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Ursolic acid reduces hepatocellular apoptosis and alleviates
alcohol-induced liver injury via irreversible inhibition
of CASP3 in vivo
Xiao-yao Ma1, Man Zhang1, Ge Fang1, Chuan-jing Cheng1, Mu-kuo Wang1, Yi-man Han1, Xiao-tao Hou2, Er-wei Hao2,
Yuan-yuan Hou1 and Gang Bai1

Alcoholic liver disease (ALD) is one of the pathogenic factors of chronic liver disease with the highest clinical morbidity worldwide.
Ursolic acid (UA), a pentacyclic terpenoid carboxylic acid, has shown many health benefits including antioxidative, anti-
inflammatory, anticancer, and hepatoprotective activities. We previously found that UA was metabolized in vivo into epoxy-
modified UA containing an epoxy electrophilic group and had the potential to react with nucleophilic groups. In this study we
prepared an alkynyl-modified UA (AM-UA) probe for tracing and capturing the target protein of UA from liver in mice, then
investigated the mode by which UA bound to its target in vivo. By conducting proteome identification and bioinformatics analysis,
we identified caspase-3 (CASP3) as the primary target protein of UA associated with liver protection. Molecule docking analysis
showed that the epoxy group of the UA metabolite reacted with Cys-163 of CASP3, forming a covalent bond with CASP3. The
binding mode of the UA metabolites (UA, CM-UA, and EM-UA) was verified by biochemical evaluation, demonstrating that the
epoxy group produced by metabolism played an important role in the inhibition of CASP3. In alcohol-treated HepG2 cells,
pretreatment with the UA metabolite (10 μM) irreversibly inhibited CASP3 activities, and subsequently decreased the cleavage of
PARP and cell apoptosis. Finally, pre-administration of UA (20–80mg· kg−1 per day, ig, for 1 week) dose-dependently alleviated
alcohol-induced liver injury in mice mainly via the inhibition of CASP3. In conclusion, this study demonstrates that UA is a valuable
lead compound for the treatment of ALD.
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INTRODUCTION
Alcoholic liver disease (ALD) remains one of the most common
causes of chronic liver disease worldwide [1]. Chronic excessive
alcohol consumption induces a broad spectrum of hepatic injuries,
the most characteristic of which is fatty liver. With continued alcohol
consumption, ALD can lead to liver inflammation, fibrosis, cirrhosis,
and even liver cancer [2]. The detailed mechanism of alcohol-
induced liver injury is complicated. Emerging evidence suggests that
alcohol metabolites and reactive oxygen species (ROS), which are
generated by alcohol metabolism, play a key role in alcohol-induced
liver injury. Alcohol metabolites and ROS trigger the apoptotic
process in the liver through the induction of inflammatory cytokines
and proapoptotic molecules [3, 4]. Clinical evidence suggests that
hepatocellular apoptosis is an important pathological feature of ALD
[5], and relieving dysregulated apoptosis in the liver represents a
critical approach for the prevention and alleviation of ALD [6].
There is growing interest in the health benefits associated with

the consumption of phytochemicals in fruits, vegetables, and
herbs. Botanical preparations not only serve as nutrient supple-
ments but are also used to prevent diseases [7]. Ursolic acid (UA) is

a pentacyclic terpenoid carboxylic acid that is widely found in
leaves, flowers, vegetables, and fruits [8]. In recent years, UA has
become the subject of many publications because of its various
activities and low toxicity. Many beneficial effects of UA, such as
antioxidative, anti-inflammatory [9], anticancer, hepatoprotective,
and cardiovascular protective effects, have been reported [10].
UA can be used alone or in combination with other hepatopro-

tective compounds, such as α-hederin, oleanolic acid, and uvaol, as
an oral medication [11]. UA alleviates multiple factors that induce
liver injury by acting against the hepatitis B and C viruses, exerting
anti-inflammatory activity, inhibiting cytokine production, activating
nuclear receptors, and scavenging free radicals [12, 13]. Binduja et al.
demonstrated that UA has a significant protective effect in vitro
against alcohol-induced toxicity in isolated rat hepatocytes [14].
Compared with silymarin, UA has better potency in rats with chronic
ethanol-mediated liver injury [15]. The well-investigated effects of
UA indicate that it has the potential to be developed as a
therapeutic agent to prevent and alleviate ALD [16]. However, few
studies have revealed the specific targets and molecular mechan-
isms by which UA protects the liver.
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In this study, an alkynyl-modified UA (AM-UA) probe was
prepared for tracing and capturing the target protein of UA in the
liver in vivo. Subsequently, proteome identification, bioinformatics
analysis, molecular docking, and biochemical evaluation were
applied to verify the binding mode of the UA metabolite. The
mechanisms by which UA targets CASP3 to alleviate alcohol-
induced liver injury in vivo and in vitro were revealed.

MATERIALS AND METHODS
Reagents
UA (purity >98.5%, determined by HPLC), GSH and N,N-diisopropyl
ethylamine (DIPEA, CAS: 7087-68-5) were purchased from Aladdin
(Beijing, China). Sodium 1-((3-((4-azidophenyl) disulfanyl) propa-
noyl) oxy)-2,5-dioxopyrrolidine-3-sulfonate (Sulfo-SADP) was
obtained from Bioworld (Tulare, MN, USA). Fe3O4 amino magnetic
microspheres (MMs) were purchased from Tianjin Baseline
Chromtech Research Center (Tianjin, China). Primary antibodies
against CASP3 and PARP and secondary antibodies were obtained
from Cell Signaling Technology (Beverly, MA, USA). Fluorescently
labeled anti-rabbit IgG secondary antibodies were purchased from
Abcam (Cambridge, UK). Chemiluminescent HRP substrates were
obtained from Millipore Corporation (Billerica, MA, USA). All the
reagents used for cell culture were purchased from Gibco BRL Life
Technologies (Grand Island, NY, USA).

Cell culture
The HepG2 cell line, which is derived from human hepatoma cells,
was cultured in Dulbecco’s modified Eagle’s medium supplemen-
ted with 10% fetal bovine serum. The cells were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
incubated at 37 °C in a 5% CO2 atmosphere in a humidified
incubator.

Animal experiments and sample preparation
Male Kunming mice (18–22 g) were purchased from the Experi-
mental Animal Center of the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China, lot no.
0006407). The animals were housed in a suitable environment
with ad libitum access to food and water. The mice were allowed
to adjust to the housing environment for 3 days. Then, the mice
were randomly divided into two groups (n= 6). The UA group (UA,
80mg/kg daily) and the AM-UA group (the AM-UA probe was
prepared as reported in our previous study [17], 80 mg/kg daily)
were treated via gavage for 7 days. The animal experiments were
approved by the Animal Ethics Committee, Guangxi University of
Chinese Medicine (Nanning, China) and were performed in
accordance with the guidelines of the national legislation of
China. The protocols for mouse use and care described herein
were approved (2019-DW20190930-11). Plasma sample collection,
pretreatment, and detection protocols were performed as
reported in our previous study [18].

Click chemistry reaction in the liver
The liver tissues of the UA- and AM-UA-treated mice were
collected and fixed with 10% formalin. After fixation, the liver
tissue sections were dehydrated, embedded in paraffin, and
sectioned. The sections were dewaxed and rehydrated; then, the
endogenous enzymes were inactivated, and antigen retrieval and
blocking were performed according to the instructions of the
Immunostain SP Kit (Tianjin Jiage, Tianjin, China). Then, the
sections were incubated with click reaction solution (10 μM TMR
azide fluorophore, 1 mM CuSO4, 1 mM TCEP, and 0.1 mM TBTA in
distilled water) at 37 °C for 30 min. After washing the sections
three times with PBST, fluorescence images were obtained with a
confocal microscope (Carl Zeiss, Oberkochen, Germany). The
excitation and emission wavelengths were 365 and 470 nm,
respectively.

In-gel fluorescence imaging
Liver lysates from the UA- and AM-UA-treated mice were prepared
according to the method described above. Subsequently, click
reaction solution was added to the lysates and incubated for
30min at 37 °C. The solution was centrifuged, and the unbound
TMR azide fluorophore tracer was washed away with MeOH. Then,
0.2% SDS in PBS was added for 5 min at 65 °C to dissolve the
pelleted protein, and the supernatants were collected for SDS-
PAGE. For in-gel fluorescence imaging, the gels were scanned with
a PXi9 multifunction imager (Syngene, MD, USA). The gels were
stained with Coomassie blue to image total protein as a control.

Target fishing
The minced livers of the UA- and AM-UA-treated mice were
homogenized with precooled RIPA lysis buffer (China COSCO,
Beijing, China) at 4 °C. The lysates were centrifuged, and the
protein contents of the supernatants were quantified with a BCA
protein assay kit (Thermo Scientific, Waltham, MA, USA). Azide-
modified functionalized MMs [17] and click reaction catalyst
(1 mM CuSO4, 1 mM TCEP, and 0.1 mM TBTA in distilled water)
were added to the lysates and incubated for 2 h at 37 °C. Then, the
MMs were collected by magnetic separation and washed three
times with precooled PBST. The bound proteins were released
with 200 µL DTT (100 mM) at 4 °C for 30min, and the supernatants
were collected for SDS-PAGE. Enriched proteins on the SDS-PAGE
gels were identified by Huada Gene Co., Ltd (Beijing, China).

Western blot analysis
Briefly, proteins were diluted with loading buffer, boiled, and
loaded onto a gel for SDS-PAGE and Coomassie blue staining. The
proteins were transferred from SDS-PAGE gels to PVDF mem-
branes for Western blot analysis. After transfer, the membranes
were blocked with 5% skim milk for 1 h and then incubated with
CASP3 or PARP primary antibodies (1:1000) overnight at 4 °C to
assess enriched protein and cleaved PARP levels. The membranes
were washed with PBST three times and then incubated with
secondary antibody (1:1000) at room temperature for 1 h. The
membranes were washed, incubated with chemiluminescent HRP
substrates, and exposed with a FluorChem E imager (ProteinSim-
ple, Santa Clara, CA, USA).

Colocalization of the AM-UA probe with the target protein in the
liver
The liver tissues of the mice treated with the AM-UA probe were
sectioned and then incubated with the TMR azide fluorophore as
described in section of “Click chemistry reaction in the liver”.
Subsequently, the tissue sections were incubated with a CASP3
antibody (1:500) in 5% serum albumin at 4 °C overnight and
washed three times with PBST. According to the instructions, the
tissue sections were incubated with Alexa Fluor® 594-conjugated
goat anti-rabbit antibody (1:1000) for 30 min and then washed
three times with PBST. Fluorescence images were captured with a
spectral-type LSM 700 confocal laser scanning microscope. The
excitation and emission wavelengths for detecting the click
reaction were 365 and 488 nm, respectively, while those for
detecting immunofluorescence staining of the target protein were
490 and 617 nm, respectively.

Covalent binding of EM-UA with CASP3
The purified CASP3 protein (prepared as described in the
Supplementary material, Supplementary Fig. S1) was incubated
with or without EM-UA for 4 h at 37 °C, concentrated to 0.27mg/
mL and detected by UPLC-HDMS. The separated peptides were
detected via MS with a full scan range of m/z 400−4000 in positive
mode followed by ten data-dependent collision-induced dissocia-
tion MS/MS scans. An electrospray ionization voltage of 3.0 kV was
applied directly to the LC buffer distal to the chromatography
column using an ACQUITY UPLCr Protein BEH C4 column. The
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ion transfer tube temperature on the LTQ Velos ion trap was set to
300 °C.

Molecular docking
Three-dimensional structures of the CASP3 protein (PDB: 5IC4)
were obtained from the Protein Data Bank (http://www.rcsb.org/
pdb). The structure of the molecule and target protein were
constructed and minimized using SYBYL software (Chemical
Computing Group, Inc.). Then, Schrödinge_2018 software (Schrö-
dinge, Inc.) was applied to evaluate covalent docking. The
nucleophilic receptor was set to interact with all cysteines in the
protein, and the reaction type was set as an epoxide opening
reaction. The binding mode and reaction site were analyzed by
PyMOL software (Schrödinge, Inc).

CASP3 enzyme activity assays
The purified CASP3 protein was incubated with different UA
derivatives (10 μM), including UA, CM-UA and EM-UA, for 4 h.
Then, the enzyme activity of CASP3 was measured by commercial
CASP3 activity kits (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. The absorbance values were deter-
mined at 405 nm using a BioTek ELx800 microplate reader (BioTek
Instruments, Inc. USA). CASP3 activity is expressed as the fold
change compared to the control group.

Alcohol-induced HepG2 cell apoptosis
HepG2 cells were cultured in 6-well or 96-well plates. When the
cells reached ~60% confluence, they were treated with UA, CM-
UA, or EM-UA with or without varying concentrations of alcohol
for 24 h. The viability of the cells in the 96-well plates were
evaluated by the MTT assay (Shanghai Yuanye, Shanghai, China),
and the cells in the 6-well plates were cultured with 0.5 mL RIPA
lysis buffer for 30 min at 4 °C and collected with a cell scraper. The
lysates were centrifuged, and the protein contents of the
supernatants were quantified with a BCA protein assay kit. CASP3
activity and the fraction of cleaved PARP in the lysates were
detected following a previously described method [17]. Apoptosis
of these cells was measured using an Annexin V-FITC/PI Detection
Kit (BD Biosciences, San Diego, CA, USA) and detected according
to the manufacturer’s instructions.

Alcohol-induced liver injury in mice
The animals were randomly divided into six groups consisting of
six mice each. The mice were administered 20, 40, or 80mg/kg UA
intragastrically (i.g.) once daily for 1 week. The mice in the control
and model groups were administered the appropriate vehicle.
One hour after UA administration on the 7th day, the animals were
administered 25% (w/v) ethanol at a total accumulative dose of
6 g/kg body weight via four equal gavages at 20-min intervals. The
control group received the same volume of water. Twelve hours
after ethanol administration, all the mice were anesthetized with
pentobarbital sodium (5 μg/g body weight), and serum and liver
tissues were harvested for H&E staining, biochemical measure-
ments, Western blot analysis, and enzymatic detection.

Statistical analysis
The results are expressed as the mean values ± SDs. Differences
between two groups were analyzed by t-tests, and differences
between multiple groups were analyzed by analysis of variance
followed by Bonferroni’s test. A P value <0.05 was considered
statistically significant.

RESULTS
Molecular imaging and in-gel fluorescence imaging of UA in the
liver
To explore the function of UA in relieving ALD, fluorescence
imaging analysis of liver sections was carried out with an AM-UA

probe. A schematic diagram of the experiment is shown in Fig. 1a.
TMR azide, a fluorophore tracer, was click reacted with the AM-UA
probe bound to liver tissue (Fig. 1b). Unlike the UA group, the AM-
UA group exhibited clear pseudo-green fluorescence. This result
suggested that the AM-UA probe can be used for in vivo tracing.
Next, the liver lysates were pretreated with the TMR azide probe
and visually detected by in-gel fluorescence imaging (Fig. 1c).
Coomassie brilliant blue staining showed that the two test groups
contained the same proteins. The in-gel fluorescence image
suggested that some proteins in the liver were labeled with the
AM-UA probe. The above results indicated that the AM-UA probe
could be utilized for target fishing.

CASP3 was identified as a potential target of UA
To analyze the main targets of UA, AM-UA functionalized MMs
were used to capture the potential targets in liver homogenates.
The captured proteins were released by DDT reduction and
subsequently analyzed via SDS-PAGE with sliver staining (Fig. 1d).
The results of activity-based protein profiling showed that the
enriched proteins in lane 3 of the AM-UA group were the main
targets. Nevertheless, the intensity of the bands in the UA group
(lane 2, negative control group) was low. To identify the potential
target of UA, the captured proteins were then identified by Q-
Exactive HF X. A scatter diagram was constructed from the ratio of
the mass scores of the captured proteins in the AM-UA group to
those of the captured proteins in the UA group (lane 3/lane 2). As
shown in Fig. 1e, there were 201 eligible proteins in the AM-UA
group and 16 significantly differentially expressed proteins (log2
> 2) in the AM-UA group compared to the UA group. The
significantly differentially expressed proteins are shown in the
supplemental material. Functional analysis of the differential
proteins was performed by KEGG analysis. Subsequently, the
CASP3 protein, which is associated with liver injury, was identified
[19]. To further verify these results, Western blotting was
performed to determine the most likely target of CASP3
enrichment. As expected, the approximately 32-kDa CASP3
protein band was enriched in the AM-UA group compared to
that in the UA group (Fig. 1f), which is consistent with the target
screening result, suggesting that AM-UA might label CASP3
in vivo.
To verify the results of our fishing strategy, the colocalization of

CASP3 and AM-UA was investigated in liver sections. As shown in
Fig. 1g, the pseudo-green fluorescence of the AM-UA probe was
observed only in the AM-UA group, and unlabeled UA showed
little fluorescence in the UA group. The distribution of CASP3
(stained pseudo-red with a Cy3 antibody) was observed in
hepatocytes. After amplification, chemical imaging showed that
AM-UA appeared to partially colocalize with the CASP3 protein in
hepatocytes (pseudo-yellow). The above results indicated that
CASP3 was the primary target protein of UA.

Epoxide metabolite of UA covalently bound with Cys-163 of
CASP3
In our previous study, UA could be metabolized into epoxy-
modified UA (EM-UA) in vivo, which contains electrophilic epoxy
groups. EM-UA has the potential to react with nucleophilic groups,
such as GSH and thiols (Fig. 2a) [17]. To test our hypothesis, we
detected the secondary metabolite of EM-UA conjugated with
GSH in the mouse serum after oral administration of UA. In the
extracted ion chromatogram (Fig. 2b), EM-UA-GSH was eluted at
20.45 min and gave the parent ion at m/z= 779.4391, suggesting
that the UA metabolite reacted with GSH.
To further analyze the binding mode of the UA metabolite with

CASP3, EM-UA was incubated with purified CASP3 protein, and the
reaction products were identified by UPLC-HDMS. The base peak
intensity chromatograms (Fig. 2c) showed that several ions
appeared after EM-UA was added, and among these peaks, the
peak at 7.30 min was more evident than those in the control
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group. The mass spectral information of the peak indicated that
two peptides containing Cys-163, 157LFIIQACEM-UAR

164 (m/z=
962.5749) and 162ACEM-UARGTELDC

170 (m/z= 967.4254), which
were labeled with EM-UA, were detected with a mass increase
of +474.37 Da (Fig. 2d). The results suggest that the epoxy group
of the UA metabolite reacted with Cys-163 of CASP3 and formed a
covalent bond with CASP3.

Epoxide metabolites of UA irreversibly inhibited the activity of
CASP3
The active site of CASP3 is composed of four conserved loops,
namely, loops 1–4, and the peptide sequence of loop 2 that
covalently bonded with EM-UA is the same in both humans and
mice (Fig. 3a). The above mass information indicated that the
epoxy group of EM-UA formed a covalent bond with Cys-163,
which is the catalytic cysteine residue of CASP3 [20]. To provide
additional insights into the interaction between EM-UA and
CASP3, we docked EM-UA to CASP3 (PDB: 5IC4) using
Schrodinger_2018 software. The docking settings imitated the
potential covalent binding poses of EM-UA with the Cys-163
residue of CASP3. In all cases, the top-scoring pose of EM-UA was
displayed as a 3D map (Fig. 3b). The carboxyl group of EM-UA
established hydrogen bonds with the active domain amino acids
Arg-207 and Arg-64 of the S1 subsite [21]. In addition, EM-UA may
also interact with His-121; the side chain of His-121 approached
Cys-163 to participate in a catalytic reaction via a previously
proposed Cys-His catalytic dyad hydrolysis mechanism [22]. The
four residues that interact with EM-UA, Arg-64, His-121, Cys-163,
and Arg-207, are conserved in humans and mice. UA may also
interact with Cys-163, Arg-207, and His-121 in a noncovalent
manner via carboxyl and hydroxyl groups [23]. However, the
above results indicated that the covalent binding mode of the UA

metabolite (EM-UA) to Cys-163 was more stable and suitable than
that of UA to Cys-163.
To evaluate the effect of the epoxy group, we prepared EM-UA

and carbonyl-modified UA (CM-UA), which is a derivative of EM-UA
in which the epoxy group has been removed (Fig. 3c). As shown in
Fig. 3d, e, the activity of CASP3 was decreased following the
addition of UA, CM-UA, or EM-UA. However, the irreversible
inhibitory effects of EM-UA through its covalent binding were
much stronger than those of UA and CM-UA at the same dose. This
result suggests that the epoxy group generated by UA metabolism
plays an important role in the inhibitory effect of UA on CASP3.

UA metabolite reduced alcohol-induced hepatocyte apoptosis
Hepatocellular apoptosis is an essential pathological feature of
ALD. To verify the protective effect of UA against alcohol-induced
injury via the inhibition of CASP3, we detected the effects of UA
and its derivatives on HepG2 cells treated with alcohol for 24 h. As
shown in Fig. 4a, alcohol decreased cell viability in a dose-
dependent manner. However, cell viability was increased by UA,
CM-UA, or EM-UA treatment. Next, the activation of CASP3 in
HepG2 cells was measured. As shown in Fig. 4b, the activity of
CASP3 significantly increased upon alcohol stimulation and
decreased following the addition of UA, CM-UA, or EM-UA. PARP
is a nuclear transcription protein that serves as the substrate of
CASP3, and activation of CASP3 leads to cleavage of PARP. The
cleavage of PARP was measured by Western blotting. As shown in
Fig. 4c, the fraction of cleaved PARP in the cells was significantly
increased in the alcohol-induced liver injury model group
compared to the control group (P < 0.01). After treatment with
UA derivatives, the fraction of cleaved PARP was considerably
reduced (P < 0.01). Furthermore, EM-UA had a better inhibitory
effect than UA or CM-UA (P < 0.05).

Fig. 1 Target analysis of UA in the liver. a The procedures used for fluorescence localization and target fishing of UA in the liver.
b Fluorescence imaging analysis of liver sections. c Coomassie blue staining and in-gel fluorescence scanning were used to analyze proteins
labeled with AM-UA. d Silver staining was used to detect the proteins enriched by AM-UA in the liver. e Functional analysis of the enriched
proteins and the identified proteins related to liver injury. fWestern blot analysis was used to detect CASP3 among the enriched proteins. The
potential CASP3 bands in in-gel fluorescence images and silver staining images are labeled with red triangles. g The colocalization of CASP3
(pseudo-red) and the AM-UA probe (pseudo-green) in liver sections.
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It is known that PARP plays an essential role in the regulation of
apoptosis. The cleavage of PARP leads to DNA degradation and
apoptosis. In our research, apoptotic cells were detected by flow
cytometry following Annexin V-FITC and propidium iodide double
labeling. As shown in Fig. 4d, the number of apoptotic cells was
significantly increased upon alcohol stimulation and decreased
upon UA, CM-UA, or EM-UA treatment. Treatment with EM-UA
caused a more dramatic decrease in alcohol-induced death,
CASP3 activation, PARP cleavage, and apoptosis of HepG2 cells
than UA or CM-UA.

UA alleviated alcohol-induced liver injury in mice by targeting
CASP3
To confirm the inhibitory effect of UA on CASP3 in vivo, a mouse
model of alcohol-induced liver injury was examined. First,
histopathological changes in the liver were analyzed (Fig. 5a).
Liver samples from animals administered alcohol showed that the

structure of the liver lobule was deformed, the arrangement of
hepatocyte cords was disordered, and hepatocytes underwent
edema and necrosis. Treatment with 20, 40, or 80mg/kg UA or
120mg/kg GSH reduced the degree of pathological liver changes,
and the groups treated with these agents showed normal liver
histology. Subsequently, ALT, AST, GGT, and SOD levels, which are
indicators of liver injury, were also measured. As shown in
Fig. 5b–d, compared with GSH treatment, alcohol stimulation
increased the contents of ALT, AST, and GGT in the serum, but the
contents of ALT, AST, and GGT in the serum were significantly
decreased by treatment with UA in a dose-dependent manner. In
addition, the content of SOD in liver lysates was decreased in the
alcohol-induced liver injury model group compared to the control
group and significantly increased in the UA and GSH treatment
groups (Fig. 5e). These results indicated that UA could effectively
alleviate alcohol-induced liver injury in mice. Then, the activation
of CASP3 and cleavage of PARP in the liver lysates were measured.

Fig. 2 Analysis of the binding mode of the UA metabolite with its target. a The metabolism of UA and its binding mode with its potential
targets. b UPLC-Q-Tof was used to detect the reaction product of the UA metabolite and GSH in the mouse serum after the oral administration
of UA. c UPLC-HDMS was used to detect the CASP3 protein. d UPLC-HDMS was used to detect the CASP3 protein after pretreatment with EM-
UA. The mass information of the peptides labeled or unlabeled with EM-UA are displayed in red and blue, respectively.
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As shown in Fig. 5g, h, the activation of CASP3 and cleavage of
PARP were increased in mice administered alcohol. However, the
activation of CASP3 and cleavage of PARP were significantly
decreased following treatment with UA or GSH. Treatment with
UA was more effective in inhibiting the activation of CASP3 and
cleavage of PARP at moderate and high doses than GSH (P < 0.05).
The above results suggest that the hepatoprotective mechanisms
of UA and GSH are different; UA alleviates alcohol-induced liver
injury mainly via the inhibition of CASP3, which is consistent with
the cell assay results presented above.

DISCUSSION
The ability of alcohol consumption to induce apoptosis in a variety
of tissues, especially the liver, has been widely recognized in rats,
mice, and humans [24]. Hepatocyte apoptosis is an important
pathogenesis of ALD and exacerbates inflammation, fibrosis, and
cancer in the liver [2]. Alcohol administration can disturb the
delicate balance between the pro- and antioxidant systems of
organisms, leading to oxidative stress and ROS release [25]. ROS
induce FasL expression and the release of cytochrome c from
mitochondria, which associates in the cytosol with adenosine
triphosphate, apoptosis-associated factor-1, and pro-CASP9 to

form the apoptosome [26]. Apoptosome formation leads to the
autocatalytic activation of CASP9, which then cleaves pro-CASP3
to generate active CASP3. Active CASP3 cleaves its enzyme
substrate, PARP, and the cleavage of PARP leads to DNA
degradation and apoptosis [27, 28]. Studies have found that the
CASP3 inhibitors Ac-DEVD-FMK and zinc can decrease hepatocyte
apoptosis and alleviate ALI via inhibition of CASP3 in mice [4].
Caspases are related cysteinyl proteinases that mediate critical

steps in the apoptotic process. These enzymes are exquisitely
specific molecular proteases that employ cysteinyl thiol groups as
nucleophiles to catalyze the cleavage of peptide bonds containing
an aspartic acid [22]. CASP3 is an effector caspase and leads to the
fragmentation of nuclear DNA in cells during the apoptotic
process [24]. CASP3 also participates in the MAPK signaling
pathway and in the inflammatory response [29]. Excessive
activation of CASP3 is closely associated with many disorders,
such as myocardial infarction, alcoholic hepatitis, hepatitis B,
Parkinson’s disease, and Alzheimer’s disease [30]. Our study
demonstrates that the epoxide metabolite of UA acts as a ligand
that targets and reacts with Cys-163 in the active domain of
CASP3. Cys-163 is the catalytic cysteine of CASP3 and plays a key
role in the catalysis of downstream molecules [20]. It was
previously shown that the epoxide metabolite of UA irreversibly

Fig. 3 Analysis of the CASP3 binding site for EM-UA and the inhibitory effect of EM-UA on CASP3. a Sequence alignment of CASP3 in
humans and mice. b Molecular modeling of CASP3 and EM-UA. PyMOL software was used to construct 3D maps of the covalent interaction
between CASP3 (PDB: 5IC4) an EM-UA. EM-UA, and Cys-163 are displayed as sticks and colored according to atom type, with carbon atoms in
gray and sulfur atoms in yellow; c the structures of UA, CM-UA, and EM-UA. d Effects of UA, CM-UA, and EM-UA on CASP3 activity. e Inhibition
of CASP3 activity at 10min from three independent experiments. Drugs were added at a concentration of 10 μM. Different superscripted
letters indicate statistically significant differences among the groups (***P < 0.001 compared to the control group; +++P < 0.001 compared to
UA group or CM-UA group).
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inhibits CASP3 via covalent binding with Cys-163 and subse-
quently decreases the cleavage of PARP, reduces death and
apoptosis of hepatocytes, and alleviates the progression of
alcohol-induced liver injury.
There are numerous natural electrophilic products that contain

epoxide groups [31]. For example, fosfomycin intervenes at an
early step in bacterial cell wall synthesis by inhibiting peptidogly-
can synthesis. This inhibition takes place once the epoxide group
of fosfomycin attacks Cys-115, the active site, to form a covalent
linkage [32]. Fumagillin selectively inhibits angiogenesis through
covalent binding of its epoxide group to a histidine residue near

the active site of MetAP2 [33]. Our evidence shows that the
epoxide group of the UA metabolite is electrophilic and plays a
crucial role in the interaction of the metabolite with GSH and the
thiol group of Cys-163 of CASP3 in vitro.
There are many nucleophilic residues in CASP3, and the key

residue, Cys-163, contains a nucleophile group [20]. However,
inhibitors of CASP3 mainly include peptides, quinolones, isatin
sulfonamides, and metal ion inhibitors [34], which are all
reversible. These inhibitors are efficacious in animal models of
various human diseases, such as liver diseases, traumatic brain
injury, myocardial infarction, and stroke [35–37]. In contrast,

Fig. 4 EM-UA alleviates alcohol-induced apoptotic cell death in HepG2 cells by inhibiting CASP3. a HepG2 cells were stimulated with
various concentrations of alcohol for 24 h and pretreated with or without 10mM UA, CM-UA, or EM-UA for 6 h. Cell viability was measured by
the MTT assay. b The activity of CASP3 was measured by an enzyme activity kit (n= 3). c Cleaved PARP was detected by Western blotting, and
the relative intensity of cleaved PARP to that of total PARP is presented as the mean ± SD of three experiments. d Apoptotic cells were
measured by flow cytometry, and the rate of apoptosis is presented as the mean ± SD of three experiments (##P < 0.01, ###P < 0.001 compared
to the control group; **P < 0.01, ***P < 0.001 compared to the model group; +P < 0.05, ++P < 0.01 compared to the UA group or CM-UA group).
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irreversible inhibitors have potential advantages in potency and
selectivity. Wang et al. designed novel β-strand peptidomimetic
irreversible inhibitors of CASP3, but because the enzyme
substrates of CASP family proteins are similar, the inhibitors also
act on CASP8 [38]. In our target fishing study, only the
CASP3 subtype was enriched by AM-UA. We chose three analogs
with the same skeleton, namely, UA, CM-UA, and EM-UA, and
compared their protective effects. CASP3 activity analysis revealed
that the irreversible inhibitory effects of EM-UA through covalent
binding were significantly stronger than those of UA and CM-UA
at the same dose. EM-UA also exerted a better hepatoprotective
effect against alcohol-induced cell death than UA or CM-UA. These
results indicate that a UA metabolite is a potential selective and
irreversible CASP3 inhibitor for ALD treatment in vivo.
In our animal study, UA increased the serum content of SOD,

which was oxidized by ROS in the mouse model of alcohol-

induced liver injury. This result suggests that the antioxidative
activity of UA is the mechanism by which it protects hepatocytes.
Triterpenoid is an effective inducer of metallothionein, which is a
small cysteine-rich protein that functions like glutathione to
defend against toxic insults to the human body [39]. However, this
phenomenon requires further verification.
In addition to protecting hepatocytes against alcohol-induced

injury, UA also alleviates injuries caused by multiple factors. For
example, UA regulates high glucose-induced apoptosis in U937
cells [40] and UV–VIS broad band radiation-induced apoptosis in
retinal pigment epithelial cells [41]. Furthermore, UA enhanced
the survival of cells and decreased the content of ROS and activity
of CASP3 in our study. In animal studies, UA has been shown to
reduce CASP3 activity and alleviate DNA damage and myocardial
apoptosis in isoproterenol-induced myocardial infarction [42].
Yang et al. illustrated that UA decreases heat stress-induced

Fig. 5 UA alleviates alcohol-induced liver injury by inhibiting CASP3 in vivo. a Mice were administered alcohol and pretreated with or
without GSH or UA. Histopathological changes in the liver were observed by H&E staining. The contents of ALT (b), AST (c), and GGT (d) in the
serum and the content of SOD (e) in the liver were analyzed by ELISA kits (n= 6). f The activity of CASP3 in the liver was measured by an
enzyme activity kit (n= 3). g The expression of cleaved PARP in the liver was measured by Western blotting, and the relative intensity of
cleaved PARP to that of total PARP is presented as the mean ± SD of three experiments (##P < 0.01, ###P < 0.001 compared to the control group;
*P < 0.01, **P < 0.01, ***P < 0.001 compared to the model group).
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apoptosis and the activities of cytochrome c and CASP3 in mouse
cardiomyocytes and enhances the survival of mice [43]. There are
many different mechanisms through which the release of ROS can
be stimulated and the apoptotic pathway can be activated. The
protective mechanism of UA described above may be consistent
with the results of our study.
Currently, there is a concern surrounding the use of natural

compounds or products as daily dietary supplements to prevent
diseases. The brine shrimp test showed that UA has a low toxicity
with an LC50 of 0.95 mg/mL, and 60mg/kg UA is not toxic to rats
based on the hippocratic test. Therefore, a daily administration of
UA is safe and can lead to a reduced risk of diseases [44].
In summary, our findings suggest that UA reduced the cleavage

of PARP, decreased death and apoptosis of hepatocytes, and
alleviated alcohol-induced liver injury via irreversible inhibition of
CASP3 in vivo. These results provide an enhanced understanding
of UA, particularly its molecular mechanism of hepatoprotection,
and demonstrate the potential of UA as a novel therapeutic for the
treatment of ALD.
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