of ethanol-induced liver
injury that is inhibited by blocking the activity of
ASK1.

Discussion

Alcohol misuse is a significant cause of
liver-related death, and abstinence from alcohol is the
mainstay of treatment for this disease. In addition to
lifestyle changes for patients with heavy alcohol
dependence, pharmacological/genetic interventions
are the best way to combat the difficulties
encountered when suggesting lifestyle changes for
patients with alcohol addiction. In the present study,
with a tissue-specific loss-of-function approach,
hepatic CREG1 was shown to be a protective factor in
ALD. Hepatocyte-specific =~ CREG1  deficiency
aggravated ethanol-induced liver injury, apoptosis,
steatosis and inflammation. Further research
demonstrated that CREG1 inhibits p38/JNK
activation by suppressing ASK1. These findings
suggest that the CREGI1-ASK1-JNK/P38 axis is
positively involved in the regulation of ALD and
could be a possible therapeutic target (Figure 8).

The increased protein levels of CREG1 during
ALD indicate its possible function in ALD pathology.
Alcohol intake can cause epigenetic alterations in
hepatocytes, such as changes in acetylation,
hypomethylation of DNA, and alterations of miRNAs.
These  modifications can be induced by
alcohol-induced oxidative stress, which results in

altered recruitment of transcriptional machinery and
abnormal gene expression. It was reported that the
abundance and activity of CREGI1 are affected by

epigenetic modifications and posttranslational
modifications,  including = DNA  methylation,
noncoding RNA-related mechanisms and

glycosylation [28-30]. Therefore, we hypothesized that
alcohol causes epigenetic modifications of CREGI that
increase CREGI1 protein expression. We speculated
that the elevated levels of CREGI protein in ALD mice
and ALD patients are a consequence of altered
upstream  signalling  pathways. Given that
overexpression of CREGI inhibits activation of ASK1
and may protect the liver from alcohol-induced liver
injury, the moderate increase in CREG1 may be a
compensatory mechanism to protect hepatocytes from
alcohol-induced damage.

ALD is a complex process that results in a wide
spectrum of hepatic disorders, from steatosis to
cirrhosis, and eventually leads to hepatocellular
carcinoma. Apoptosis, steatosis, and inflammation are
key drivers of ethanol-induced liver injury [1]. In a
previous study, CREG attenuated atherosclerotic
endothelial apoptosis via the VEGF/PI3K/AKT
pathway and protected retinal cells and human
smooth muscle cells against apoptosis by inhibiting
P38/MAPK and JNK/MAPK signalling [31]. ASK1 is
a ubiquitously expressed member of the MAPKK
family and a key regulator of apoptosis, necrosis and
inflammation. We found that CREGI1 regulates
apoptosis by targeting ASK1-JNK/p38 signalling in
ALD.

Among the outcomes of chronic alcohol
consumption, steatosis has been considered a
reversible pathological change in the liver. As a result
of chronic hepatic steatosis, the liver is more
vulnerable to advanced ALD-related conditions, such
as steatohepatitis, hepatic fibrosis and cirrhosis. A
previous study reported that CREG1 inhibited HFD-
induced hepatic steatosis and metabolic disorders
[18]. Moreover, CREG1 also stimulates brown
adipocyte formation and ameliorates diet-induced
obesity in mice [32]. In the present study, our data
demonstrated that Creg14 mice develop more severe
steatosis in response to ethanol feeding. The lipid
metabolism-related AMPK and mTOR signalling
pathways were analysed, and phosphorylation of
AMPK was increased, whereas that of mTOR was
decreased. SREBP1, PPARa, and PPARy are key
factors regulating TG production and consumption in
response to ethanol [33, 34]. These findings show that
for both non-alcoholic and alcoholic fatty liver
disease, CREG1 might be an attractive therapeutic
target.
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Figure 8. Schematic representation of the role of the CREGI-ASKI-JNK/p38 axis in the pathogenesis of ALD. Hepatocyte-specific knockout of CREGI
aggravated ethanol-induced liver injury, apoptosis, steatosis and inflammation through the ASK1-JNK/p38 signalling pathway.

In addition to steatosis, inflammation also plays
a significant role in the development of ALD. Several
proinflammatory signals, including chemokines,
cytokines, and lipid messengers, contribute to
exacerbating alcohol-induced liver damage. Several
studies have shown that CREG1 protects against cell
death and inflammation during hepatic I/R injury
[17] and myocardial infarction [35]. In our study,
hepatic CREG1 deficiency exacerbated the ethanol-
induced inflammatory response by promoting NF-xB
activation. This result indicates that CREGI1 can
protect against ethanol-induced liver injury by
regulating inflammation.

The MAPK signalling pathway has profound
biological functions, participating in processes
including inflammation, cell cycle regulation, cell
death and lipid metabolism. In a MAPK cascade, an
activating MAPK activates a second MAPK, which in
turn activates a terminal MAPK (ERK, p38, JNK) to
amplify and modulate the signals [36]. A previous
study demonstrated that CREG blocked MAPK
activation to protect against cell death and
inflammation during hepatic I/R injury [17]. In
addition, CREG1 inhibited HFD-induced hepatic
steatosis and metabolic disorders by interacting with
MAPK/ASK1-JNK1 [18]. The current study showed
that CREG1 improved ethanol-induced liver injury,
apoptosis, steatosis, and inflammation by targeting
ASK1-JNK/p38 signalling.

ASK1 and TAK1 are upstream regulators of p38
and JNK in response to various stressors. In our
study, CREG1 deficiency  increased  the
phosphorylation of ASK1 but not that of TAKI.

Previous studies have shown that multiple
downstream signalling pathways, such as the NF-xB,
MAPK/JNK, and MAPK/p38 pathways, are
regulated by ASK1, causing liver inflammation and
apoptosis in various diseases, including ALD,
non-alcoholic fatty liver disease, hepatic I/R injury,
and cancer [37, 38]. Additionally, we investigated that
overactivation of JNK and p38 after CREG1 deletion is
dependent on  upstream  ASK1 signalling.
Interestingly, overexpression of CREG1 alone was not
sufficient to regulate the ASK1 signalling in the
absence of alcohol in vitro experiments. It seems that
the regulation of the ASKI1 signalling pathway by
CREG1 needs to be mediated by other alcohol-
regulatory  proteins, which deserves further
exploration in future experiments. Importantly, ASK1
inhibition prevented apoptosis, steatosis, and
inflammation in ethanol-fed Cregl#*r mouse livers.
Based on all these findings, ASK1 serves as a
downstream target of CREG1 and mediates the
protective function of CREG1 in ALD. Here, our
findings suggest that increasing CREG1 abundance in
hepatocytes could be an effective treatment for ALD.
Aging as a risk factor has been shown to modify
the development and progression of ALD [39]. In our
previous study, aging increases the susceptibility of
alcohol-induced liver injury by downregulating
sirtuin 1 (SIRT1) in hepatocytes and hepatic stellate
cells, and the SIRT1-C/EBPa-miR-223 axis in
neutrophils [7, 8]. The ASK1-signalosome network is a
major center of stress signals that plays multiple roles
in promotion of senescence, aging and diseases of
oxidative stress [40]. It is reported that p3SMAPK
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mediates the stress signal to induce senescence [41].
Previous studies have reported that several genes that
regulate aging are involved in the development of
ALD, such as SIRT1, SIRT2 and SIRT6 [42-44].
Importantly, CREG1 is also involved in the ageing
process [10, 11]. Therefore, the CREG1-ASK1-JNK/
p38 axis likely plays an important role in ageing and
alcoholic liver injury, which deserves further studies.
In summary, the present study demonstrated that
CREGI1 plays an important role in ALD and exerts its
function in a matter dependent on the ASK1-JNK/p38
pathway. These findings highlight for the first time
that targeting CREGl1 might be a promising
therapeutic strategy for ALD prevention and
treatment.
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