
Summary. Introduction. Histone deacetylases (HDAC)
inhibitor has the effect of anti-tumor and inhibiting
apoptosis, and could inhibit the release of inflammatory
factors, reducing the damage to liver and enterocytes in
acute liver failure (ALF). HDAC2 specific inhibitor
CAY10683 was used to verify the protective effect on
acute liver failure through reducing intestinal epithelial
cell apoptosis by inhibiting mitochondrial apoptosis
pathway. Materials and methods. Lipopolysaccharide/D-
galactosamine (LPS/D-GalN) was used to induce ALF in
Sprague-Dawley rats. A total of 18 healthy rats were
randomly divided into three groups. Rats in ALF group
and CAY10683 group were given the same amount of
normal sodium or CAY10683 2 hours before ALF model
protocol was conducted. NCM460 cells were given
LPS/D-GalN to establish an apoptotic model. Flow
cytometry analysis was used to determine the apoptosis
of enterocytes, and TUNEL assay was used to observe
the apoptosis of NCM460 cells. The expression of bax
was observed by immunofluorescence. The expression
of histone proteins, HDAC2 and molecules in the
apoptotic signaling pathway were determined by
Western blotting and real-time PCR. Results. CAY10683
improves histological and functional changes in ALF
model. Compared with control group, LPS/D-GalN
induced massive apoptosis of rat intestinal tissues and
NCM460 cells (P<0.05), and the apoptosis rate was

significantly reduced after CAY10683 treatment
(P<0.05). The expression of bax was increased
significantly in the model groups (P<0.05), and reduced
with the treatment of CAY10683 (P<0.05). Compared
with the model group, CAY10683 inhibits mitochondrial
apoptosis in intestinal tissues and NCM460 cells
(P<0.05). Conclusion. CAY10683 reduces the damage to
liver and intestinal tissue, and plays an important role in
inhibiting mitochondrial apoptosis in ALF rats and in
NCM460 cells.
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Introduction

Acute liver failure (ALF) is a serious clinical
syndrome with many complications and high mortality.
The causes of ALF are multiple, including hepatotropic
viruses, acetaminophen, herbal remedies, ischaemic
hepatitis, Wilson’s disease, amanita phalloides
poisoning, autoimmune hepatitis, etc. (McPhail et al.,
2015; Lefkowitch, 2016). Although liver transplantation
is an effective therapy for ALF, this treatment is not
universally available due to the shortage of liver donors
and the rapid progression of ALF (Wang et al., 2016a).
For the pathogenesis of ALF, most experts support the
“two-hit” hypothesis, including the primary injury
directly or indirectly caused by the pathogen, and the
secondary injury caused by the intestinal endotoxemia as
well as the release of pro-inflammatory factors (Wu et
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al., 2010). 
Intestinal flora in ALF patients is severely disturbed

and the degree of the injury is related to the severity of
liver disease (Li et al., 2001). Bacterial translocation has
been shown as one of the important factors of
endotoxemia and various infections such as spontaneous
peritonitis in liver diseases (Yang et al., 2010; Fouts et
al., 2012). Lipopolysaccharide (LPS) is the main
component of endotoxin which can cause apoptosis of
various cells (Kell and Pretorius, 2015). Complete
intestinal mucosal barrier can effectively prevent
bacterial translocation and endotoxin release, which is an
important guarantee for maintaining the balance of
intestinal function (Negroni et al., 2015; Delgado et al.,
2016). Under normal physiological conditions, the
proliferation and differentiation of intestinal epithelial
cells are dynamically changed. The balance of
proliferation and apoptosis decides the stabilization of
intestinal mucosal barrier. The disturbed balance
between proliferation and apoptosis results in damage to
the intestinal mucosal barrier and eventually leads to
different diseases. There are two mainly pathways of cell
apoptosis. One is the death receptors pathway. The other
is the mitochondrial pathway. The participation of
mitochondria in apoptosis is one of the most important
pathways (Savitskaya and Onishchenko, 2015). Bcl-2
family is characterized as mitochondrial resident
proteins that block apoptotic programmed cell death,
including anti-apoptotic proteins (e.g. Bcl-2, Bcl-xL, and
Mcl-1) and pro-apoptotic proteins (e.g. Bax, Bak, Bad,
Bid, and Bik) (Bonneau et al., 2013). A study has shown
that rhapontin can ameliorate colonic epithelial
dysfunction in DSS-treated colitis by downregulating the
expression of pro-apoptotic proteins, and increasing the
ratio of Bax/Bcl-2 to repair the colon damage (Wei et al.,
2017).

Histone deacetylases (HDACs) and histone
acetyltransferases (HATs) are key enzymes regulating
the packaging of DNA around histones, having extensive
impacts on gene transcription. HDACs remove the acetyl
group from histone lysine residues, increasing the
binding affinity with DNA, and leading to the repression
of gene transcription. The regulation of acetylation and
deacetylation allows for the control of differentiation,
growth arrest, and apoptosis (Gromek et al., 2016).
Histone deacetylases inhibitor (HDACi) is characterized
as an anticancer agent, and plays an important role in
many diseases, such as refractory cutaneous and
peripheral T cell lymphoma, and also has been studied in
many clinical studies (West and Johnstone, 2014). Our
previous studies have shown that HDACi can protect
damaged liver tissues in rats or mice with ALF (Zhang et
al., 2016, 2017). Santacruzamate A (CAY10683) is a
natural product isolated from a Panamanian marine
cyanobacterium, and previously reported to be a potent
and selective HDACi against HDAC2 (Gromek et al.,
2016). In the present study, we examined the effect of
CAY10683 on enterocytes in ALF model rats and in a
human species intestinal epithelial cell line, NCM460

cells.
Materials and methods

Animals

Sprague-Dawley rats weighting 200~250 g (9 weeks
old) were purchased from the Experimental Animal
Center of Wuhan University. All animals were
acclimatized for one week before experimentation. The
animals were allowed access to food and water ad
libitum throughout the acclimatization and experimental
periods. This study was approved by the Ethics
Committee of Renmin Hospital of Wuhan University
(WDRM20181018).
Animal model production

A total of 18 healthy rats were randomly divided into
three groups: control group, ALF group and CAY10683
group. The ALF model rats were induced by
intraperitoneal injection with 400 mg/kg of D-
galactosamine (D-GalN, purity of 98%, Sigma-Aldrich
Co, USA) and 100 μg/kg of LPS (purity of 99%, Sigma-
Aldrich Co, USA). 2 mg/kg CAY10683
(SantacruzaMate A, Selleck , USA) and the same
amount of normal sodium chloride solution was given to
the three groups 2 hours before ALF model was
conducted. All animals were killed 48 hours after the
model was established.
Assessment of liver function

Blood was collected. Serum alanine
aminotransferase (ALT), aspartate aminotransferase
(AST) and total bilirubin (TBIL) were assessed by
routine biochemical methods using a Hitachi Automatic
Analyzer (Hitachi, Inc., Japan).
Histological analysis and TUNEL assay

Liver and intestinal tissues were fixed in 10%
buffered formalin for 24 hours, embedded in paraffin,
sectioned at 5 μm, stained with hematoxylin and eosin
(HE) to evaluate the pathologic changes under a light
microscope. Cells apoptosis was evaluated by TUNEL
Assay Kit (Roche Applied Science) according to the
manufacturer's instructions and then analyzed under a
fluorescence microscope. There were three specimens of
rats used to count the labeling index. The 200× high
magnification was counted in the fields. The
conventional labeling index (LI) method was used. LI =
number of positive cells in each visual field/all cells in
the visual field. Three visual fields were selected. All
cells in each visual field (including crypt and mucosa
cells) were counted, and the marker index of each visual
field was counted. The apoptosis index (AI) of each
group was equal to the average of each visual field
marker index (Alam and Kurohmaru, 2016).
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Cell culture

NCM460 cells,  a human species intestinal
epithelial cell line, were purchased from China Center
for Type Culture Collection (Wuhan, China). NCM460
cells were cultured in RPMI 1640 medium mixed with
10% FBS, at 37°C in a humidified atmosphere
containing 5% CO2. The medium was changed every 2
days. After the cells were planted in 6-well plates for
24 hours and cultured to 70% density, the supernatants
were removed and the LPS and D-GalN were diluted
into 10 μg/ml and 80 μmol/ml using RPMI 1640
medium to induce cellular apoptosis model. 24 hours
later, CAY10683 diluted into 120 nM with RPMI 1640
medium was used to treat cells.
Flow cytometry analysis

The NCM460 cell apoptosis rates were detected by
flow cytometry with Annexin V-phycoerythrin/7-amino-
actinomycin D (Annexin V-PE/7AAD) apoptosis kit
(BD Caliber, USA). After the 105 cells were processed
to 6-well plates, they were collected for staining. The
cells were added with 400 μL buffer solution, 5 μL
Annexin V-PE and 5 μL 7-AAD, then incubated for 15
min at 37°C away from light. After incubation at 4°C for
30 min, the mixture was analyzed using flow cytometry.
Immunofluorescence

The slides of cells were washed in PBS and fixed
with 4% paraformaldehyde for 30 minutes. Then they
were incubated in normal goat serum for 30 min and
incubated in bax antibody (1:200) (Cell Signaling
Technology (CST), USA) at 4°C overnight. The next
day, horseradish peroxidase- (HRP-) conjugated
polyclonal to rabbit IgG was used to incubate the
sections at 37°C for 1 hour after being rinsed again with
PBS. Finally, the sections were stained by
diaminobenzidine (DAB) and hematoxylin, and mounted
with neutral balata. Images were taken by 200×
magnification light microscope (Olympus, Japan). 
Western blotting

Total proteins were extracted from the intestinal

tissues and the cultured cells, subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis, and
then transferred to polyvinylidene difluoride membrane
(Millipore, Merck KGaA, Darmstadt, Germany). The
membranes were incubated with different primary
antibodies and secondary antibody (LI-COR Co., USA),
and then detected by Odyssey infrared imaging system
(LI-COR Co., USA). The primary antibodies against
histone H3 (H3), Acetylated histone H3 (AH3), caspase-
3, cleaved caspase-3 (c-caspase-3), caspase-9, cleaved
caspase-9 (c-caspase-9), HDAC2, cytochrome c (Cytc),
bax, apaf-1 were purchased from Cell Signaling
Technology (USA). GAPDH was purchased from
proteintech, China. Bcl-2 was purchased from abcam
(USA). The Image J software (US National Institutes of
Health) was used to analyze densitometer analysis.
Quantitative real-time polymerase chain reaction

Total RNA was extracted from the intestinal tissues
and the cultured cells. RNA was reverse transcribed
using PrimeScript RT reagent Kit with gDNA eraser
(Takara Bio Inc, Japan). Quantitative real-time
polymerase chain reaction was performed with
complementary DNA using the SYBR Green Kit (Takara
Bio Inc, Japan), gene-specific primers, and a 7500
Sequence Detection system (Applied Biosystems, Foster
City, CA), following the manufacturer's instructions. The
GAPDH gene was chosen to be the housekeeping gene
with which all of the normalized calculations were
performed. The thermal cycling condition was as
follows: activation of DNA polymerase at 95°C for 30
seconds and 40 cycles of amplification at 95℃ for 5
seconds and then at 60°C for 30 seconds. All of the
primers were synthesized by TSINGKE and the
sequences are shown in Table 1. 2-ΔΔCt method was used
to analyze the difference of mRNA expression between
the two groups.
Statistical analysis

Statistical analysis was performed using SPSS 17.0.
All data were expressed as mean ± standard deviation
(SD). The statistics were analyzed with Analysis of
Variance (ANOVA) and a post hoc test. A P value less
than 0.05 was considered statistically significant.
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Table 1. Primers used for real-time PCR.

Forward(5’-3’) Reverse(5’-3’)

GAPDH(human) ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA
GAPDH(rat) GGCACAGTCAAGGCTGAGATG ATGGTGGTGAAGACGCCAGTA
Bcl-2(human) CTGCACCTGACGCCCTTCACC CACATGACCCCACCGAACTCAAAGA
Bcl-2(rat) GAGCGTCAACAGGGAGATGT CAGCCAGGAGAAATCAAACAG
Bax(human) GGCCCACCAGCTCTGAGCAGA GCCACGTGGGCGTCCCAAAGT
Bax(rat) GAGCGAGTGTCTCCGGCGAATT GCCACAAAGATGGTCACTGTCTG



Results

CAY10683 improves histological and functional changes
in D-GalN/LPS induced ALF

As shown in Table 2, the levels of AST, ALT and
TBIL were remarkably increased in ALF model group
compared with the control group (P<0.05), but
dramatically reduced in the CAY10683 group (P<0.05).
HE staining was used to evaluate the damage to liver
tissues. As shown in Fig. 1, the liver tissues from control
group showed the cells were integral and the cell
structures were clear (Fig. 1A). Compared with the
control group, liver tissues from ALF rats were
obviously damaged, including disorganized structures of
liver tissues, a large amount of necrosis of hepatic cells
and infiltration of inflammatory cells (Fig. 1B), but were
protected by CAY10683 (Fig. 1C).
CAY10683 improves histological changes in intestinal
tissues

As shown in Fig. 1, the intestinal tissues from
control group (Fig. 1D) showed the intestinal mucosa
was intact, and found no desquamation of epithelial
cells. In the intestinal tissues from ALF model groups
(Fig. 1E), the integrity of the intestinal mucosa was
destroyed，showing the intestinal mucosa was in
disorder with congestion, edema, and necrosis.
Compared with ALF groups, the intestinal tissues were

significantly improved by CAY10683 after ALF
induction (Fig. 1F).
CAY10683 inhibits cell apoptosis in intestinal tissues

As shown in Fig. 2, TUNEL method was used to
assess cell apoptosis in intestinal tissues. Under the
fluorescence microscope, the apoptotic cells in the tissue
sections showed red fluorescence. There were massive
apoptotic cells in intestinal tissues from ALF model
group. Compared with the ALF model group, the
numbers of apoptotic cells were significantly reduced in
the CAY10683 group (P<0.05). 
CAY10683 inhibits cell apoptosis in NCM460 cells

As shown in Fig. 3, the apoptotic cells of NCM460
cells were detected by flow cytometry. Compared with
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Fig. 1. The histological changes of liver and intestinal tissues in different groups. A-C. The liver tissues were stained with HE. D-F. The intestinal
tissues in control group, ALF model group and CAY10683 treatment group were stained with HE. The area indicated by the red arrow is typical lesions.
A, D: control group. B, E: ALF model group. C, F: CAY10683 treatment group.

Table 2. Comparison of liver functions among different groups ( ± sd).

ALT (U/L) AST (U/L) TBIL (μmol/L)

normal group 54.9±14.6 133.4±11.2 7.3±1.4
ALF model group 5039.6±138.9* 2912.5±207.4* 94.1±9.6*
CAY10683 group 784.3±36.7# 606.0±35.3# 28.2±2.0#

*compared with normal group, P<0.05; #compared with ALF model
group, P<0.05.



the control group, the cell apoptosis rate was increased
significantly with ALF model group (P<0.05), and were
decreased with CAY10683 treatment (P<0.05).
Immunofluorescence was used to detect the protein
expression of bax in NCM460 cells. As shown in Fig. 4,

the expressed bax protein showed red fluorescence. The
results showed that the expression of bax was increased
in the model group, compared with the control group. It
can be inhibited with CAY10683 treatment, compared
with the model group.
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Fig. 2. Cell apoptosis was detected by TUNEL method in intestinal
tissues. N=3. *compared with normal group, P<0.05; #compared with
ALF model group, P<0.05.



CAY10683 inhibits the mitochondrial apoptosis in
intestinal tissues and NCM460 cells

Our previous studies have shown that HDAC
inhibitor plays an important role in ALF mice and rats
(Zhang et al., 2016, 2017). As the target of CAY10683,

the expression of HDAC2 and the expression of histones
H3 and acetylated histones H3 (AH3) in different groups
were assessed in the present study. Meanwhile,
mitochondrial apoptosis pathway including Cytc, bax,
bcl-2, cleaved-caspase3, cleaved-caspase9 and apaf-1
were also assessed by Western blot. As shown in Fig. 5
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Fig. 3. Cell apoptosis of NCM460 cells was detected by flow cytometry. A-C. The cell apoptosis ratios were determined by flow cytometry. D. The cell
apoptosis ratios were analyzed by histogram. N=3. *compared with normal group, P<0.05; #compared with ALF model group, P<0.05. A. Control group.
B. Model group. C. CAY10683 treatment group.



and Fig. 6, the expression of HDAC2 was up-regulated
in the ALF model group, and was down-regulated with
CAY10683 treatment (P<0.05). The expression of H3
was no different in each group. However, the expression
of AH3 was increased in model group as compared with
control group (P<0.05). A higher expression of AH3 in
CAY10683 treatment was found, as compared with
model group (P<0.05). As one of the important
apoptosis pathways, mitochondrial apoptosis pathway
plays a critical role in ALF. Compared with the control
group, the expression of pro-apoptosis proteins such as
Cytc, bax, cleaved-caspase3, cleaved-caspase9, apaf-1
were increased significantly (P<0.05) in the ALF model
group, while they were down-regulated significantly
(P<0.05) in the CAY10683 group. The anti-apoptotic
protein bcl-2 showed the opposite change. The levels of
mRNA were assessed by real-time PCR. The expression
of bax and bcl-2 showed similar results both in intestinal
tissue and in NCM460 cells, which were consistent with

western blotting (Fig.7).
Discussion 

ALF is a serious clinical syndrome that develops
typically in 8 weeks or less from the onset of symptoms
in individuals without prior liver disease. The mortality
rate is as high as 80%-90% in the past (Audimoolam et
al., 2014). The combination of D-GaIN and LPS is one
of the most commonly used methods for rat or mouse
ALF model. LPS is the main component of the outer
membrane of gram-negative bacteria. D-GaIN can
enhance the acute toxicity of LPS, while LPS can
stimulate the production of TNF-α in macrophages and
Kupffer cells, further aggravating liver damage
(Silverstein, 2004). Therefore, the modeling method of
D-GalN combined with LPS is used in this study. 

Mitochondria are the "energy factory" of the body.
The tricarboxylic acid (TCA) cycle, oxidative
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Fig. 4. The protein expression of bax in NCM460 cells was detected by immunofluorescence.



phosphorylation and fatty acid beta-oxidation all take
place within mitochondria (Papa et al., 2012; Nunes-
Nesi et al., 2013; Rogers et al., 2014). When the
mitochondria are damaged, the synthesis of ATP is
decreased, then promotes the release of apoptotic
induction factors, Cytc and other apoptotic proteins. In
the cytosol, Cytc forms an oligomeric complex with
dATP and Apaf-1, leading to an unmasking of its
caspase recruitment domain and the subsequent binding

and autoproteolytic activation of caspase9. The complex
of caspase9, Cytc, and Apaf-1 is known as the
apoptosome (Kadam and Abhang, 2016). Previous
studies have shown that numerous agents and factors
(for example, heavy metals, anticancer drugs, diabetes,
ultraviolet irradiation, air pollutants, xenobiotics,
herbicides, and other exogenous factors) can induce
significant generation of excessive reactive oxygen
species (ROS), and activating caspase cascade or
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Fig. 5. The levels of protein expression in intestinal tissues from different groups. N=3. *compared with normal group, P<0.05; #compared with ALF
model group, P<0.05.



adjusting the expression of apoptosis related proteins
such as p53, bcl-2 (Sinha et al., 2013). Many studies
have shown some drugs to prevent apoptosis. RhIL-1Ra
was reported to reduce hepatocyte apoptosis in ALF
mice through reducing the release of Cytc from the
mitochondria, inhibiting Bax expression and decreasing
the activities of caspase-3, caspase-8 and caspase-9 (Hu
et al., 2010). The glutamine's metabolites could
effectively suppress ROS generation, Cytc release,

activation of caspase-3, caspase-8 and caspase-9 at the
physiological concentrations, and protect mammal
erythrocytes and nucleated cells against oxidative stress
and apoptosis (Li et al., 2016). In this study, we chose
Apaf-1, Cytc, caspase-3, caspase-9, and protein from
bcl-2 family (bcl-2 and bax) to detect apoptosis. 

Cell apoptosis is mediated by two pathways, namely
death receptor and mitochondrial pathways. As the
central part of apoptosis, the mitochondrial pathway is

1181
CAY10683 inhibits cells apoptosis in ALF

Fig. 6. The levels of protein expression in NCM460 cells from different groups. N=3. *compared with normal group, p<0.05; #compared with ALF model
group, P<0.05.



regulated by Bcl-2 family and its upstream and
downstream proteins such as Cytc, caspases protein
molecules. According to the structures and functions, the
Bcl-2 family is divided into two categories, anti-
apoptosis and pro-apoptotic proteins (Bonneau et al.,
2013; Hatok and Racay, 2016). Under physiological
conditions, Bax is the pro-apoptotic protein that mainly
exists in cytosolic. It would be accumulated on the
mitochondria with the stimulations from cytotoxic
signals, interacting with the anti-apoptosis proteins
(Verma et al., 2015). The ratio of anti-apoptosis proteins
and pro-apoptotic proteins determines the results of
cells, which means that apoptosis would occur under
circumstances of anti-apoptosis proteins excessing pro-
apoptotic proteins. Bax plays the role of promoting
apoptosis via oligomerization in the mitochondrial
membrane before pore formation to mediate the release
of Cytc to the cytosol. When the expression of Bcl-2
increases in the cells or tissues, Bcl-2 could form
heterodimer with bax by inhibiting bax
activation/oligomerization, and then inhibit the release
of Cytc from mitochondrial membrane to the cytosol
(Subburaj et al., 2015; Verma et al., 2015). At the same
time, Cytc released to the cytosol could trigger a series
of caspase-dependent apoptotic reactions (Wang et al.,
2016b). 

Histone acetylation modification is one of the
important epigenetic modifications in occurrence and
development of diseases. It is regulated by HATs and
HDACs. HATs transfer the acetyl group from acetyl co-
enzyme A to lysine residues. On the contrary, HDACs
remove the acetyl groups (Yang and Seto, 2007).
Dysfunction of HDACs has been linked with a variety of
human diseases, such as cancer, chronic obstructive
pulmonary disease, Type 2 diabetes, Schizophrenia,
neurodegenerative diseases, multiple sclerosis, et al
(Bassett and Barnett, 2014). HDACi have been shown to
reduce inflammation, inhibit cell proliferation, and

stimulate apoptosis. They were used in the treatment of
HIV/AIDS, stroke, neurological disorders, parasitic
diseases, breast cancer, non-small cell lung cancer,
sarcoma and so on (Pavlik et al., 2013; Damaskos et al.,
2018; Tang et al., 2017). Our previous studies have also
shown that HDACi such as TSA, MS275 could improve
hepatic pathological changes in ALF rats/mice (Zhang et
al., 2016, 2017). 

For the results in our experiments, the apoptosis of
enterocytes in ALF rats and NCM460 cells with LPS/D-
GalN treatment were significantly increased. The
expression of Cytc, c-caspase-3, and c-caspase-9 were
also increased in ALF model, considering that bax may
activate caspase to induce apoptosis by promoting the
release of Cytc. Moreover, the pathological changes of
intestinal tissues and liver tissues, as well as changes of
liver function in the model group suggested the
successful modeling of these experiments. This is
consistent with our previous experiment (Wang et al.,
2018). In this study, CAY10683 has been used in ALF
rats and in NCM460 cells. CAY10683 improves
histological and functional changes in ALF model.
Compared with control group, LPS/D-GalN induced
massive apoptosis in rat intestinal tissues and in
NCM460 cells. The apoptosis rate was significantly
reduced after CAY10683 treatment. The expression of
bax was increased significantly in the model group, and
reduced with the treatment of CAY10683. Compared
with the model group, CAY10683 inhibits mitochondrial
apoptosis in intestinal tissues and in NCM460 cells.
Conclusions

CAY10683, as a specific HDAC2 inhibitor, reduces
the damage to liver and intestinal tissue. It plays an
important role in inhibiting enterocyte mitochondrial
apoptosis in ALF rats and in NCM460 cells. CAY10683
can alleviate the apoptosis of intestinal epithelial cells in
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Fig. 7. The levels of mRNA assessed by real-time PCR in different groups. A. The expression of bax and bcl-2 in intestinal tissue. B. The expression of
bax and bcl-2 in NCM460 cells. N=3. *compared with normal group, p<0.05; #compared with ALF model group, P<0.05.



the process of liver failure. It provides therapeutic
strategies for diarrhea and intestinal nutrition absorption
in patients with liver failure.
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