
Summary. Acute liver failure (ALF) is often
accompanied by dynamic and functional disorders of
mitochondria in hepatocytes. The histone deacetylase 6
inhibitor Rocilinostat (ACY1215) has a hepatoprotective
effect. However, its protective effect on mitochondria of
hepatocytes and its related mechanisms in ALF remain
unknown. The purpose of the present study was to
elucidate the protective effect of ACY1215 on
mitochondrial of hepatocytes in ALF by regulating
AMPK signaling pathway. LPS and D-Gal were used to
induce ALF model in C57BL/6 mice. D-Gal and TNF-α
were applied in L02 cells as model group. ACY1215
was administered to the mice or culture cells before the
model' s establishment as ACY1215 group. The normal
group in mice and L02 cells was not given any drug
intervention. ACY1215 improves liver histological and
functional changes in ALF model mice. Compared with
normal group, the expression of p-AMPK and p-ACC
proteins was decreased in model group. ACY1215
activated the AMPK signaling pathway with an increase
of p-AMPK and p-ACC proteins level in model group.
ACY1215 treatment decreased levels of mitochondrial
fission proteins DRP1 and FIS1, and enhanced levels of
mitochondrial fusion proteins MFN1, MFN2 and OPA1
in models. MtDNA copies in model group was decreased
compared with normal group, but ACY1215 elevated the
mtDNA copies in models. Mitochondrial respiratory
electron transfer chain Complex I-III and citrate

synthase (CS) activities in model group were decreased
compared with normal group, but ACY1215 treatment
enhanced these activities in model group. ACY1215
protects against dynamic disorders and dysfunction of
mitochondria in hepatocytes in ALF by activating
AMPK signaling pathway.
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Introduction

Acute liver failure (ALF) is an uncommon but
dramatic life-threatening disease. Much evidence
indicates that mitochondria in hepatocytes are the main
damaged target organelles in ALF. Mitochondrial
dynamics entail mitochondrial fission and fusion, which
are in a state of dynamic equilibrium. Excessive
mitochondrial fission is a major change during the onset
of acute liver failure (Lee et al., 2017). Mitochondrial
quality control is supposed to be well coordinated to
properly regulate cellular adaptation in response to
mitochondrial damage. Das S et al indicate that
mitochondria fusion allows intact mitochondria to merge
with dysfunctional mitochondria, thereby recovering the
damaged mtDNA and restoring mitochondrial function
(Das et al., 2014).

Mitochondrial dysfunction plays a vital role in ALF
as well (Jamshidzadeh et al., 2017). Mitochondria are
the main site of oxidative metabolism, which utilizes
sugars, fats, and amino acids to produce and release
energy. Citrate synthase is the first rate-limiting enzyme
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in the tricarboxylic acid cycle which presents in the
mitochondrial matrix. For de novo lipogenesis, citrate is
exported and ATP citrate lyase generates Acetyl-CoA
and oxaloacetate. In the cytosol, Acetyl-CoA is
converted to malonyl-CoA through acetyl-CoA
carboxylase (ACC) (Smith et al., 2016). Adenosine
monophosphate-activated protein kinase (AMPK) is an
important energy sensor which presents in all tissues
(Vamecq et al., 2020). It has been conformed that
activation of AMPK plays an important role in liver
protection (Zhou et al., 2018). Depletion of AMPK
significantly exacerbated inflammation in liver disease.
In addition, the study has discovered that activating the
AMPK signal pathway improves mitochondrial
dysfunction to protect cell and organ injuries caused by
sepsis (Xing et al., 2017). Besides, the changes of
mitochondrial dynamics are involved in the AMPK
signal pathway. Modulating AMPK-MFN1 pathway
protects against oxidative stress-induced cell damage in
adipose stem cells.

During the last decade, several clinical and
preclinical studies have demonstrated an advantageous
outcome of such mitochondria-targeted treatments for
various diseases (Koka et al., 2014). Our recent in vivo
and in vitro studies demonstrated that histone
deacetylase 6 inhibitor ACY1215 has potent
hepatoprotective, anti-inflammatory and antioxidant
activities (Zhang et al., 2018, 2019; Chen et al., 2019).
However, the hepatoprotective effects and mechanism of
ACY1215 on ALF by regulating mitochondria dynamic
and function in hepatocytes remains unclear. In the
present study, lipopolysaccharide (LPS) and D-
galactosamine (D-Gal) were used to establish ALF mice
model group. Tumor necrosis factor-α (TNF-α) and LPS
were used to stimulate L02 cells to construct a cellular
model of ALF. ACY1215 was given to the mice and L02
cells for the duration of the model’s establishment to
evaluate its hepatoprotective effect by modulating the
AMPK pathway and observing changes of dynamics and
function in mitochondria of hepatocytes. 
Materials and methods

Reagents

Mitochondrial respiratory chain complex I, complex
II and complex III activity detection kits were purchased
from Solarbio Science & Technology Co., Ltd. (Beijing,
China). Bicinchoninic acid (BCA) protein assay reagent
assay kit was purchased from Beyotime Biotechnology
Company (Wuhan, China). Rabbit anti-mice/human
DRP1, FIS1, MFN1, MFN2, OPA1and GAPDH
antibodies were purchased from Proteintech (Wuhan,
China). Rabbit anti-mice/human AMPK, p-AMPK, ACC
were obtained from Bioss Inc (Beijing，China). Rabbit
anti-mice/human p-ACC was purchased from Cell
Signaling Technology (Boston, USA). The goat anti-
rabbit IRDye fluorescent secondary antibody
IRDye800CW was purchased from LI-COR

Biosciences. (Lincoln, USA). Cy3 and FITC
fluorescently labeled rabbit anti-goat secondary
antibodies were purchased from Boster Biological
Technology, Ltd. (Wuhan, China). ACY1215 was
purchased from Selleck (Houston, USA). TNF-α, LPS
and D-Gal were obtained from Sigma (St. Louis, USA).
Fetal bovine serum (FBS) and Dulbecco's modified
eagle medium (DMEM) basic were obtained from Gibco
(NY, USA). 
Animals model

The present study was approved by The Institutional
Animal Care and Use Committee of Renmin Hospital of
Wuhan University. The animal experiment ethics
number was WDRM20181018. In total, 30 male specific
pathogen-free C57BL/6 mice (Experimental Animal
Center of Wuhan University) weighing 20-25 g were
housed in the animal experiment center in Renmin
Hospital of Wuhan University with 12 h light/dark cycle,
temperature of 22±2°C and relative humidity of 50 ±
15%. They were allowed access to food and water freely
throughout the acclimatization and experimental periods.
The mice were randomly divided into 3 groups: normal
group, model group and ACY1215 group. D-Gal (400
mg/kg) and LPS (100 µg/kg) were injected
intraperitoneally in model group and ACY1215 group
mice. ACY1215 (25 mg/kg) was applied by
intraperitoneal injection 2 h before being given D-
Gal/LPS in the ACY1215 group. The normal group mice
were given an equal volume of saline. All animals were
sacrificed by cervical dislocation after anesthesia after
24 h ALF was model established.
Histological analysis of l iver t issue and plasma
parameters

The excised liver tissue was fixed with
paraformaldehyde 4%. The sections were stained with
hematoxylin eosin for a coarse assessment of tissue
damage assessed under BX 51 light microscope
(Olympus, Japan). The other excised liver tissue was
fixed in 2.5% glutaraldehyde, embedded in epoxy resin,
sliced into ultrathin sections and stained with 2% uranyl
acetate and Reynolds lead citrate and examined by
electron microscopy (HIT ACHI HT7700, Japan). The
serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and total bilirubin (TBil) levels
were measured by automated Aeroset chemistry analyzer
(Abbott Co. Ltd., USA). 
Cell culture and chemical treatment

The human embryonic liver cell line L02 was
cultured in cell petri plate with DMEM containing 10%
fetal bovine Serum at 37°C in an incubator with 5%
CO2. The cells were divided into three groups: normal
group, model group and ACY1215 group. Following a
previous report (Chen et al., 2019), D-Gal (44 μg/mL)
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and TNF-α (100 ng/mL) were applied to in model group
and ACY1215 group. ACY1215 (2.5 μM) was added to
the ACY1215 group 2 h before given D-Gal/TNF-α. The
normal group was not given any drug intervention. After
24 h, the cells were harvested for subsequent
experimental detection.
Western blotting and immunofluorescence detection of
protein expression

The L02 cell or liver tissues were infiltrated by radio
immunoprecipitation assay (RIPA) lysis buffer on ice to
extract total protein. BCA protein assay reagent assay kit
was applied to measure protein concentration. 30 µg of
each protein lysates were subjected to 12% SDS-PAGE
and transferred to PVDF membranes. After blocking
with 20% non-fat milk at room temperature for 1 h, the
membranes were incubated with primary antibodies
against FIS1 (1: 1,000), DRP1 (1: 1,000), MFN1 (1:
1,000), MFN2 (1: 1,000), OPA1 (1: 1,000), AMPK (1:
1,000), p-AMPK (1: 1,000), ACC (1: 1,000), p-ACC (1:
1,000) and GAPDH (1: 2,000) overnight at 4°C. After
incubation with secondary antibodies for 1 hour, the
protein bands were visualized using the Odyssey
Infrared Imaging System (version 3.0, LI-COR
Biosciences). The methods of immunofluorescence
detection are as previously reported. 
Mitochondrial DNA analysis

Mitochondrial DNA (mtDNA) was extracted from
liver tissue using a DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA, USA). MtDNA copies was detected in the
iQ5 Real-Time PCR (Bio-Rad, Hercules, CA, USA)
with the SYBR Green I detection method. The total PCR
reaction system is 8 μl. The cycle parameters are 95°C
for 15s, 60°C for 60s, and a total of 40 cycles. The
fluorescence signal is collected at 85°C, and the Melting
curve analysis is performed by a PCR instrument. The
L02 cell specific probe for mtDNA was designed for
Complex II (succinate - ubiquinone oxidoreductase)
gene. The mice specific probe for mtDNA were designed
for ND1 (NADH dehydrogenase 1) gene. MtDNA copies
of L02 cell were quantified relative to GAPDH. MtDNA
copies of mice were quantified relative to β-actin. The
specific primers used for PCR are listed in Table 1. The
formula of gene expression is the comparative CTmethod also referred to as the 2-ΔΔC

T method.
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Table 1. The sequences of forward and reverse primers for real-time quantitative PCR.

Gene Forward primer (5′→3′) Reverse primer (5′→3′)

mtDNA probe (human) CAAACCTACGCCAAAATCCA GAAATGAATGAGCCTACAGA
GAPDH (human) TGACAACAGCCTCAAGAT GAGTCCTTCCACGATACC
mtDNA probe (mice) TAATCGCCATAGCCTTCCTAA GGCGTCTGCAAATGGTTGTA
β-actin (mice) CTCTCAGCTGTGTGTGTGAA TGCTGGAAGGTGGACAGTGAGG

Mitochondrial respiratory chain complex I, II and III
activities

The complex I, complex II and complex III activity
detection kits were performed according to the
manufacturers' protocols. The values for the levels of
complex I-III in the L02 cell and liver tissues were
measured using a microplate reader at the absorption
wavelengths of 340, 605 and 550 nm.
Citrate synthase

Liver samples and L02 cells were homogenized with
a homogenizer in RIPA (150 mM sodium chloride, 1.0%
NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulphate, 50 mM Tris, pH 8.0) buffer. Citrate
synthase activity was detected by multimode reader at
the absorption wavelength of 412 nm as described earlier
(Paech et al., 2018).
Statistical analyses

All experimental results are presented as the means
± SEM. Data were analyzed using SPSS 16.0 statistical
software. Data comparisons among the groups were
performed using a one-way ANOVA. P<0.05 was
considered to indicate a statistically significant
difference.
Results

ACY1215 reduces pathological changes in the mice liver
and mitochondrial of hepatocytes and improves liver
function in ALF mice

As shown by the H&E staining in Fig. 1A, there were
marked morphological changes in the model group mice
compared with normal group. The structure of the liver
tissue in the model group was ruined, and massive
necrosis and inflammatory cell infiltration could be
observed. The degree of hepatocyte damage in the
ACY1215 treatment groups was reduced compared with
the model group. Besides, ACY1215 significantly
reduced serum ALT, AST and TBil levels in the model
group (Fig. 1B-D). As shown in Fig. 3A, in the model
group, the mitochondrial inner and outer membranes of
the mice hepatocytes were discontinuous, mitochondria
became markedly swollen and mitochondrial sputum was
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Fig. 1. ACY1215 improved pathological changes and function of liver in ALF mice. A. Pathological changes in the mice liver tissue were detected by
HE staining. B-D. ACY1215 reduced the levels of ALT, AST and TBil in ALF model group. Compared with normal group, aP<0.05; Compared with
model group, bP<0.05.



broken. Nevertheless, ACY1215 treatment improved the
integrity of mitochondria inner and outer membranes and
damaged mitochondrial sputum in mice hepatocytes. The
swelling degree of mitochondrial was obviously reduced
by ACY1215 treatment in the model group.
ACY1215 activates AMPK signaling pathway in D-
Gal/LPS induced ALF mice

The results showed that p-AMPK and p-ACC
protein expression in mice liver were largely decreased
after intraperitoneal injection of D-Gal and LPS
(P<0.05). ACY1215 reversed the decreased levels of p-
AMPK and p-ACC induced by D-Gal/LPS (P<0.05).
The total AMPK and ACC protein expressions were
constant in the three groups (Fig. 2A-D). 
ACY1215 depresses mitochondria f ission and
accelerates mitochondrial fusion in D-Gal/LPS induced
ALF mice

Compared with the normal group, the expression of
mitochondria fission proteins FIS1 and DRP1 was
significantly increased in the model group, while the
mitochondrial fusion proteins MFN1, MFN2 and OPA1
levels were significantly decreased in the model group
(P<0.05) (Fig. 3B-D). ACY1215 treatment lowered the
protein levels of mitochondria fission proteins FIS1 and
DRP1, and elevated mitochondrial fusion proteins
MFN1, MFN2 and OPA1 levels in the model group
(P<0.05) (Fig. 3B-D). In addition, the MFN1 and FIS1
levels were measured by immunofluorescence in mice
liver tissue. In comparison with the normal group, the
level of FIS1 was elevated and expression of MFN1 was
reduced in model group (Fig. 4A,B). After treatment
with ACY1215, the level of MFN1 was increased and
level of FIS1 was decreased in the model group (Fig.
4A,B).
ACY1215 increases the mtDNA copies in D-Gal/LPS
induced ALF mice

When compared with the model group, the mtDNA
copies were significantly decreased to 18% of that in the
normal group. However, ACY1215 increased the
mtDNA copies in the model group (P<0.05) (Fig. 6A).
ACY1215 promotes mitochondria function in D-Gal/LPS
induced ALF mice

To evaluate the mitochondrial function in hepatocyte,
the activities of complexes I‐III and citrate synthase were
measured from liver tissue in three group. As shown in
Fig. 6B,C, compared with the normal group, the
mitochondrial complex I‐III and citrate synthase
activities were decreased distinctly in the model group
(P<0.05). However, ACY1215 treatment raised the
decreased mitochondrial complex I‐III enzyme and
citrate synthase activities in the model group (P<0.05).

ACY1215 facilitates AMPK signaling pathway in TNF-
α/D-Gal induced L02 cell

As shown in Fig. 2E-H, when compared with the
normal group, the proteins expression of p-AMPK and
p-ACC was significantly reduced in the model group
(P<0.05). However, the protein expressions of p-AMPK
and p-ACC in the model group were remarkably
increased after ACY1215 pretreatment (P<0.05). The
total AMPK and ACC protein expressions were nearly
identical in the three groups.
ACY1215 inhibits mitochondria fission and promotes
mitochondrial fusion in TNF-α/D-Gal induced L02 cell

When compared with the normal group, the
expression of mitochondrial fission proteins FIS1 and
DRP1 were significantly increased in the L02 cell model
group, while the mitochondrial fusion proteins MFN1,
MFN2 and OPA1 levels were significantly decreased in
the model group (P<0.05) (Fig. 3E-G). ACY1215
treatment reduced the protein levels of mitochondria
fission proteins FIS1 and DRP1, and enhanced the
mitochondrial fusion proteins MFN1, MFN2 and OPA1
levels in the model group (P<0.05) (Fig. 3E-G). What’s
more, the MFN1 and FIS1 levels were detected by
immunofluorescence in L02 cells. Compared with the
normal group, the level of FIS1 was increased and level
of MFN1 decreased in the model group (Fig. 5A,B).
After treatment with ACY1215, the level of FIS1 was
decreased and level of MFN1 was increased in the
model group (Fig. 5A,B).
ACY1215 enhances the mtDNA copies in TNF-α/D-Gal-
induced L02 cell

When compared with the model group, the mtDNA
copies were significantly decreased to 42% of that in the
normal group; this effect was attenuated by ACY1215
(P<0.05) (Fig. 6D).
ACY1215 boosts mitochondria function in TNF-α/D-Gal-
induced L02 cell

Compared with normal group, mitochondrial
complex I‐III and citrate synthase activities were
decreased dramatically in the model group (P<0.05).
Furthermore, ACY1215 treatment boosted the decreased
mitochondrial complex I‐III and citrate synthase
activities in the model group (P<0.05) (Fig. 6E,F). 
Discussion

Acute liver failure is a disease with a high mortality
rate and unidentified aetiology. Many studies have
clearly pointed out that mitochondria of hepatocytes are
the target damaged organelles during the onset of ALF
(Lee et al., 2017). Besides, mitochondria are dynamic
organelles, whose management of quality and quantity is
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Fig. 2. ACY1215 activated AMPK signaling pathway in ALF models. A-B. The levels of AMPK and p-AMPK proteins in mice liver tissue. C-D. The
levels of ACC and p-ACC proteins in mice liver tissue. E-F. The levels of AMPK and p-AMPK proteins in L02 cells. G-H. The levels of ACC and p-ACC
proteins in mice liver tissue. Compared with normal group, aP<0.05; Compared with model group, bP<0.05.



fulfilled by their own fission and fusion processes.
However, our data showed that fission of mitochondria
in hepatocytes was increased and fusion of mitochondria

in hepatocytes was decreased in ALF. Our results also
verified that the balance of dynamics in mitochondria of
hepatocytes was disrupted in ALF, which is consistent
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Fig. 3. ACY1215 alleviated ultrastructural changes of mitochondria in hepatocytes in ALF mice and balanced mitochondrial dynamics in ALF mice and
L02 cells. A. Ultrastructural changes of mitochondria in hepatocytes in ALF mice were observed by transmission electron microscopy micrographs. Red
arrow points to the mitochondria of hepatocytes in each group. B-D. The levels of mitochondria fission and fusion protein in mice liver tissues. E-G. The
levels of mitochondria fission and fusion protein in L02 cells. Compared with normal group, aP<0.05; Compared with model group, bP<0.05.



with previous findings (Lee et al., 2017).
In addition, mitochondrial fusion is vital for

complementation of damaged mtDNA (Cao et al., 2017;
Meyer et al., 2017). Severe impairment of mtDNA
homeostasis can lead to liver failure and death. In the

present study, our data found that mtDNA copies were
decreased in ALF model mice and L02 cell.
Mitochondrial electron transfer chain (ETC) complex
I‐III activities were distinctly diminished. But even
beyond that, the activity of citrate synthase was
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Fig. 4. ACY1215 increased MFN1 expression
and decreased FIS1 expression in D-Gal/LPS-
induced mice. MFN1 (A) and FIS1 (B) levels
were detected by immunofluorescence in mice
liver tissue.
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Fig. 5. ACY1215 enhanced MFN1
expression and reduced FIS1
expression in TNF-α/D-Gal induced
L02 cells. MFN1 (A) and FIS1 (B)
levels were detected by immuno-
fluorescence in L02 cell.



significant decreased in ALF model mice and L02 cells.
Collectively, our above results indicate that
mitochondrial dysfunction occurred in ALF model mice
and L02 cells.

AMPK pathway is a crucial therapeutic target for
relieving liver injury (Zhang et al., 2018). More
importantly, activating AMPK signaling pathway can
enhance mitochondrial biological functions such

oxidative phosphorylation and tricarboxylic cycle. The
study indicated that pyridostigmine exerted mito-
protective effects by activating the AMPK/ACC signal
pathway, prompting mitochondrial fusions and inhibiting
mitochondrial fission in high-fat diet (HFD)-induced
cardiac insulin resistance mice (Xue et al., 2019).

Histone deacetylases (HDACs) are a group of
proteases that play an important role in chromosome
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Fig. 6. ACY1215 enhanced the mtDNA copies and mitochondrial function in ALF mice and L02 cells. A. The mtDNA copies in mice. B. The activities of
mitochondrial respiratory electron transfer chain complexes I-III in mice liver tissue. C. The activity of citrate synthase in mice liver tissue. D. The
mtDNA copies in L02 cells. E. The activities of mitochondrial respiratory electron transfer chain complexes I-III in L02 cells. F. The activity of citrate
synthase in L02 cells. Compared with normal group, aP<0.05; Compared with model group, bP<0.05.



structural modification and regulation of gene
expression. Currently, histone deacetylase inhibitor
(HDACi) has made breakthrough progress in anti-tumor
treatment. Moreover, HDACi has a favorable therapeutic
effect on non-tumor diseases. HDACi sirt1 protects
cardiomyocytes from hypoxic stress through promoting
autophagy via AMPK activation (Luo et al., 2019).
HDAC6 inhibitor tubastatin A (TBA) induces
mitochondrial fusion, autophagic flux and reduces
diffuse mutant huntingtin in striatal neurons (Guedes-
Dias et al., 2015).

In this study, HDAC6 inhibitor was selected as an
intervention agent. Also, we found that liver damage was
dramatically alleviated by ACY1215 pretreatment of
mice before ALF induction with D-Gal/LPS. The
protective effect of ACY1215 was supported by serum
levels of ALT, AST and TBil. In addition, ACY1215
improved the ultrastructure of mitochondria in
hepatocytes in the ALF mice model. Our data showed
that D-Gal/LPS and D-Gal/TNF-α could stimulate
mitochondria fission and suppress mitochondria fusion
in mice and L02 cell. However, ACY1215 decreased
mitochondria fission and enhanced mitochondrial fusion
in ALF by activating the AMPK signaling pathway.
Specifically, ACY1215 treatment significantly elevated
the expression of p-AMPK and p-ACC proteins in L02
cell and mice model group, indicative of inactivation of
the AMPK pathway. Besides, ACY1215 inhibited the
expression of mitochondria fission protein DRP1 and
FIS1, while it promoted the expression of mitochondria
fusion protein MFN1, MFN2 and OPA1. More
importantly, our results showed that ACY1215 improved
the mtDNA copies in ALF mice and L02 cell model
group with the increased activities of complex I-III and
citrate synthase.

In conclusion, the present study demonstrates that
histone deacetylase 6 inhibitor ACY1215 exerts
considerable defensive effects against LPS/D-Gal
induced ALF mice and D-Gal/TNF-α induced L02 cell
injury, which may mainly contribute to its ability to
activate AMPK signaling pathway and then regulate the
mitochondrial dynamics, then restoring mitochondrial
function. Balancing mitochondrial dynamics and
maintaining mitochondrial function is emerging as a
treatment strategy of many drugs. A better understanding
of the pathophysiology of mitochondrial in various
diseases will probably lead to further improvement in
research and development of medicine.
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