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Luteolin protects against alcoholic liver
injury by restoring NRF2 stability to
suppress ACSS2 nuclear accumulation
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Alcohol abuse results in alcoholic liver disease which are associated with high morbidity and mortality
worldwide. Whereas luteolin has shown potential hepatoprotective effects on ethanol-induced liver
damage and the underlying mechanism remains unclear. In this study, a chronic plus a single binge
ethanol feeding mouse model was employed to mimic acute-on-chronic alcoholic liver injury in
humans, and the primary hepatocytes were isolated for the mechanism investigation. Our study
demonstrated that luteolin protects against ethanol-induced liver injury by restoring NRF2 stability,
thereby blocking the nuclear accumulation of ACSS2 and histone H3 acetylation. This subsequently
led to reduced hepatic lipogenesis, and ultimately ameliorated alcoholic liver damage. Our findings
elucidate the protective mechanism of luteolin in alcoholic liver injury and provide a new therapeutic

strategy for the treatment of alcoholic liver disease.

Liver disease is one leading cause of death accounting for approximately two
million deaths annually'. Liver injury can be triggered by various factors,
including hepatotoxic effectors, viral infections and metabolic disorders,
among which, alcohol abuse is a major cause for liver damage’. Alcohol is
absorbed by small intestine and primarily metabolized by the liver. Alcohol
is converted to acetaldehyde, a highly reactive and toxic byproduct in the
liver. Under normal conditions, acetaldehyde is rapidly detoxified, however,
chronic intake of ethanol causes to the excessive accumulation of toxic
acetaldehyde, which possesses the strong oxidizing properties and disrupts
liver metabolism and function, contributing to alcohol-induced liver injury.
The earliest manifestation of alcohol-related liver damage is alcoholic
hepatic steatosis, which is characterized by excessive lipid deposition within
hepatocytes. Several factors are associated with hepatic steatosis, including
lipid migration and impaired fatty acid B-oxidation’. Therefore, inhibiting
hepatic lipid deposition represents a promising therapeutic strategy for the
treatment of ethanol-induced liver injury.

Cells are constantly exposed to external stressors, including toxic
substances, ultraviolet light, and ionizing radiation, which disrupt intra-
cellular metabolic homeostasis’. In the context of alcoholic metabolism,
ethanol dehydrogenase catalyzes ethanol and convert it to acetaldehyde, a

process accompanied by reactive oxygen species (ROS) production. ROS
production is one of the main factors that leading to oxidative stress in cells.
An elevated ROS level enhances lipid peroxidation of cellular membrane
and causes DNA damage, leading to hepatocyte damage’. To counteract
oxidative stress, organisms have evolved a defense system to protect intra-
cellular homeostasis in response to various oxidative stresses. There are
endogenous enzymatic and nonenzymatic antioxidants, which can deplete
the excess ROS. As a critical regulator of xenobiotic metabolism, nuclear
factor erythroid 2-related factor 2 (NRF2) modulates the expression of genes
associated with lipid metabolism, antioxidant response, and mitochondrial
biogenesis(’. Under a homeostatic station, NRF2 binds to kelch-like ECH-
associated protein 1 (KEAP1) and exhibits a low transcriptional activity.
However, ROS can modify the key cysteine residues in KEAP1, resulting in
the accumulation of newly synthesized NRF2. Then, NRF2 translocates to
the nucleus and binds to the antioxidant response element (ARE) to pro-
mote the antioxidant gene transcription’.

It is widely recognized that acetyl-CoA synthetase (ACSS) is the main
enzyme that condensates acetic acid and coenzyme A to form acetyl-CoA,
which is an important intermediate metabolite in energy metabolism®. In
humans, the ACSS family comprises three isoforms of ACSS1, ACSS2, and
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ACSS3, with distinct substrate preferences and subcellular localizations.
ACSSI and ACSS2 mainly use acetic acid as a substrate’, while ACSS3
prefers to use propionic acid". Unlike the ACSS1 which exists in mito-
chondria, ACSS2 is present in cytoplasm and nucleus. ACSS2 shuttles
between cytoplasm and nucleus when the external environment changes
such as nutrient deficiency or hypoxia''. Notably, ACSS2 also plays a key
role in the regulation of histone acetylation due to its ability to produce
metabolite acetyl-CoA". It was reported that alcohol could induction
nuclear accumulation of ACSS2"*". Our previous study also found that
ACSS2 was involved in regulating de novo lipogenesis in the liver'“. These
observations strongly suggest that lipid deposition in alcoholic fatty liver
may be associated with ACSS2-mediated metabolic and epigenetic
alterations.

Previous studies have reported that luteolin, a naturally flavonoid
abundantly present in a variety of plants, can regulate physiological func-
tions such as antioxidant, anti-inflammatory, anti-tumor, and inhibition of
endoplasmic reticulum stress'>'. So far, there are limited reports about
luteolin on liver disease, and most study mainly focus on the non-alcoholic
fatty liver disease'”"*. Though the effect of luteolin on alcoholic liver injury
was previously reported, the precise molecular mechanisms underlying this
protection require further elucidation. In an attempt to gain further
insights into the regulation of luteolin on alcoholic liver injury, we employed
both the primary hepatocytes and mouse models of alcoholic liver injury.
Our work demonstrates that luteolin enhances NRF2 stability, which
reduces nuclear accumulation of ACSS2, and ultimately attenuates alcoholic
liver damage. These findings not only clarify the hepatoprotective
mechanism of luteolin in alcoholic liver injury but also provide a new
therapeutic strategy for the treatment of alcoholic liver disease.

Results

Luteolin reduces ethanol-induced hepatic steatosis and
improves metabolic dysfunction

Ethanol-induced hepatic steatosis was assessed by biomarkers in plasma
and liver firstly. As shown in Fig. 1, luteolin did not affect the body weight of
the mice, indicating that luteolin did not exhibit markedly side effects in
mice (Fig. 1A). However, ethanol challenge increased the liver to body
weight ratio, which was normalized by luteolin (50 mg/kg and 100 mg/kg)
treatment (Fig. 1B). Luteolin administration also decreased ethanol-
enhanced alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and triacylglycerol (TG) levels in plasma (Fig. 1C). H&E staining
showed that there was more macrovesicular steatosis in the liver of ethanol-
fed mice, but the luteolin treatment group significantly reduced the lipid
deposition in the liver (Fig. 1D). In addition, ethanol feeding also caused
oxidative stress in the liver. The alteration of ethanol-induced mal-
ondialdehyde (MDA), glutathione (GSH), and catalase (CAT) levels was
reversed by luteolin supplementation (Fig. 1E). Notably, the alone luteolin
administration showed no significant difference compared with the control
group in body weight and liver to body weight ratio (Fig. S1A). The H&E
staining of pathological sections, including the liver, heart, spleen and kid-
ney, exhibited no significant alterations (Fig. S1B). There was also no
marked difference in the plasma ALT, AST, and TG between the control
group and the alone luteolin administration group (Fig. S1C). Meanwhile,
the hepatic MDA, GSH, and CAT also demonstrated that the alone luteolin
administration exhibits no harmful side effects in this liver injury mice
model (Fig. S1D). All these results demonstrated that luteolin effectively
protects against ethanol-induced liver injury.

Luteolin prevents the nuclear accumulation of ACSS2

Our prior study found that ACSS2 is involved in hepatic lipogenesis', so we
examined the ACSS2 expression in the mouse liver. Results found that
ethanol induction promoted hepatic ACSS2 expression, while luteolin
treatment normalized it (Fig. 2A, B). Similar results were found in the
primary hepatocytes (Fig. 2C). Exclude the upregulation of nuclear ACSS2,
ethanol stimulation also resulted in elevated levels of histone H3 acetylation.
Whereas, luteolin reduced histone H3 acetylation (Fig. 2D). Measurement

of hepatic lipogenesis-associated genes demonstrated that luteolin sig-
nificantly protected against ethanol-induced lipogenesis in the liver
(Fig. 2E). These results demonstrated that luteolin inhibited the nuclear
accumulation of ACSS2, leading to the reduction of lipogenesis in the liver.

Luteolin suppresses oxidative stress by NRF2 activation

Ethanol stimulation leads to oxidative stress”. ROS production is a main
indicator to reflect the balance between oxidation and antioxidation. As
shown in Fig. 3A, ethanol stimulation resulted in increased ROS levels,
however, luteolin treatment reduced the ROS content in the liver. NRF2
plays an important role in regulating the antioxidant response. Luteolin
treatment decreased the NRF2 protein expression in cytoplasm, but
markedly enhanced the expression in nucleus in vivo (Fig. 3B). In addition,
luteolin also promoted the antioxidant gene expression of Hol, Gclc and
Ngol (Fig. 3C). Similar results were found in primary hepatocytes in vitro
(Fig. 3D, E).

NRF2 is involved in the nuclear accumulation of ACSS2

Since luteolin prevents the nuclear accumulation of ACSS2, meanwhile,
luteolin suppresses oxidative stress by NRF2 activation, we wonder whether
oxidative stress accelerates ACSS2 nuclear accumulation. Previous study has
shown that H,O, causes oxidative stress”’, while N-acetylcysteine (NAC) is
widely known as a strong antioxidant that prevents oxidative stress™.
Therefore, we employed H,0, to stimulate the primary hepatocytes and
measured the ACSS2 nuclear translocation. Results showed that H,O, sti-
mulation increased the ACSS2 expression in nuclear, but both luteolin and
the antioxygen NAC (Sigma-Aldrich Shanghai Trading Co., Ltd, Shanghai,
China, Cat No.: A9165) downregulated the expression (Fig. 4A), indicating
that oxidative stress is associated with the nuclear accumulation of ACSS2.
Knocking down of Nrf2 abolished the alteration effect of luteolin on the
nuclear accumulation of ACSS2 (Fig. 4B). Meanwhile, Nrf2 knockdown also
enhanced the histone H3 acetylation compared with the luteolin treatment
group (Fig. 4C). After the knockdown of the Nrf2 gene, the inhibitory effect
of luteolin on the hepatic lipogenesis gene was impaired (Fig. 4D). To verify
the role of ACSS2 on histone H3 acetylation and hepatic lipogenesis, Acss2
was knocked down using siRNA in primary hepatocytes. Results showed
that Acss2 knockdown suppressed the histone H3 acetylation and the gene
expression of hepatic lipogenesis (Fig. 4E, F). These results suggested that
NRF2 was involved in the nuclear accumulation of ACSS2.

Luteolin ameliorates NRF2 stability

Due to the critical role of NRF2 in regulating the nuclear accumulation of
ACSS2*, we examined the role of luteolin on NRF2 expression. As shown in
Fig. 5A, luteolin promoted Nrf2 gene expression, but inhibited KeapI gene
expression. Meanwhile, luteolin also enhanced the NRF2 protein expression
with suppressing the KEAP1 protein expression (Fig. 5B). ROS generated by
oxidative stress impairs protein function through oxidative modification,
and may impair protein stability through proteasomal degradation®. When
intracellular protein synthesis was inhibited by cycloheximide, NRF2 was
stably expressed from 2 to 24 h. Ethanol stimulation accelerated NRF2
degradation, but the degradation was delayed after luteolin treatment
(Fig. 5C). Additionally, ethanol inducted the KEAP1 degradation, while
luteolin treatment normalized it (Fig. 5D). These data indicated that ethanol
impaired the stability of the NRF2 protein, whereas luteolin protected the
abundance of NRF2 protein.

The protective effect of luteolin against alcohol-induced liver
injury is attenuated in Nrf2 knockdown mice

Hepatic Nrf2 was knocked down using AAV8-Nrf2 shRNA to confirm the
important role of NRF2 in the protective effect of luteolin against alcohol-
induced liver injury in mice. After verifying the effectiveness in knockdown
mice, the effect of luteolin on ethanol-induced liver injury was assessed.
Results exhibited that the hepatic protective effect of luteolin against ethanol
was blocked in the hepatic N7f2 knockdown mice (Fig. 6A, B). Meanwhile,
luteolin significantly prevented the nuclear accumulation of ACSS2, but this

npj Science of Food | (2025)9:234


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00600-x

A)

25+
204 -
C
£ 15
°
z
z 10
3
o]
5
0-
Con Eth L-lut H-lut
C) y 25—
=) i 20
= 30— = <V
= |
<) * S
b =~ 15
[ i =
i 20 * %
£ E 10
2 10- &
A T 54
0- 0-

Con Eth L-lut H-lut

Con

Eth L-lut H-lut

Article
B):*
&
2 #
3 *
i
£ 4 =2
2
)
z
>
3
£ 24
]
b
2
=
Con Eth L-lut H-lut
0.8-
# #
0.6-
*
¥ 0.4- *

*
Plasma TG (mmol/ L)

Con Eth L-lut H-lut

E)

~ 8-
S # 25
£ -
& 2
£ 6 & 20
3 3
*

& E 15
< 44 * o
<
g % 10
g 27 2
H E 5
2 -
T o

0 0-

Con Eth L-lut H-lut

Con

Fig. 1 | Luteolin reduces ethanol-induced hepatic steatosis and improves meta-
bolic dysfunction. A Body weight (n = 8-10). B Liver to body weight ratio

(n =8-10). C Levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and triacylglycerol (TG) in plasma (n =7-9). D The representative hema-
toxylin and eosin (H&E) staining of liver tissues (x200 magnification) (n =5, 6).
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(n=7-9). Values represent the means + SD. #p < 0.05 vs. Con group; *p < 0.05 vs.

Eth group. Con control group, Eth ethanol group; L-lut, 50 mg/kg luteolin group; H-
lut, 100 mg/kg luteolin group.
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effect was counteracted after the knockdown of N7/2 in the liver (Fig. 6C). In
addition, the effect of luteolin on regulating ethanol-elevated hepatic lipo-
genesis genes also disappeared (Fig. 6D). These results demonstrated that
the protective effect of luteolin on blocking the nuclear accumulation of
ACSS2 and thereby inhibiting hepatic lipogenesis to ameliorate liver injury,
is dependent on NRF2 activation.

Discussion

Alcoholic liver damage is a progressive disease with high morbidity
worldwide™. In this study, we found that ethanol-stimulated the nuclear
accumulation of ACSS2, which promotes the histone H3 acetylation and
accelerates the hepatic lipogenesis gene expression. However, luteolin
ameliorated ethanol-induced liver injury by restoring the NRF2 stability to
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Fig. 3 | Luteolin suppresses oxidative stress by NRF2 activation. A Levels of
reactive oxygen species (ROS) in liver tissue (n =7-9). B Cytoplasm and nucleus
protein expression of NRF2 in liver tissue (n = 4, 5). C Genes expression of Ho1, Gclc,
and Ngol in liver tissue (n = 6-8). D Cytoplasm and nucleus protein expression of

NRE2 in primary hepatocytes (n = 4, 5). E Genes expression of Hol, Gclc, and Nqol
in primary hepatocytes (n = 6-8). Values represent the means + SD. #p < 0.05 vs.
Con group; *p < 0.05 vs. Eth group. Con control group, Eth ethanol group; L-lut,
50 mg/kg luteolin group; H-lut, 100 mg/kg luteolin group.

prevent ethanol-stimulated nuclear accumulation of ACSS2, contributing to
the prevention of alcoholic liver disease (Fig. 7).

Alcoholic liver disease is initially characterized by the transitional
accumulation of triglycerides in the liver, which further develops to hepatitis,
cirrhosis, and even hepatocellular carcinoma”". The levels of AST and ALT
in plasma are commonly used as biomarkers to reflect liver damage in the

clinics. Our study found luteolin significantly downregulated the AST and
ALT levels in plasma”. Meanwhile, luteolin also suppressed the oxidative
stress in alcohol stimulated mice, which is indicated by the hepatic MDA and
endogenous antioxidants including the non-enzymatic antioxidants GSH
and enzymatic antioxidants CAT. These data demonstrated the hepato-
protection effect of luteolin to protect against alcoholic injury in mice.
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Fig. 4 | NRF2 is involved in the nuclear accumu-
lation of ACSS2. A Representative immuno-
fluorescence staining of ACSS2 (green) after H,O,
stimulation in primary hepatocytes, nucleus was
stained with DAPI (blue) (n =4, 5).

B Representative immunofluorescence staining of
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ACSS2 (green) after ethanol stimulation in primary
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ACSS2, an enzyme that catalyzes the conversion acetic acid to acetyl-
CoA, is involved in various metabolic pathways. As is well known, acetic
acid is a key intermediate in alcohol metabolism, while acetyl-CoA is a
critical substrate for both carbohydrate metabolism and lipid metabolism.
Therefore, ACSS2 serves as a central regulator of carbohydrate metabolism
and lipid metabolism. Acetic acid is a small molecule that can cross the

nuclear pore and produce acetyl-CoA by nuclear ACSS2, which then par-
ticipate in histone acetylation modification. In addition, ACSS2 can also use
the acetic acid generated by the deacetylation reaction in the nucleus to
directly and efficiently generate acetyl-CoA in the nucleus, reducing the
dependence on extranuclear acetyl-CoA'". P Mews et al reported that the
metabolism of alcohol drives rapid histone acetylation in the brain, and
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Fig. 6 | The protective effect of luteolin against alcohol-induced liver injury is

attenuated in Nrf2 knockdown mice. A Plasma levels of alanine aminotransferase

(ALT) and aspartate aminotransferase (AST) in mice (n = 6-8). B The representa-
tive hematoxylin and eosin (H&E) staining of liver tissues (x200 magnification)

(n=5, 6). C Cytoplasm and nucleus expression of ACSS2 protein in liver tissue
(n=4, 5). D Genes expression of Srebp-1c, Fasn and Acaca in liver tissue (n = 6-8).
Values represent the means + SD. #p < 0.05 vs. Con group; *p < 0.05 vs. Eth group.
Con control group, Eth ethanol group.
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Fig. 7 | Schematic diagram of the potential mechanisms by which luteolin pre-
vents alcoholic liver injury. Alcoholic metabolism progression that ethanol dehy-
drogenase catalyzes ethanol converting to acetaldehyde, is usually along with
reactive oxygen species (ROS) production. ROS promotes the nuclear accumulation
of ACSS2, driving the acetyl-CoA production. Acetyl-CoA enhanced the histone H3
acetylation and the expression of hepatic lipogenic genes including Srebp-Ic, Fasn
and Acaca. Luteolin restored NRF?2 stability to suppress the ROS reaction, con-
tributing to the prevention of alcoholic liver disease. Acaca acetyl-CoA carboxylase
alpha, ACSS2 acetyl-CoA synthetase short-chain family member 2, Fasn fatty acid
synthase, NRF2 nuclear factor erythroid 2-related factor 2, ROS reactive oxygen
species, Srebp-1c sterol regulatory element binding transcription factor 1c.

partly through the direct deposition of alcohol-derived acetyl groups onto
histones in an ACSS2-dependent manner"”. Notably, increased nuclear
accumulation of ACSS2 has been reported in mice with alcohol-induced
liver injury"*. Consistent with previous results, in the present study, elevated
nuclear accumulation of ACSS2 was found in the liver along with the
enhanced histone acetylation and lipogenic gene expressions. However,
these alterations were reversed by luteolin. These data suggest that luteolin
reduces the augmentation of hepatic lipogenesis is, at least partly, associated
with blocking the nuclear accumulation of ACSS2.

The chronic plus a single binge ethanol feeding model (NIAAA
model) is often used to mimic acute-on-chronic alcoholic liver injury in
humans®. Prior studies demonstrated that the NIAAA model caused
severe hepatic steatosis and liver injury, accompanied by inflammatory
responses and oxidative stress’. In our research, we found that luteolin
reduced ethanol-induced oxidative stress by regulating the NRF2/
KEAP1 signaling pathway. NRF2/KEAP1 signaling is widely known as the
pathway involved in cellular defense mechanisms against oxidative stress.
Activation of the NRF2 system is considered to be a potent cytoprotective
strategy. In the physiological state, intracytoplasmic KEAP1 and NRF2
bind, which presents NRF2 for ubiquitination and subsequent degrada-
tion by the proteasome™. Oxidative stress induces conformational chan-
ges, which impair the NRF2 degradation. The protective role of NRF2 in
alcohol-induced liver injury has been demonstrated™*. Similarly, our
study found that luteolin ameliorated NRF2 stability. Jian Lu et al found
that ACSS2 promotes mitochondrial oxidative stress and renal tubular
inflammation in diabetic nephropathy”. Notably, we found that the
nuclear accumulation of ACSS2 is associated with oxidative stress, and
knockdown of Nrf2 markedly prevents the nuclear accumulation
of ACSS2.

Taken together, this study provides new insights into the role of
luteolin in alcoholic liver injury, which suggests a potential therapeutic
strategy to prevent ethanol-induced liver injury.

Methods

Animal treatment

Male C57BL/6 ] mice (6-8 weeks) were provided by Liaoning Changsheng
Biotechnology Co., Ltd. All mice were housed in an individually ventilated
cage (IVC) system with free access to food and water. The room was
maintained at 21-25 °C and had 12 h light and dark cycles. In this study, a
chronic and binge ethanol feeding mouse model, which is also known as the
NIAAA model, was employed to induce the alcoholic liver injury™. Briefly,
the mice were fed with a modified Lieber-DeCarli liquid diet for 5 days, and
after that, all mice were divided into control group, ethanol group, and
luteolin treatment groups (50 and 100 mg/kg body weight, Shanghai
Aladdin Biochemical Technology Co., Ltd., Shanghai, China, Cat No.:
L1267551) randomly. Both the ethanol group mice and the luteolin treat-
ment group mice were fed with an alcohol liquid diet for 10 consecutive
days, while the control group mice were fed a control liquid diet equally. All
diets were freshly prepared daily for mice and contained 18% protein, 35%
fat, 19% carbohydrate, and 28% ethanol or maltodextrin (TROPHIC Ani-
mal Feed HighTech Co., Ltd., Nantong, China, Cat No.: TP4030D). For
mice luteolin supplementation, luteolin was suspended in sodium carbox-
ymethylcellulose, and then diluted with normal saline (the final con-
centration of sodium carboxymethylcellulose was 5%). Mice in luteolin-
treated groups received luteolin daily by intragastric administration for
10 days consecutively, while the control group mice and the ethanol group
mice were orally administered with an equal volume of normal saline with
5% sodium carboxymethylcellulose. On the 11th day, all ethanol-fed mice
were gavaged with 31.5% (v/v) ethanol (5 g/kg body weight) in the early
morning, while the control group was given the same calorie of mal-
todextrin. After 9h of continuous fasting, mice were anesthetized by 2%
isoflurane with laparotomy and euthanized with CO,. The plasma and liver
were obtained and stored at —80 °C for subsequent experiments. To assess
the side effects of luteolin under physiological conditions, mice in the
control group and mice treated with luteolin alone were fed with the control
liquid diet for 10 consecutive days. On the 11th day, all mice were orally
administered with maltodextrin. After 9 h of continuous fasting, mice were
anesthetized by 2% isoflurane with laparotomy and euthanized with CO,.
The plasma, liver, heart, spleen and kidney were collected and stored at
—80 °C for subsequent experiments. All animal procedures were operated
following the Guidelines for the Care and Use of Laboratory Animals of
Hebei Normal University, which was approved by the Animal Ethics
Committee of Hebei Normal University (NO.2022LLSC025).

Hepatic specific knocking down of the N7f2 gene in mice was obtained
using the AAV8-shRNA technique. Meanwhile, the control group mice
were injected with AAV8-NC shRNA. After three weeks, Nrf2 expression in
the liver was detected to ensure the effect of AAV8-shRNA. The shRNA
sequences used in this experiment were Nrf2 shRNA: CGAGAAGUGUG
UGUGUGACUUUUUUUUA, NC shRNA: TTCTCCGAACGTGT
CACGTAA.

Biochemical analysis

Plasma alanine aminotransferase (ALT, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China, Cat No.: C009-2-1), aspartate aminotransferase
(AST, Nanjing Jiancheng Bioengineering Institute, Nanjing, China, Cat No.:
C010-2-1) and triacylglycerol (TG, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China, Cat No.: A110-1-1) were measured to reflect liver
function. Malondialdehyde (MDA, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China, Cat No.: A003-1-1), catalase (CAT, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China, Cat No.: A007-1-1)
level, and glutathione (GSH, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China, Cat No.: A006-2-1) activity in the liver were examined to
assess the degree of hepatic oxidative stress. All the experiments were carried
out according to the instructions.

Detection of ROS in liver tissue
Freshly taken liver tissues were subjected to tissue homogenization. Hepa-
tocytes were obtained after centrifugation. Then, the cells were incubated
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with a DCFH-DA (Beyotime Biotechnology Co., Ltd, Shanghai, China, Cat
No.: S0033S) probe for 30 min. The fluorescence intensity of DCFH was
detected using a SpectraMax M5 Multi-Mode Microplate Reader (Mole-
cular Devices, CA, USA).

Histological analysis

To evaluate hepatic pathology alteration, the liver was fixed with 4% par-
aformaldehyde and then embedded in paraffin. The tissue was sliced into
5 um sections and subjected to hematoxylin and eosin (H&E) (Solarbio
Science and Technology Co., Ltd, Beijing, China, Cat No.: G1120) staining.
Histopathological alterations were visualized using a Nikon ECLIPSE Ts2
light microscope (Nikon Corporation, Tokyo, Japan).

Primary hepatocytes extraction

Mouse Primary hepatocytes were extracted using a two-step collagenase
perfusion method™””. Briefly, mice were anesthetized and the inferior vena
cava of the liver was cannulated. The liver was perfused with pre-warmed
HanK’s Balanced Salt Solution (HBSS, Servicebio Biotechnology Co., Ltd,
Wuhan, China, Cat No.: G4203) buffer first. After removing the blood, the
buffer was changed to collagenase perfusion. When the liver was enlarged and
flaccid, dissect out the liver gently. Subsequently, the liver was minced and
continued to be digested in collagenase and shaken for 10 min at 37 °C. HBSS
containing 10% FBS (Meilunbio Biotechnology Co., Ltd, Dalian, China, Cat
No.: PWL001) was added to terminate the digestion. After being filtered
using a 70 um cell strainer, primary hepatocytes were collected by gradient
centrifugation and counted. Finally, primary hepatocytes were plated in
dishes and cultured in DMEM (Servicebio Biotechnology Co., Ltd, Wuhan,
China, Cat No.: G4524) containing 10% FBS for subsequent experiments.

Immunofluorescence

Primary hepatocytes were plated in 24-well plates and cultured in DMEM
with 10% FBS to 80% confluence. After permeabilizing with 0.2% Triton
X-100 (Solarbio Science and Technology Co., Ltd, Beijing, China, Cat No.:
T8200) for 10 min, the primary hepatocytes were washed with PBS and fixed
in 4% paraformaldehyde for 15 min at room temperature. Cells were then
blocked with 10% FBS for 1h at room temperature. Next, the primary
hepatocytes were incubated in a humidified cassette with the primary
antibody ACSS2 (1:300, Proteintech Group, Inc., Wuhan, China, Cat No.:

16087-1-AP) at 4 °C overnight. The next day, the secondary antibody with
fluorescent labeling was incubated at room temperature for 1 h. The nucleus
was stained using 4’,6-diamine-2-phenylindole dihydrochloride (DAPI,
Biosharp Biotechnology, Hefei, China, Cat No.: BL105A). Fluorescence was
observed and photographed by a confocal imaging system (Olympus,
Tokyo, Japan). Similarly, the liver tissue was cryosectioned to a thickness of
6 um. Immunofluorescence of the liver tissue was performed by the same
procedure as described above.

Small interfering RNA transfection

To specifically knockdown the Nrf2 expression, the primary hepatocytes
were transfected with specific mouse Nrf2 or non-silencing control (Gen-
ePharma Co., Ltd., Shanghai, China, Cat No.: 112694532) small interfering
RNA (siRNA) using Liposome 6000 transfection reagent (Beyotime Bio-
technology Co., Ltd, Shanghai, China, Cat No.: C0526). After transfecting
the cells for 7 h, the culture medium was changed to DMEM containing 10%
FBS. Cells were then used for the subsequent experiments.

Quantitative real-time PCR

Total RNA was extracted from the liver tissue or the primary hepatocytes
using the Eastep Super Total RNA extraction kit (Promega Biotechnol-
ogy Co., Ltd, Beijing, China, Cat No.: LS1040). After measuring its purity,
the cDNA was synthesized using HiScript III RT SuperMix for qPCR
(Vazyme Biotech Co., Ltd, Nanjing, China, Cat. No.: R323-01) according
to the instructions. All gene expressions were quantified using the
ChamQ Universal SYBR qPCR Master Mix Kit (Vazyme Biotech Co.,
Ltd, Nanjing, China, Cat No.: Q311-02/03) on a QuantStudio5 system
(Thermo Fisher Scientific Inc., MA, USA). The results were calculated by
normalizing the expression of the internal reference Actb and setting the
control group as one. Primers were designed from the PrimerBank
(http://pga.mgh.harvard.edu/primerbank) and synthesized by Sangon
(Sangon Biological Engineering Technology & Services Co., Ltd,
Shanghai, China). The primer sequences used in this study are shown in
Table 1.

Immunoblot analysis
Both nucleus and cytoplasm proteins were extracted from liver tissue or cells
using a lysate containing 1% Phenylmethanesulfonyl fluoride (PMSF,

Table 1 | Primer sequence for qRT-PCR

Gene NCBI Reference Sequence Gene ID Primer sequence (5'-3')
Srebp-1c NM_001358314.1 20787 Forward: TGACCCGGCTATTCCGTGA
Reverse: CTGGGCTGAGCAATACAGTTC
Fasn NM_007988.3 14104 Forward: AGGTGGACTGGATACACAGAC
Reverse: TCTCCTGCCCAAACTCTTTGC
Acaca NM_133360.3 107476 Forward: GATGAACCATCTCCGTTGGC
Reverse: GACCCAATTATGAATCGGGAGTG
Ho1 NM_010442.2 15368 Forward: AAGCCGAGAATGCTGAGTTCA
Reverse: GCCGTGTAATATGGTACAAGGA
Nqo1 NM_008706.5 18104 Forward: AGGATGGGAGGTACTCGAATC
Reverse: AGGCGTCCTTCCTTATATGCTA
Gclc NM_010295.2 14629 Forward: GGGGTGACGAGGTGGAGTA
Reverse: GTTGGGGTTTGTCCTCTCCC
Nrf2 NM_010902.5 18024 Forward: TCTTGGAGTAAGTCGAGAAGTGT
Reverse: GTTGAAACTGAGCGAAAAAGGC
Keap1 NM_016679.4 50868 Forward: TGCCCCTGTGGTCAAAGTG
Reverse: GGTTCGGTTACCGTCCTGC
Actb NM_007393.5 11461 Forward: GGCTGTATTCCCCTCCATCG

Reverse: CCAGTTGGTAACAATGCCATGT
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Solarbio Science and Technology Co., Ltd, Beijing, China, Cat No.: P8340)
and 1% cocktail (Solarbio Science and Technology Co., Ltd, Beijing, China,
Cat No.: IKM1010). Proteins were separated using 10% SDS-PAGE and
later transferred to a PVDF membrane (Sigma-Aldrich Shanghai Trading
Co., Ltd, Shanghai, China, Cat No.: IPVH00010). After blocking with 5%
skimmed milk at room temperature for 1 h, the membrane was incubated
with the primary antibodies including anti-ACSS2 (79 kDa, 1:3000, Pro-
teintech Group, Inc., Wuhan, China, Cat No.: 16087-1-AP), anti-Histone
H3 (17 kDa, 1:1000, Proteintech Group, Inc., Wuhan, China, Cat No.:
17168-1-AP), anti-Acetyl-Histone H3 (17 kDa, 1:1000, Cell Signaling
Technology, Inc., Danvers, MA, USA, Cat No.. 8173 T), anti-NRF2
(100 kDa, 1;1000, Cell Signaling Technology, Inc., Danvers, MA, USA,
Cat No.: 12721 T), anti-KEAPI1 (70 kDa, 1:3000, Proteintech Group, Inc.,
Wuhan, China, Cat No.: 10503-2-AP) and anti-ACTB (42 kDa, 1:1000, Cell
Signaling Technology, Inc., Danvers, MA, USA, Cat No.: 4967S) at 4°C
overnight. The next day, membranes were washed with TBST and incubated
with the horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
antibody (1:10,000, Abcam, Cambridge, MA, USA, Cat No.: ab6721) for 1 h
at room temperature. Chemiluminescent detection was performed with
ClarityTM Westen ECL Substrate (BioRad Laboratories, Inc., Hercules, CA,
USA, Cat No.:1705061) on a Bio-Rad ChemiDoTM XRS System (BioRad
Laboratories, Inc., Hercules, CA, USA). Greyscale values were counted by
Image J software.

Statistical analysis

All data were expressed as mean + standard deviation (SD). The results were
analyzed using one-way analysis of variance (ANOVA) with Tukey’s post
hoc test. p<0.05 was considered as statistically significant difference.
GraphPad Prism 7.00 software (San Diego, CA, USA) was used for statistical
analyses and graphing.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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