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ARTICLE INFO ABSTRACT
Keywords: Ethnopharmacological relevance: Nonalcoholic fatty liver disease (NAFLD) is a prevalent liver disease, but
Nonalcoholic fatty liver disease currently has no specific medication in clinic. Antrodia cinnamomea (AC) is a medicinal fungus and it has been

Antrodia cinnamomea shown that AC can inhibit high fat diet (HFD)-induced lipid deposition in mouse livers, but the effective
Dehydroeburicoic acid

monomer in AC and mechanism against NAFLD remain unclear. It has been reported that aldehyde dehydro-
Aldehyde dehydrogenase 2 L. . .
4-HNE genase 2 (ALDH2) activation shows protective effects on NAFLD. Our previous study demonstrates that AC and
its monomer dehydroeburicoic acid (DEA) can upregulate the ALDH2 activity on alcoholic fatty liver disease
mouse model, but it is not clear whether the anti-NAFLD effects of AC and DEA are mediated by ALDH2.
Aim to study: To elucidate the active compound in AC against NAFLD, study whether ALDH2 mediates the anti-
NAFLD effects of AC and its effective monomer.
Materials and methods: WT mice, ALDH2—/— mice and ALDH2—/— mice re-expressed ALDH2 by lentivirus were
fed with a methionine-choline deficient (MCD) diet or high fat diet (HFD) to induce NAFLD, and AC at the
different doses (200 and/or 500 mg/kg body weight per day) was administrated by gavage at the same time.
Primary hepatocytes derived from WT and ALDH2—/—mice were stimulated by oleic acid (OA) to induce lipid
deposition, and the cells were treated with AC or DEA in the meantime. Lentivirus-mediated ALDH2-KD or
ALDH2-OE were used to knock down or overexpress ALDH2 expression in HepG2 cells, respectively. Finally, the
effects of DEA against NAFLD as well as its effects on upregulating liver ALDH2 and removing the harmful
aldehyde 4-hydroxynonenal (4-HNE) were studied in the MCD diet-induced NAFLD mouse model.
Results: In WT mice fed with a MCD diet or HFD, AC administration reduced hepatic lipid accumulation, upre-
gulated ALDH2 activity in mouse livers, decreased 4-HNE contents both in mouse livers and serum, inhibited
lipogenesis, inflammation and oxidative stress and promoted fatty acid p-oxidation. These effects were abolished

Abbreviations: 4-HNE, 4-hydroxynonenal; AC, Antrodia cinnamomea; ACC-1, acetyl-CoA carboxylase-1; ACOX1, acyl-coenzyme A oxidase 1; ALDH2, aldehyde
dehydrogenase 2; CPT1a, carnitine palmitoyltransferase 1oa; DEA32, dehydroeburicoic acid 32; DEPC, dimethyl pyrocarbonate; DMSO, Dimethyl Sulphoxide; DTT,
Dithiothreitol; Fasn, fatty acid synthase; FBS, Fetal bovine serum; FFA, free fatty acids; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HE, Hematoxylin and
eosin; HFD, high fat diet; HO-1, heme oxygenase-1; IL, interleukin; KD, knock down; KO, knock out; MCD, methionine choline deficient; MPO, Myeloperoxidase;
NAFLD, nonalcoholic fatty liver disease; OA, oleic acid; OE, overexpressed.
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in ALDH2 KO mice but could be restored by re-expression of ALDH2 by lentivirus. In primary hepatocytes of WT
mice, AC and DEA inhibited OA-induced lipid accumulation and triglyceride (TG) synthesis, promoting the
p-oxidation of fatty acid in the meantime. However, these effects were lost in primary hepatocytes of ALDH2 KO
mice. Moreover, the expression level of ALDH2 significantly affected the inhibitory effects of AC and DEA on OA-
induced lipid deposition in HepG2 cells. The effects of AC and DEA on suppressing lipid deposition, inhibiting
mitochondrial ROS levels, reducing TG synthesis, and promoting p-oxidation of fatty acid were all enhanced with
the overexpression of ALDH2 and reduced with the knockdown of ALDH2 expression. DEA showed dose-
dependent effects on inhibiting liver lipid deposition, elevating ALDH2 activity and reducing 4-HNE levels in
the livers of MCD diet-induced NAFLD mice.

Conclusion: DEA is the effective compound in AC against NAFLD. The related anti-NAFLD mechanisms of AC and
DEA were through upregulating ALDH2 expression and activity, thus enhancing the elimination of 4-HNE in the
livers, and sequentially alleviating oxidative stress and inflammation, promoting fatty acid p-oxidation and

decreasing lipogenesis.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) refers to accumulation of
fat in the liver caused by events except alcohol abuse or other explicit
causes of liver injury (Gitto and Villa, 2016), and is associated with
central obesity, diabetes, hyperlipidemia and other metabolic diseases
(Chalasani et al., 2012). NAFLD comprises a complex spectrum, from
simple fatty liver to nonalcoholic steatohepatitis (NASH), liver fibrosis
and eventually cirrhosis (Dowman et al., 2010). Recent changes in living
standards and lifestyles in modern society have led to a rapid increase in
the number of patients with NAFLD. The prevalence of NAFLD in China
has been estimated to be 20%, and it has become a major health problem
threatening human beings (Angulo, 2010).

As for now, a change in lifestyle is dominant as clinical treatment of
NAFLD, and dietary improvement and moderate exercise are recom-
mended for achieving weight loss (Martin-Dominguez et al., 2013).
Some patients with severe obesity take measures such as surgery and
diet pills (Martin-Dominguez et al., 2013; Mummadi et al., 2008).
Furthermore, drugs, including thiazolidinediones (Belfort et al., 2006),
metformin (Li et al., 2013), lipid-lowering drugs (Chang et al., 2013)
and so on, are used for adjuvant treatment of NAFLD. Currently there are
no specific drugs for NAFLD treatment. Besides, some of the above
clinical drugs have side effects to different degrees, such as retention of
water and sodium (Rivera et al., 2007), aggravation of insulin resistance
after drug withdrawal, elevation of serum transaminase and increased
risk of cardiovascular disease (Kung and Henry, 2012). Others have
limited effects on the disease. For example, metformin may only be
effective for NAFLD accompanied by diabetes (Musso et al., 2012). So,
there is an urgent need for a clinically safe and effective medication for
NAFLD treatment.

The underlying pathogenesis of NAFLD is complex and has not been
extensively veiled. Therefore, many studies on the mechanism leading to
NAFLD have been explored, and the “two hit” hypothesis was proposed
to explain the development of NAFLD and is the most widely accepted
(Provencher, 2014). The theory considers obesity and insulin resistance
as the “first hit”, leading to increase of free fatty acids (FFA) and simple
fatty liver (Stankovic et al., 2014). In addition, insulin resistance exac-
erbates disorders of glycolipid metabolism in the liver and secretion of
adipokines, thus accelerating the development of simple fatty liver
(Gaggini et al., 2013; Treeprasertsuk et al., 2011). Inflammation,
mitochondrial dysfunction and other factors, as the “second hit”, cause
further damage to liver cells, eventually leading to liver fibrosis and
even cirrhosis (Day and James, 1998).

Aldehyde dehydrogenase 2 (ALDH2) is a key enzyme which can
oxidate acetaldehyde and other toxic aldehydes into nontoxic aldehydes
in mitochondria (Chen et al., 2014). Studies have shown that ALDH2 has
protective effects on diseases such as heart failure, atherosclerosis and
cerebral infarction, and its protective mechanisms include reducing
oxidative stress, inhibiting inflammation, promoting autophagy and
decreasing apoptosis (Li et al., 2006; Singh et al., 2015; Stachowicz
etal., 2016). Even though there has been no direct evidence to verify the

effects of ALDH2 on NAFLD, ALDH2’s removal of harmful aldehydes
such as 4-HNE in mitochondria can protect hepatocyte from oxidative
damage and reduce inflammation, thus promoting the normal liver
function of lipid metabolism, which indicates ALDH2 may play a pro-
tective role in NAFLD. It has been reported that rs671 site mutation, an
inactivation mutation in ALDH2 enzyme activity, increases susceptibil-
ity to NAFLD (Dabravolski et al., 2021). Alda-1, an agonist of ALDH2,
can reduce HFD-induced lipid accumulation in the livers of ApoE
knockout mice (Alin, 2010). In addition, ALDH2 can maintain the ho-
meostasis and normal function of liver mitochondria through inhibiting
inflammation and apoptosis as well as promoting autophagy (Budas
etal., 2009; Li et al., 2006; Stachowicz et al., 2016). The above evidence
suggests that ALDH2 may become a potential target for NAFLD
intervention.

Antrodia cinnamomea T.T. Chang & W.N. Chou, rhizome (AC) belongs
to Polyporaceae family (Wu et al., 1997). AC is a precious medicinal
fungus that usually parasitizes in hollow trunks of cinnamomum kane-
hirai Hayata, a unique tree species in Taiwan (Lu et al., 2013). AC has
been used by indigenous people for hundreds of years to lessen the ef-
fects of alcohol, suppress liver cancer and protect against hypertension
(Liu et al., 2012). The compounds in AC extracts mainly include tri-
terpenoids, polysaccharides and steroids (Lu et al., 2013; Zhang et al.,
2017). It has been reported that AC has a variety of biological activities,
including anti-cancer (Chung et al., 2014; Liu et al., 2013a, 2013b),
anti-inflammatory (Huang et al., 2014), anti-oxidation (Liu et al., 2017a;
Shih et al., 2017), and hepatoprotective effects (Chen et al., 1995; Liu
et al., 2017b). AC barely has toxicity and the products of AC have been
registered as health care products in China (Ren et al., 2020).

Recent studies have shown that AC reduces lipid accumulation in the
liver by promoting the expression of fatty acid oxidation-related genes
(such as PPARa) while inhibiting the expression of triglyceride (TG)
synthesis genes (such as SREBP and FAS) on HFD-induced NAFLD in
mice (Chyau et al., 2020; Peng et al., 2017). AC also inhibits the acti-
vation of NLRP3 inflammasome and suppresses liver inflammation on
MCD diet-induced NAFLD in mice (Yen et al., 2020). Dehydroeburicoic
acid (DEA, CAS:6879-05-6) is a triterpenoid monomer in AC and has
been reported to have an inhibitory effect on HFD-induced hyperlipid-
emia, hyperglycemia and hypercholesterolemia by enhancing the ac-
tivity of AMPK and the expression of PPARa while decreasing FAS
expression (Kuo et al., 2016). Our preliminary results show that the
protective effects of AC and its monomer DEA on alcoholic fatty liver are
related to upregulation of ALDH2 activity (Xu et al., 2021), but findings
are equivocal whether the anti-NAFLD effects of AC and DEA are
dependent on ALDH2 and if their anti-NAFLD mechanisms are related to
their regulation of ALDH2.

In this study, to clarify whether ALDH2 could mediate the inhibitory
effects of AC against NAFLD, MCD diet and HFD were used to induce
NAFLD respectively on WT mice, ALDH2—/— mice and ALDH2—/—
mice re-expressed ALDH2 by lentivirus. AC was administrated to the
mice by gavage in the meantime. To determine whether DEA is the
active monomer and to study whether the effects of DEA on lipid
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deposition prevention depend on ALDH2, cellular experiments were
conducted on primary hepatocytes derived from WT and ALDH2—/
—mice and stimulated by OA. Furthermore, the influences of ALDH2
expression on the efficacy of AC and DEA to inhibit lipid deposition and
mitochondrial oxidative stress were explored by using lentivirus to
overexpress or knock down ALDH2 on OA-induced HepG2 cells. Finally,
we confirmed that the anti-NAFLD effect of DEA accompanied by its
upregulation of ALDH2 activity and enhancement in 4-HNE elimination
on MCD diet-induced NAFLD in mice.

Our work not only verified the function of ALDH2 in NAFLD but also
proved for the first time that the protective effects of AC and DEA on
NAFLD depended on ALDH2 activity. Our study indicate that AC and
DEA may be developed as new drugs for NAFLD prevention and tar-
geting ALDH2 may be a potential strategy to suppress the progression of
fatty liver diseases.

2. Materials and methods
2.1. Materials and reagents

Tissue-tek O.C.T. (4585) compound was purchased from Sakura
Finetek Japan Co., Ltd. (Tokyo, Japan). Trizol reagent (16096020)
purchased from Thermo Fisher Scientific (USA). Transscript first-strand
cDNA synthesis supermix (AU341-02) and Evagreen qPCR mastermix
(AUQ-01) were purchased from TransGen Biotech (Beijing, China).
Triton X-100 (X100) and Oil Red O (00625) were purchased from
Sigma-Aldrich (St. Louis, USA). Fetal bovine serum (FBS) (FS101) and
dulbecco’s modified eagle’s medium (DMEM) (FL101) were purchased
from TransGen Biotech (Beijing, China). Protein marker (ab181991) was
purchased from Fermentas Abcam (Cambridge, England). ECL lumi-
nescence reagent (P1010-25) was purchased from Applygen (Beijing,
China). Nitrocellulose filter membrane (A1103) was purchased from
Millipore (Beijing, China). TC Kits (A111-1-1) and TG kits (A110-1-1)
were purchased from Nanjing Jiancheng Bioenginieering Insitute
(Nanjing, China). BCA protein kit (P1511) was purchased from Pierce
(Rockford, USA). Mitochondrial aldehyde dehydrogenase activity assay
kit (ab115348) was purchased from Abcam (Cambridge, England).
Mouse 4-Hydroxynonenal (4-HNE) ELISA Kit (H268) was purchased
from Nanjing Jiancheng Bioenginieering Insitute (Nanjing, China).
MitoSOX™ red mitochondrial superoxide indicator (M36008) was
purchased from Thermo Fisher Scientific (USA). MCD diet and HFD diet
were purchased from Trophic Animal Feed High-tech Co., Ltd (Jiangsu,
China).

2.2. Preparation of AC and its monomer dehydroeburicoic acid (DEA)

AC hyphae was cultured in the dishes. The coarse powder from the
AC hyphae ground was heated and refluxed with 95% ethanol for 4
times (Ren et al.,, 2020). The extracts were combined, filtered, and
concentrated under reduced pressure to get an AC mixture. The mixture
was suspended with water and extracted successively with petroleum
ether and ethyl acetate. The extract was purified repeatedly through
silica gel, middle chromatogram isolated gel (MCI) and octadecylsilyl
(ODS) in sequence (Deng et al., 2013). And DEA, a monomer in AC, was
obtained eventually. Finally, Nuclear magnetic resonance (NMR) was
used to identify the structure of DEA (Huang et al., 2014), and HPLC
(Agilent 1260, USA) was used to detect the content to ensure the purity
of the DEA (>95% in purity).

2.3. Animals and treatment

Male C57BL/6J and ALDH2—/— (C57BL/6J) mice (8-10 weeks,
20-25g) were purchased from the animal department of Peking Uni-
versity Health Science Center (Beijing, China). Ambient temperature
and relative humidity were stabilized at 24 °C and 45%, respectively. All
mice were raised under a 12-h light/dark cycle with free access to food
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and water. The feeding and application of the experimental mice were in
accordance with the National Institutes of Health Laboratory Animal
Application Guide (NIH publication no. 85-23, revised 1996) and
approved by the Animal Care and Use Committee of the Peking Uni-
versity health science center (Approval number: LA, 2016035). Animal
experiments were in accordance with ARRIVE 2.0 guidelines.

To assess the potential effect of AC on NAFLD, male WT and
ALDH2—/— mice were fed with a MCD diet for one week or HFD for six
weeks to induce NAFLD in this study. NAFLD mice manifested inflam-
mation and TG accumulation in livers assessed by oil red staining.

2.3.1. MCD diet-induced NAFLD (Wang et al., 2020a)

Mice received a chow diet (CD) or MCD diet (45% fat, methionine
and choline deficiency) for one week, and were administered either AC
or DEA or vehicle (0.5% sodium carboxymethyl cellulose) by gavage at
the beginning of the diet feeding.

Forty male WT mice were randomly assigned to four groups with 10
mice per group, including CD group, MCD group, MCD+200 mg/kg/
d AC group (MCD + AC 200) and MCD+500 mg/kg/d AC group (MCD +
AC 500) (n = 10).

Thirty male ALDH2—/— mice were randomly assigned to three
groups with 10 mice per group, including CD group, MCD group and
MCD+500 mg/kg/d AC group (MCD + AC) (n = 10).

Fifty male WT mice were randomly assigned to five groups with 10
mice per group, including CD group, MCD group, MCD+80 mg/kg/
d DEA group (MCD + DEA 80), MCD+200 mg/kg/d DEA group (MCD +
DEA 200) and MCD+500 mg/kg/d DEA group (MCD + DEA 500) (n =
10).

2.3.2. HFD-induced NAFLD (Moon et al., 2017)

Mice received a chow diet (CD) or HFD (60.0% fat, 25.9% carbo-
hydrate, 14.1% protein) for six weeks, and were administered either AC
or vehicle (0.5% sodium carboxymethyl cellulose) by gavage at the
beginning of the diet feeding.

Thirty-two male WT mice were randomly assigned to three groups
with 8 mice per group, including CD group, HFD group, and HFD+500
mg/kg/d AC group (HFD + AC) (n = 8).

Twenty-four male ALDH2—/— mice were randomly assigned to three
groups with 8 mice per group, including CD group, HFD group, and
HFD+500 mg/kg/d AC group (HFD + AC) (n = 8).

ALDH2 was re-expressed on male ALDH2—/— mice by iv injection of
lentivirus (lentivirus-ALDH2-OE), and the mice were randomly assigned
to three groups with 8 mice per group, including ALDH2 KO + HFD
group, ALDH2 re-expression + HFD group, and ALDH2 re-expression +
HFD+500 mg/kg/d AC group (ALDH2 re-expression + HFD + AC) (n =
8).

2.4. Extraction of primary mouse hepatocytes

Male C57BL/6J and ALDH2—/— (C57BL/6J) mice were anesthetized
with 0.3% sodium pentobarbital by intraperitoneal injection (0.2 mL/
10 g body weight) and perfused through the portal vein with 50 mL of
buffer A (hank’s buffer containing glucose, 37 °C). The buffer A was
changed with buffer B (hank’s buffer containing collagenase IV, 37 °C)
to digest the liver cells. Then the liver was cut and minced. The hepa-
tocytes were filtered into 50 mL tubes. DMEM was added and cen-
trifugated at 50 g and 4 °C for 4 min, then the supernatant was removed.
The step was repeated before resuspending the cells with DMEM con-
taining 10% FBS (Wang et al., 2020a). Trypan blue staining was used to
count the number of living cells by using microscope (DM2700P, Leica,
Germany) at 400X magnification.

2.5. Lentivirus transfection of HepG2 cells

HepG2 cells (Shanghai Institute of Biochemistry and Cell Biology,
Shanghai, China) were inoculated in 24-well plates and cultured in
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DMEM supplemented with polybrene (V/V = 1:2000). Six microliters of
lentivirus ALDH2-KD or lentivirus ALDH2-OE was added into each well.
Generally, the cells can expand to a larger number in 48-72 h after
infection. After incubation with lentivirus for 12 h, the medium was
discarded and the cells were incubated with DMEM for 3 d (the medium
was replaced with fresh DMEM every day). After then, the medium was
aspirated and the cells were incubated with DMEM containing puro-
mycin (2 pg/mL) for 12 h, then the medium was removed. Finally, the
cells were incubated with DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin for 24 h (Tan et al., 2021).

2.6. MTT assay for cell viability

Primary hepatocytes were cultured in 96-well plates and cultured in
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in a
5% CO3 incubator at 37 °C. After 24h, the medium was aspirated and the
cells were treated with different concentrations of AC (25 pg/mL, 50 pg/
mL, 100 pg/mL, 200 pg/mL) and DEA (25 pM, 50 pM, 100 pM, 200 pM)
for 9 h. After then, methylthiazolyl tetrazolium (MTT) was added to
each well to a final concentration of 0.5 mg mL~! and incubated for 4 h
at 37 °C. Supernatant was aspirated and 100 puL of DMSO was added in
each well. Then, the plate was shaken at 100 rpm for 8 min at 37 °C
under dark conditions. After the blue crystal formazan was completely
dissolved, OD value of the solution at 490 nm was measured with a
microplate reader (No.550, Hercules, California, USA) (Wang et al.,
2020a).

2.7. Cell culture and drug treatment

HepG2 cells and mice primary hepatocytes were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin in a 5%
CO; incubator at 37 °C. HepG2 cells were cultured in blank DMEM
(without FBS) containing 0.4 mM OA for 24 h while primary hepatocytes
were cultured in blank DMEM containing 0.05 mM OA for 24 h, then the
medium was aspirated. The cells were incubated with blank DMEM
(without FBS) for 9 h. The control group was incubated with blank
DMEM (without FBS) while the drug-treated groups were simulta-
neously incubated with blank DMEM (without FBS) and the drugs
(dissolved in DMSO with a final concentration of 0.1% DMSO) for 9 h.
The final concentrations of Alda-1, AC and DEA were 20 pM, 50 pg/mL
and 25 pM, respectively. The control and model group (OA) as well as
the DMEM groups were given DMSO with a final concentration of 0.1%.
The cells were for staining or collected for other detection. The cells
were removed from the medium and were washed 3 times with PBS. 1
mL of Trizol was added to each well for RNA or protein detection and Oil
Red O staining.

2.8. Fluorescence staining to detect mitochondrial ROS

For fluorescent staining, the cell slides were put in 24-well plates and
HepG2 cells were seeded on the slides and cultivated in the wells. After
various treatments as described above in 2.7, 1 mL of 5 pM MitoSOX™
reagent were supplied in each well to incubate the cells at 37 °C in the
dark for 10 min. Then, the cells were washed with PBS for 3 times (Li
et al., 2019). The fluorescence pictures were taken at 100X magnifica-
tion using inverted confocal microscope (TCS SP8 STED 3X, Leica,
Germany).

2.9. RNA isolation and g-PCR analysis

Total RNA was isolated from tissues or cells using Trizol reagent.
cDNA was synthesized using 5x All-In-One RT MasterMix. q-PCR anal-
ysis was performed using micro-optical real-time PCR detection system
at BioRad Laboratories, Inc., and EvaGreen qPCR masterbatch (Xu et al.,
2021). The primer sequences are listed in Table 1.
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Table 1
primers sequences.
Gene Sequence
SREBP-1c Forward TGACCCGGCTATTCCGTGA
Reverse CTGGGCTGAGCAATACAGTTC
Fasn Forward GGGTCTATGCCACGATTC
Reverse GTGTCCCATGTTGGATTTG
ACC-1 Forward CCAGACCCTTTCTTCAGC
Reverse TTGTCGTAGTGGCCGTTC
PPARa Forward AGAGCCCCATCTGTCCTCTC
Reverse ACTGGTAGTCTGCAAAACCAAA
CPTla Forward CTATGCGCTACTCGCTGAAGG
Reverse GGCTTTCGACCCGAGAAGA
TNFa Forward CTGTGAAGGGAATGGGTGTT
Reverse CAGGGAAGAATCTGGAAAGGTC

F4/80 Forward CCCCAGTGTCCTTACAGAGTG
Reverse GTGCCCAGAGTGGATGTCT
IL-10 Forward CCCTTTGCTATGGTGTCCTT
Reverse TGGTTTCTCTTCCCAAGACC
Nrf2 Forward AACAGAACGGCCCTAAAGCA
Reverse TGGGATTCACGCATAGGAGC
HO-1 Forward ACAGAAGAGGCTAAGACCG
Reverse CAGGCATCTCCTTCCATT
Gclm Forward TTGAAGCCCAGGATTGGGTG
Reverse AGCTGGAGTTAAGAGCCCCT
p-actin Forward GGCTGTATTCCCCTCCATCG
Reverse CCAGTTGGTAACAATGCCATGT

2.10. Western blot analysis

Liver tissues and cells were lysed in RIPA lysate and protein con-
centration was determined by BCA protein assay (Xu et al., 2021). The
protein was separated on a 10% SDS-polyacrylamide gel and transferred
to a nitro membrane. These membranes were incubated with rabbit
anti-ALDH2 (1:5000) and mouse anti-GAPDH (1:5000) primary anti-
body overnight at 4 °C, followed with horseradish peroxidase
(HRP)-conjugated secondary antibody (1:5000) for 1 h. The protein
bands were visualized with an electrochemiluminescence system (Bio-
Rad, USA) and quantified by software Image J (US. National Institutes of
Health, Bethesda, MD).

2.11. Oil red O staining

The liver slides or cells were washed 3 times with PBS, fixed in 4%
paraformaldehyde (v/v) for 10 min, then washed with double distilled
water for 3 times. The liver chilled solution was immersed in 60% iso-
propanol solution for 10 min, stained with Oil Red O for 30 min, washed
several times in 60% isopropanol solution, and finally rinsed with
double distilled water. Hematoxylin was used to stain the nuclei for 2
min, and glycerin was fixed on the slides (Cao et al., 2016). The slides
were taken pictures at 400X magnification using microscope (DM2700P,
Leica, Germany).

2.12. Determination of TG and total cholesterol (TC) in liver

Liver tissues from each mouse group were weighed, put into EP tubes
containing 1 mL of precooled PBS, and homogenated for 15 s. The ho-
mogenate was transferred to a glass tube (10 mL) pre-added with 4 mL of
chloroform/methanol (2/1, v/v) and centrifuged (Eppdorf 5418 R,
Eppdorf, Hamburg, Germany) at 300 g and 4 °C for 30 min. The upper
water phase was moved to a new tube and the above steps were
repeated. The lower organic phase was transferred to another glass tube
(10 mL). The two organic phases were combined. After drying the
organic phase under nitrogen, 500 pL of 3% Triton X-100 (v/v) solution
was added to dissolve lipids. TG and TC levels in the liver tissues were
determined according to the kit instructions and normalized with the
weight of liver tissues (Cao et al., 2018).
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2.13. Determination of 4-hydroxynonenal (4-HNE) in liver and plasma

Liver tissues from each mouse group were weighed, homogenated in
1 mL of precooled PBS, centrifugated for 30 min and then the super-
natant was removed. Liver 4-HNE content was determined according to
the kit instructions and normalized with the weight of liver tissues.

Blood samples were taken from the mice medial canthus vein after
fasting for 12 h. Blood was centrifuged at 1400 g and 4 °C for 10 min,
with plasma being the supernatant. Then it was taken into new EP tubes
(Xu et al., 2021). Plasma 4-HNE content was determined according to
the kit instructions.

2.14. Determination of ALDH2 activity in liver

Liver tissues from each mouse group were weighed, put into EP tubes
containing 1 mL of precooled PBS, homogenated for 15 s, centrifugated
for 30 min and then the supernatant was aspirated (Xu et al., 2021).
Liver ALDH2 activity was determined according to the kit instructions
and normalized with the weight of liver tissues.

2.15. Statistics analysis

The experimental data were presented as mean + standard deviation
(X mean =+ SD). Statistical analysis was performed by SPSS 20.0 software
(GraphPad Software, LaJolla, CA). Comparisons between two groups
were analyzed by using student’s unpaired two tailed t-test. Compari-
sons between more than two groups were analyzed by using one-way
analysis of variance (ANOVA). P < 0.05 was considered statistically
significant. To control the unwanted sources of variation, the data were
also normalized and are expressed as folds of the control.

3. Results

3.1. AC'’s inhibitory effect against MCD diet-induced NAFLD was
associated with upregulating ALDH2 activity

3.1.1. The inhibitory effect of AC on the MCD diet-induced NAFLD

After one-week feeding with MCD diet and treating with AC (as
shown in Fig. 1a), lipid accumulation was induced and assessed by oil
red O staining (Fig. 1b). The MCD diet-induced hepatic lipid accumu-
lation was significantly attenuated in MCD+500 mg/kg/d AC group. So
AC dose of 500 mg/kg/d was chosen for the subsequent experiments.
Besides, MCD diet induced reduction in mouse body weights and liver
weights (Fig. 1c and d). AC administration reversed mouse liver weights
but had no effect on their body weights. Compared with MCD group, the
ratio of liver weight to body weight was significantly improved in the
AC-treated group (P < 0.05) (Fig. 1le). The plasma TG level decreased
due to the MCD diet feeding (P < 0.001) but was improved after AC
treatment (P < 0.001) (Fig. 1f). The above results indicate that AC could
prevent the MCD diet-induced NAFLD.

3.1.2. AC upregulated ALDH2 activity in the MCD diet-induced NAFLD
Since 4-HNE is a major product of hepatic lipid peroxidation and a
substrate for ALDH2, we determined the enzymatic activity of ALDH2 in
mouse livers and measured the content of 4-HNE in the serum. The re-
sults showed that one-week feeding with MCD diet diminished ALDH2
activity (p < 0.01) (Fig. 1g) and increased 4-HNE content in serum (p <
0.01) (Fig. 1h), while treatment with AC enhanced ALDH2 activity (p <
0.05) and decreased 4-HNE content (p < 0.05). The MCD diet triggered
the inflammatory response and AC treatment not only inhibited MPO
activity (p < 0.05) but also downregulated the expression of TNF-a (p <
0.05) and IL-1f (p < 0.05) (Fig. 1i and j). As expected, the genes con-
cerning fatty acid p-oxidation were downregulated in the MCD group,
and AC treatment significantly reversed the expression of these genes
(PPARa, ACOX1 and CPT1) (Fig. 1k). The expression of the genes related
to lipid synthesis (MTP, SREBP1 and CPTla) was significantly
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downregulated after AC treatment, compared to the MCD group (Fig.11).

3.2. AC'’s inhibitory effect against the HFD-induced NAFLD was
associated with upregulating ALDH2 activity

As shown in Fig. 2a, AC treatment had no inhibitory effects on the
increments of body weight and liver weight of mice induced by the HFD
feeding for six weeks (Fig. 2b and c), but reduced lipid deposition and
TG level in the mouse livers (p < 0.001) (Fig. 2d and e). In line with the
MCD diet-induced NAFLD model, HFD feeding downregulated the
ALDH2 activity (p < 0.05) and increased the 4-HNE content in both
serum and livers of the mice (p < 0.05), which were all reversed after AC
treatment (Fig. 2f-h). The results of q-PCR indicated that HFD feeding
upregulated the expression of lipid synthesis genes and pro-
inflammatory genes while decreased the expression of genes related to
fatty acid p-oxidation, anti-oxidation and anti-inflammation (Fig. 2i-1).
The results show that AC treatment altered mouse lipid metabolism and
reduced the inflammatory response and oxidative stress by decreasing
the expression of genes related to lipid generation, such as SREBPIc,
Fasn and ACC-1, as well as upregulating the expression of genes related
to fatty acid p-oxidation, such as PPARa and CPT1a. The above results
show that AC has a protective effect on HFD-induced NAFLD.

3.3. ALDH2 deficiency abrogated the anti-NAFLD effects of AC

3.3.1. The anti-NAFLD effects of AC were abolished in ALDH2—/— mice

To study the specific role of ALDH2 in the anti-NAFLD effects of AC,
ALDH2—/— mice and ALDH2—/— mice re-expressing ALDH2 were fed
with MCD diet or HFD to induce NAFLD (as shown in Fig. 3a, d and 3g).
The results of Oil Red O staining showed that the knockout of ALDH2
induced an increment of lipid deposition which was further aggravated
by MCD diet feeding and could not be reversed by AC treatment
(Fig. 3b). The results of hepatic lipid extraction demonstrated that AC
administration did not attenuate the increased TG level induced by MCD
diet (Fig. 3c). Consistent with the above results, HFD feeding caused the
accumulation of hepatic lipids, enhancing the TG content in ALDH2—/—
mouse livers, which were also not reversed after AC treatment (Fig. 3e
and f).

3.3.2. The anti-NAFLD effects of AC were restored in ALDH2—/— mice by
re-expressing ALDH2

To further investigate whether the molecular target of AC related to
its anti-NAFLD effects is ALDH2, ALDH2 was re-expressed in ALDH2—/
— mice by injecting lentivirus-ALDH2-OE through the mouse tail veil.
The results indicate that the re-expression of ALDH2 alone in the HFD-
fed ALDH2—/— mice decreases their body weight and liver weight as
well as hepatic lipid deposition. Those effects could be further enhanced
by AC treatment (Fig. 3h—j), suggesting an important mediating role of
ALDH2 in the anti-NAFLD effects of AC.

3.4. DEA is the active monomer in AC and the inhibitory effect against
hepatocyte lipid deposition depended on ALDH2

3.4.1. DEA is the active monomer in AC

To clarify the effective monomer in AC and the role of ALDH2 in the
inhibitory effects of AC’s monomer DEA on lipid deposition, primary
hepatocytes isolated from either WT mice or ALDH2 KO mice were
incubated with OA to establish an NAFLD cell model. MTT assay showed
that AC and DEA (Fig. 4a) had no cytotoxic effect at the concentrations
of less than 200 pg/mL and 200 pM, respectively (Fig. 4b). Thus, AC 50
pg/mL and DEA 25 pM were chosen in the subsequent experiments. In
the primary hepatocytes of WT mice, the results of Oil Red O staining
indicated that OA-treated primary hepatocytes showed obvious lipid
accumulation. Treating the cells with AC or DEA significantly reduced
lipid deposition, even to the same level as the cells treated with Alda-1, a
well-known activator of ALDH2 (Fig. 4c). Similarly, the TG content in
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Fig. 4. DEA is the active monomer in AC and the inhibitory effect against hepatocyte lipid deposition depended on ALDH2. (a) Molecular structure of DEA. (b)
Cytotoxicity of AC and DEA. (c) Oil red O staining of primary hepatocytes of WT mice (Scale bar = 100 pm). (d) TG content in primary hepatocytes of WT mice. (e-f)
mRNA expression levels of lipogenic genes in primary hepatocytes of WT mice. (g) mRNA expression levels of genes related to fatty acid p-oxidation in primary
hepatocytes of WT mice. (h) Oil red O staining of primary hepatocytes of ALDH2 KO mice (Scale bar = 100 pm). (i) TG content in primary hepatocytes of ALDH2 KO
mice. (j-k) mRNA expression levels of lipogenic genes in primary hepatocytes of ALDH2 KO mice. (1) mRNA expression levels of genes related to fatty acid

p-oxidation in primary hepatocytes of ALDH2 KO mice. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

primary hepatocytes was increased due to OA induction (p < 0.001) but DEA, similar to AC, inhibited lipid synthesis and promoted fatty acid

was decreased by the application of AC or DEA (Fig. 4d). The mRNA B-oxidation (Fig. 4e-g).

expression of genes was detected by q-PCR, and the results revealed that
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3.4.2. DEA'’s inhibitory effect against hepatocyte lipid deposition depended
on ALDH2

In the primary hepatocytes of ALDH2 KO mice, the inhibitory effects
of AC and DEA on OA-induced hepatocellular lipid accumulation were
abolished (Fig. 4h). The results of hepatocellular lipid extraction showed
that incubation with OA significantly increased the TG level in the cells,
which was not altered by treatment of AC, DEA or Alda-1 (Fig. 4i).
Additionally, AC and DEA presented no effect on the expression of genes
related to lipid metabolism (Fig. 4j-1). The above results suggest that
DEA’s effect on anti-lipid deposition was also mediated by ALDH2.

3.5. ALDH2 expression level affected DEA’s inhibitory effects on lipid
deposition and oxidative damage

To better characterize the role of ALDH2 in AC and DEA’s effects
against NAFLD, we adopted the HepG2 cells to perform the following
cellular experiments. Lentivirus-shALDH2 (KD) or lentivirus-ALDH2
(OE) were used to knock down or overexpress ALDH2 in HepG2 cells
respectively, and the efficacy was proved by western blot analysis and
ALDH2 activity (Fig. 5a-c, Fig. 6a—c).

3.5.1. The effects of AC and DEA were reduced with the knockdown of
ALDH2 expression in the hepatocytes

In the ALDH2-KD HepG2 cells, Oil Red O staining indicated that the
lipid deposition induced by OA was not reduced by treatment of either
AC or DEA (Fig. 5d). The results of lipid extraction also revealed that AC
or DEA could not attenuate the TG level (Fig. 5e). Furthermore, the
expression of genes involved in lipid metabolism was not reversed by AC
or DEA treatment (Fig. 5f-j). The results of fluorescence staining
demonstrated that the ROS content significantly increased in the ALDH2
KD and OA-induced HepG2 cells, which could not be reversed by AC or
DEA treatment (Fig. 6K).

3.5.2. The effects of AC and DEA were enhanced with the overexpression of
ALDH2 in the hepatocytes

In the ALDH2-OE HepG2 cells, treating the cells with either AC or
DEA significantly reduced lipid deposition induced by OA in both NC
and OE group (Fig. 6d). The results of lipid extraction showed that the
inhibitory effects of AC or DEA on the increased TG content induced by
OA were further enhanced in the drug-treated OE group (Fig. 6e).
Additionally, compared to the NC group, AC or DEA presented better
performance in decreasing the expression of genes related to lipid syn-
thesis (Fig. 6f-h) as well as increasing the expression of genes involved
in fatty acid B-oxidation (Fig. 6i and j). Besides, the increased ROS
content analyzed by the fluorescence staining was attenuated by AC or
DEA treatment while the OE group exhibited enhanced reduction
compared with the NC group (Fig. 6k). The above results demonstrate
that the anti-lipid deposition effects of AC and DEA are dramatically
affected by ADLH2 expression level.

3.6. DEA’s inhibitory effects on NAFLD were associated with increasing
hepatic ALDH2 activity and accelerating removal of 4-HNE

In vivo experiments were conducted to further prove DEA’s anti-
NAFLD effects. DEA was found to dose-dependently reduce hepatic
lipid accumulation and liver TG content in the MCD diet-fed mice
(Fig. 7a and b). Additionally, treatment with DEA at a dose of 500 mg/
kg/d significantly increased ALDH2 activity in mouse livers and
decreased 4-HNE content in the mouse serum (Fig. 7c and d).

4. Discussion

NAFLD animal models mainly include gene knockout or mutation
models, as well as nutritional models. The nutrient-induced NAFLD
mouse model is primarily established by feeding mice with either MCD
diet or HFD. The MCD diet-induced NAFLD is a classic model easy to be
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established in a short period, possessing some distinctive characteristics,
such as liver inflammation, oxidative stress and mitochondrial damage.
However, the metabolic characteristics of MCD diet-induced model are
different from those of NAFLD patients in clinic to some extent. For
example, feeding mice with the MCD diet results in a low body weight
and decreases in the serum insulin and leptin levels (Larter et al., 2008).
Therefore, the MCD diet model is mainly used to preliminarily screen the
drugs for their anti-NAFLD effects (Kawai et al., 2012). The NAFLD
model established by HFD feeding is characterized by obesity, insulin
resistance, hyperlipidemia and other metabolic syndromes. Not only is
the progression of the lesions gradual, the features of the HFD model are
also more similar to those of patients with NAFLD in histopathology and
pathogenesis. Therefore, both MCD diet and HFD were used to establish
NAFLD mouse models in this study.

Studies have shown that inflammation and oxidative stress are
important factors in promoting the development of NAFLD, and fatty
acids accumulate in hepatocytes during the process (Garcia et al., 2021;
Li et al.,, 2021). FFA is fB-oxidized in mitochondrial, increasing the
amount of acetyl-Coenzyme A and producing too much NADH and
FADH2. NADH and FADH2 are oxidized in the transmission of the res-
piratory chain, eventually forming ROS (Wolf et al., 2005). ROS makes
the pores of the mitochondrial membrane channel open, improving
mitochondrial permeability, which activates nuclear transcription fac-
tors such as NF-kB and AP-1, resulting in the expression and release of
inflammatory factors such as TNF-a and IL-18, thus causing inflamma-
tion in the liver (Brown, 2012). Inflammation and oxidative stress can
damage the mitochondrial function of hepatocytes, which further affects
fatty acid oxidative stress. On both MCD diet- and HFD-induced NAFLD
models (Figs. 1 and 2), AC was confirmed to have the effect of inhibiting
inflammatory response and oxidative stress in the liver, thus sequen-
tially improving lipid metabolism function, promoting the p-oxidation of
fatty acid and inhibiting triglyceride synthesis, which finally achieved
the effect of inhibiting NAFLD.

ALDH?2 is a class of aldehyde oxidases, presenting in mitochondrial
matrices and highly expressed in liver and heart (Kang et al., 2011). The
main function of ALDH2 is to eliminate harmful aldehydes in cells (Kang
et al., 2011). For example, ALDH2 has a strong metabolic capacity for
4-HNE produced by lipid peroxidation (Zhong et al., 2016). Studies have
also shown that 4-HNE is an inhibitor of ALDH2 activity, thus exacer-
bating ROS removal disorders and leading to oxidative damage of cells
(Wang et al., 2020b). Our preliminary experimental results indicated
that ALDH2 mediated anti-AFLD effects of AC and its monomer DEA (Xu
et al., 2021). Compared with AFLD, NAFLD is more common in fatty
liver disease. In this study, we found that AC remarkably upregulated
the activity of ALDH2 enzyme in the mouse livers and reduced the
content of 4-HNE in both mouse livers and serum (Figs. 1 and 2), sug-
gesting that AC might exert the protective effect on NAFLD by improving
the enzyme activity of ALDH2 in mouse livers, thereby accelerating
elimination of harmful aldehydes like 4-HNE, and thus mitigating he-
patocyte oxidative damage and inflammation of the mice.

To further clarify the role of ALDH2 in the anti-NAFLD effects of AC
(Fig. 3), we did parallel experiments on ALDH2 KO mice, and found that
ALDH2 deficiency itself could cause lipid accumulation in mouse livers,
which could not be reconciled by AC treatment. Interestingly, after
ALDH2 was re-expressed by lentivirus in the ALDH2 KO mice, the pro-
tective effects of AC against NAFLD were restored, suggesting that anti-
NAFLD effects of AC were dependent on ALDH2.

To further determine the effective monomer in AC and the effect of
ALDH2 on the anti-NAFLD efficacy of DEA (Fig. 4), an OA-induced
NAFLD cell model was established in the primary hepatic cells iso-
lated from either the WT mice or the ALDH2—/— mice. DEA, similar to
AC, inhibited lipid accumulation in WT primary hepatic cells by
downregulating the expression of genes related to lipid synthesis and
upregulating the genes related to fatty acid p-oxidation. However, the
inhibitory effect of DEA on lipid accumulation was completely abolished
in the primary hepatic cells isolated from ALDH2—/— mice, suggesting
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that DEA’s inhibitory effect on hepatic lipid accumulation was also
dependent on ALDH2.

To explore the importance of ALDH2 expression to the anti-NAFLD
effects of AC and DEA, lentivirus was used to overexpress or knock
down ALDH2 expression in HepG2 cells. AC and DEA presented
enhanced anti-lipid accumulation effects in ALDH2 OE cells (Fig. 6). In
contrast, the effect of AC or DEA was weakened significantly in ALDH2
KD cells (Fig. 5), indicating that ALDH2 might be the target protein for
AC and DEA’s anti-NAFLD effects, and AC or DEA suppressed NAFLD by
regulating the expression of ALDH2. Finally, We confirmed that DEA
protect against MCD diet-induced NAFLD via upregulating ALDH2 ac-
tivity and enhancing elimination of 4-HNE elimination (Fig. 7).

5. Conclusion

In conclusion, our findings suggest that DEA is the active compound
in AC, and ALDH2 meditates the anti-NAFLD effects of AC and DEA. AC
and its monomer DEA could inhibit MCD diet- or HFD-induced NAFLD
by upregulating ALDH2 activity and accelerating elimination of ROS
and harmful aldehydes in mouse livers, thus alleviating oxidative stress
and inflammation, promoting fatty acid p-oxidation and suppressing
lipogenesis.

Although we confirmed that the anti-NAFLD effects of DEA were
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mediated by ALDH2 in primary hepatocytes, we have to further verify
these results in ALDH2—/— mice. Furthermore, the underlying regu-
lating mechanisms of DEA on ALDH2 still need to be elucidated in our
further studies.

Besides, based on the results of this study and our previous studies,
targeting ALDH2 may be a potential strategy for drug discovery as well
as clinical disease treatment.
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