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downregulating HDAC2 to restore mitochondrial function

WENBO FAN! and JJANWU ZHOU?

!Pharmaceutical Technology Department, Chemical Engineering School, Jiuquan Vocational Technical College, Jiuquan,
Gansu 735000; “Medical Laboratory of Qinghai Provincial People's Hospital, Xining, Qinghai 810000, PR. China

Received February 28, 2023; Accepted August 18,2023

DOI: 10.3892/etm.2023.12328

Abstract. Parkinson's disease (PD) is the second most
common neurodegenerative disease after Alzheimer's
disease (AD). Icariside II (ICS II) is known to confer notable
therapeutic effects against a variety of neurodegenerative
diseases, such as AD. Therefore, the present study aimed to
evaluate the possible effects of ICS II on 1-methyl-4-phenyl-
pyridinium (MPP*)-induced SK-N-SH cell injury, in addition
to understanding the underlying mechanism of action. The
MPP*-induced SK-N-SH cell model was used to simulate PD
in vitro. The viability and mitochondrial membrane potential
of SK-N-SH cells were detected by MTT assay and JC-1
staining, respectively. Lactate dehydrogenase (LDH) release,
ATP levels and complex I activity in treated SK-N-SH cells
were measured using LDH activity, ATP and Complex I assay
kits, respectively. The protein expression levels of histone
deacetylase 2 (HDAC?2) and y-H2A histone family member X
and the copy number of mitochondrial DNA were measured
by western blotting or reverse transcription-quantitative PCR,
respectively. Autodock 4.2 was used to predict the molecular
docking site of ICS II on HDAC?2. The results of the present
study demonstrated that ICS II mitigated SK-N-SH cytotoxicity
induced by MPP*. Specifically, ICS II alleviated DNA damage
and restored mitochondrial function in SK-N-SH cells treated
with MPP*. In addition, ICS II reduced the HDAC?2 protein
expression levels in MPP*-induced SK-N-SH cells. However,
overexpression of HDAC?2 reversed the protective effects of
ICS II on DNA damage and mitochondrial dysfunction in
MPP*-induced SK-N-SH cells. In conclusion, the results of
the present study suggest that ICS II can protect dopaminergic
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neurons from MPP*-induced neurotoxicity by downregulating
HDAC?2 expression to restore mitochondrial function.

Introduction

Parkinson's disease (PD) is a degenerative neurological disorder
that is prevalent worldwide, affecting 3.7% individuals aged
>65 years (1). At present, the prevalence rate of PD is high and
7-10 million individuals worldwide are reported to suffer from
PD (2). PD has a chronic course, involving main pathological
features including dopamine deficiency and degeneration of
substantia nigra dopamine neurons (3). In addition, PD is char-
acterized by a high disability rate, impairing the performance
of daily activities, which are mediated by dopamine. Therefore,
understanding the pathogenesis of PD and the development
of effective drug treatments are important for improving the
quality of life of patients with PD whilst reducing the disease
burden on society.

Icariside II (ICS II; Fig. 1A) is an active flavonoid that
can be extracted from the Chinese herb Epimedium, which
has been shown to inhibit the inflammatory response and
microcirculation disturbance, and reduce the damage caused
by vascular dementia (4). In addition, ICS II has been reported
to show protective activity in the central nervous system (5,6).
ICS 1I can confer therapeutic effects against certain neurode-
generative diseases, such as Alzheimer's disease (AD) (7-10).
In a model of streptozotocin-induced rats with AD, ICS II
treatment was found to increase the survival of hippocampal
neurons and inhibit neuroinflammation (7). Furthermore, ICS
IT has been demonstrated to inhibit neuronal apoptosis and
neuroinflammation in amyloid -peptide 25-35-induced AD
rats (8). ICS II has also been observed to improve neurogenesis
and inhibit mitochondrial division, contributing to cognitive
recovery in AD mice (9). In another previous study, ICS II was
shown to improve spatial learning and memory impairment
in AD mice (10). However, to the best of our knowledge, the
potential effects of ICS II on PD remain unclear.

Histone deacetylases (HDACs) have previously been
reported to be epigenetic targets for treating PD (11). HDAC?2
is a class  HDAC that has been reported to serve an important
role in chromosome structure modification and gene expression
regulation (12). Histone deacetylation facilitates the binding
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of DNA to the histone octamer, which stabilizes the nucleo-
some structure and prevents the specific binding of certain
transcription factors to DNA binding sites, in turn inhibiting
gene expression (13,14). Previous studies have reported that
HDAC?2 inhibition can prevent the loss of microglial cells and
dopaminergic neurons in the substantia nigra in PD (15,16).
1-methyl-4-phenylpyridinium (MPP*) is the neuro-
toxic form of methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(mPTP). MPP* can been taken up by dopaminergic neurons,
leading to mitochondrial dysfunction, oxidative stress and
programmed cell death, which simulates the parkinsonian
syndrome in cell and animal models (17). In the present
study, the 1-methyl-4-phenylpyridinium (MPP*)-induced
SK-N-SH cell model was used to simulate PD in vitro. The
present study aimed to evaluate the potential effects of ICS
IT on MPP*-induced SK-N-SH cell injury, in addition to
understanding the underlying mechanism of action.

Materials and methods

Bioinformatics tools. A search of the SuperPreD database
(https://prediction.charite.de/subpages/target_prediction.php)
demonstrated that both HDAC2 and HDACS8 were potential
targets for ICS II. Based on a relatively high value of ‘Model
accuracy’ (93.99 and 94.75% for HDAC8 and HDAC?2, respec-
tively), HDAC2 was selected for further investigation in the
present study.

Cell culture and treatment. The human neuroblastoma cell
line SK-N-SH (cat. no. CL-0214) was purchased from Procell
Life Science & Technology Co., Ltd. SK-N-SH cells were
cultured in DMEM (HyClone; Cytiva) supplemented with 10%
FBS (Thermo Fisher Scientific, Inc.) and 1% penicillin/strep-
tomycin mixture (Thermo Fisher Scientific, Inc.) at 37°C with
5% CO,.

SK-N-SH cells were pre-treated with 2 mM MPP*
(MilliporeSigma) for 24 h at 37°C to establish the in vitro PD
cell model (18). MPP*-induced and untreated control SK-N-SH
cells were treated with different concentrations of ICS II
(0, 12.5,25 and 50 uM; MilliporeSigma) for 24 h at 37°C (19).

MTT assay. After the aforementioned cell treatments,
SK-N-SH cells were seeded into a 96-well plate at a density
of 1x10° cells/well and cultured for 24 h at 37°C. SK-N-SH
cells were then incubated with 10 gl 5 mg/ml MTT reagent
(MilliporeSigma) for 4 h at 37°C. After removing the culture
supernatant, SK-N-SH cells were incubated with 250 1 DMSO
for 20 min at room temperature to dissolve the formazan
crystals. The absorbance at a 570 nm wavelength was detected
using a microplate reader.

Cell transfection. HDAC2 (NC_000006.12) was cloned
into the pcDNA3.1 vector to obtain HDAC2-overexpression
(Oe-HDAC?2) vector (Guangzhou Ruibio Co., Ltd.) and
the empty pcDNA3.1 vector was used as a negative control
(Oe-NC). SK-N-SH cells were transiently transfected with
1 ug Oe-NC or 1 ug Oe-HDAC2 for 48 h at 37°C using
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) in
accordance with the manufacturer's instructions. At 48 h
post-transfection, subsequent experiments were conducted.

Immunofluorescence. After the aforementioned treatments,
SK-N-SH cells cultured in 24-well plates at a density of
5x10* cells/well were fixed with 4% paraformaldehyde at
4°C for 15 min and incubated in 0.1% Triton X-100 in PBS
for 15 min at 37°C. After blocking with 10% BSA (Gold
Biotechnology) for 1 h at room temperature, SK-N-SH cells
were incubated with a primary antibody against 8-hydroxydes-
oxyguanosin (8-OHdG; cat. no. sc-393871; 1:100 dilution;
Santa Cruz Biotechnology, Inc.) overnight at 4°C. The cells
were then incubated with FITC-conjugated goat anti-mouse
secondary antibodies (cat. no. ab6785; 1:1,000 dilution;
Abcam) for 1 h at room temperature. SK-N-SH cell nuclei
were stained with 1 yg/ml DAPI (MilliporeSigma) for 30 min
at room temperature, before being imaged using a fluorescence
microscope (Olympus Corp.).

Western blot analysis. After the aforementioned treatments,
SK-N-SH cells were lysed using RIPA lysis buffer (Hunan
Auragene Biotech Co., Ltd.), before being centrifuged for
10 min at 10,000 x g at 4°C to obtain total proteins. The concen-
tration of total proteins was measured using a BCA assay kit
(Beyotime Institute of Biotechnology). The protein samples
(30 pg per lane) were subjected to 10% SDS-PAGE before
being transferred onto PVDF membranes (MilliporeSigma).
After blocking with 5% skimmed milk for 1 h at room
temperature, membranes were incubated with primary anti-
bodies against y-H2A histone family member X (y-H2AX;
1:5,000 dilution; cat. no. ab81299; Abcam), HDAC?2 (1:2,000
dilution; cat. no. ab32117; Abcam) and GAPDH (1:2,500 dilu-
tion; cat. no. ab9485; Abcam) overnight at 4°C. The next day,
after washing using TBS-0.1% Tween-20, membranes were
incubated with goat anti-rabbit HRP-conjugated secondary
antibodies (1:3,000 dilution; cat. no. ab6721; Abcam) for 1 h
at room temperature. Protein bands were visualized using
an Immobilon Western HRP Substrate (MilliporeSigma).
The band intensity of proteins was semi-quantified using the
Image] software (version 1.49; National Institutes of Health).

JC-1 staining. After the aforementioned cell treatments, the
mitochondrial membrane potential of SK-N-SH cells was
detected using a JC-1 assay kit (cat. no. C2006; Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. Briefly, SK-N-SH cells were cultured in six-well
plates at 3x10%/well for 24 h at 37°C, followed by staining with
JC-1 solution for 20 min at 37°C in the dark. Finally, SK-N-SH
cells were washed using PBS, before being imaged using a
fluorescence microscope (Olympus Corp.) at an excitation
wavelength of 488 nm and an emission wavelength of 525 nm
to determine the fluorescence intensity.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from SK-N-SH cells using the TRIzol®
reagent (Thermo Fisher Scientific, Inc.), which was then
converted to cDNA using PrimeScript™ RT Master Mix
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's instructions. cDNA was then amplified by RT-qPCR
using SYBR® Premix Ex Taq™ (Takara Biotechnology Co.,
Ltd.) in a 7500 Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The following thermocycling
conditions were used: Initial denaturation at 94°C for 10 min,
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Figure 1. ICS II mitigates SK-N-SH cytotoxicity induced by MPP*. (A) ICS II chemical structure formula. (B) Viability of SK-N-SH cells treated with
different concentrations of ICS II was determined by MTT assay. (C) Viability of MPP*-induced SK-N-SH cells treated with different concentrations of ICS II
was determined by MTT assay. (D) LDH release of MPP+-induced SK-N-SH cells treated with different concentrations of ICS II was determined using an
LDH activity assay kit. ““P<0.001 vs. Control; #P<0.01 and *#P<0.001 vs. MPP*. ICS II, icariside IT; MPP+, 1-methyl-4-phenylpyridinium; LDH, lactate

dehydrogenase.

followed by 40 cycles at 94°C for 10 sec, 60°C for 20 sec and
72°C for 1 min. The primer sequences used in the present study
were as follows: HDAC2 forward (F), 5'-GCTATTCCAGAA
GATGCTGTTC-3' and reverse (R), 5'-GTTGCTGAGCTG
TTCTGATTTG-3'; and GAPDH F, 5-CAGGAGGCATTG
CTGATGAT-3' and R, 5-GAAGGCTGGGGCTCATTT-3".
mRNA expression was quantified using the 224 method and
normalized to GAPDH (20).

For the measurement of the mitochondrial DNA (mtDNA)
content, total DNA extracted from SK-N-SH cells was puri-
fied using TIANamp Genomic DNA Kit (cat. no. DP304;
Tiangen Biotech Co., Ltd.) according to the manufacturer's
instructions. The relative mtDNA copy number was evaluated
via qPCR amplification of the mitochondrial D-loop using
SYBR® Premix Ex Taq™ (Takara Biotechnology Co., Ltd.) as
mentioned above using the following primers: F, 5-ATGGCC
AACCTCCTACTCCT-3' and R, 5-GCGGTGATGTAGAGG
GTGAT-3', with GAPDH as a normalization control.

Detection of lactate dehydrogenase (LDH) release, ATP level
and complex I activity. LDH release, ATP levels and Complex I
activity of treated SK-N-SH cells seeded into 96-well plates at
a density of 5x10* cells/well were determined using the LDH

Cytotoxicity Assay Kit (cat. no. C0016; Beyotime Institute
of Biotechnology), ATP Assay Kit (cat. no. S0026; Beyotime
Institute of Biotechnology) and Complex I Enzyme Activity
Microplate Assay Kit (colorimetric; cat. no. ab109721; Abcam)
according to the manufacturer's instructions.

Mitochondrial permeability transition pore (mPTP) opening
evaluation. Cellular mPTP opening was measured using an
mPTP Assay Kit (cat. no. C2009S; Beyotime Institute of
Biotechnology) according to the manufacturer's instructions.
SK-N-SH cells seeded in 24-well plates (5x10° cells/well) were
stained using 5 uM Calcein AM reaction mixture (Santa Cruz
Biotechnology, Inc.) for 30 min at 37°C in the dark. After
washing with PBS, the fluorescence intensity was observed
using a fluorescence microscope (Olympus Corp.) at 490 nm
for excitation and 515 nm for emission. The loss of calcein
fluorescence in SK-N-SH cells indicated the opening of the
mPTP.

Molecular docking. The crystal structure of HDAC2 [protein
data bank (PDB) ID: 4LY1] was downloaded from the PDB
website (http://www.rcsb.org/) and saved in PDB format.
The 3D structure of ICS II was obtained from the PubChem
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Figure 2. ICS II alleviates DNA damage in SK-N-SH cells induced by MPP+. (A) Production of 8-OHdG by MPP*-induced SK-N-SH cells treated with different
concentrations of ICS II was detected by immunofluorescence (scale bars, 100 zm). (B) Protein expression levels of y-H2AX in MPP*-induced SK-N-SH cells
treated with different concentrations of ICS II were detected by western blotting. ““P<0.001 vs. Control; ##P<0.001 vs. MPP*. ICS 11, icariside 1I; MPP*,
1-methyl-4-phenylpyridinium; 8-OHdG, 8-hydroxydesoxyguanosin; y-H2AX, y-H2A histone family member X.

database (https://pubchem.ncbi.nlm.nih.gov/compound/1396
4067#section=3D-Conformer). Molecular docking was used
to predict the optimal binding site of ICS II to HDAC2 using
AutoDock (version 4.2; Scripps Institute). The optimal binding
mode between ICS II and HDAC2 was acquired under the
minimum binding free energy conformation, before the output
results were visualized in PyMOL (version 2.2.0) software
(Schrodinger, LLC).

Statistical analysis. GraphPad Prism 8 (GraphPad Software;
Dotmatics) was used to perform statistical analysis. The
results are expressed as the mean + standard deviation.
One-way analysis of variance and Tukey's post-hoc test were
used to compare differences among multiple groups. P<0.05
was considered to indicate a statistically significant difference.

Results

ICS II mitigates SK-N-SH cytotoxicity induced by MPP*.
To explore the cytotoxicity of ICS II, SK-N-SH cells were
treated with different concentrations (0, 12.5, 25 and 50 yM)
of ICS II. The MTT assay demonstrated that the different
concentrations of ICS II tested did not influence SK-N-SH

cell viability (Fig. 1B), suggesting that ICS II was not harmful
to SK-N-SH cells at the concentrations tested in the present
study. By contrast, treatment with 2 mM MPP* significantly
decreased the viability of SK-N-SH cells compared with that
in the control group, which was in turn significantly reversed
by treatment with 50 uM ICS II (Fig. 1C). LDH release by
MPP*-induced SK-N-SH cells was found to be significantly
increased compared with that in the control group, but ICS
II treatment (25 and 50 yM) significantly decreased the LDH
release induced by MPP* in SK-N-SH cells (Fig. 1D). These
results suggest that ICS II restored the viability of SK-N-SH
cells treated with MPP".

ICS II alleviates DNA damage in SK-N-SH cells induced by
MPP*. 8-OHdG is a marker of free radical-induced oxidative
DNA lesions (21). MPP* treatment caused a marked increase
in the production of 8-OHdG in SK-N-SH cells compared with
that in the control group, suggesting that MPP* caused DNA
damage in SK-N-SH cells. By contrast, ICS II reversed the
production of 8-OHdG in MPP*-treated SK-N-SH cells in a
dose-dependent manner (Fig. 2A). The protein expression
level of y-H2AX was also found to be significantly increased
in MPP*-induced SK-N-SH cells compared with that in the
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Figure 3. ICS II prevents MPP+-induced mitochondrial dysfunction in SK-N-SH cells. (A) The mitochondrial membrane potential of MPP*-induced SK-N-SH
cells treated by different concentrations of ICS II was detected by JC-1 staining (scale bars, 100 zm). (B) ATP content and (C) Complex I activity in MPP*-induced
SK-N-SH cells treated by different concentrations of ICS II was detected using ATP assay kit and Complex I assay kit, respectively. (D) mtDNA copy number
in MPP*-induced SK-N-SH cells treated by different concentrations of ICS II was detected by reverse transcription-quantitative PCR. (E) mPTP opening status

in MPP*-induced SK-N-SH cells was detected using the mPTP Assay Kit (scale bars, 50 gm). *

“P<0.001 vs. Control; P<0.05, #P<0.01 and #*P<0.001 vs.

MPP*. ICS 11, icariside II; MPP*, 1-methyl-4-phenylpyridinium; mtDNA, mitochondrial DNA; mPTP, mitochondrial permeability transition pore.

control group, but this was in turn significantly reversed by 25
and 50 uM ICS II treatment (Fig. 2B). These results suggest
that ICS 1II can protect against DNA damage in MPP*-treated
SK-N-SH cells.

ICS II reverses MPP*-induced mitochondrial dysfunction
in SK-N-SH cells. The JC-1 fluorescent probe, which has an
excitation wavelength of 488 nm and a monomer emission
wavelength of 525 nm, is able to enter cells and localize to
the mitochondrial membrane (22). MPP* was observed to
markedly decrease the mitochondrial membrane potential

in SK-N-SH cells, which was reversed by ICS II treatment
(Fig. 3A). The ATP content, complex I activity and mtDNA
copy number were all significantly reduced by MPP* treat-
ment in SK-N-SH cells compared with those in the control
group (Fig. 3B-D). By contrast, ICS II treatment significantly
increased the ATP content, Complex I activity and mtDNA
copy number in MPP*-treated SK-N-SH cells at all concen-
trations tested (Fig. 3B-D). There is an inverse correlation
between the number of mPTP opening and the calcein-AM
fluorescence intensity (23). ICS II treatment also markedly
decreased mPTP opening in MPP*-induced SK-N-SH cells
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Figure 4. ICS II downregulates HDAC?2 expression in MPP*-induced SK-N-SH cells. (A) Protein expression levels of HDAC2 in MPP*-induced SK-N-SH cells
treated with different concentrations of ICS II were detected by western blotting. (B) Molecular docking was performed among HDAC2 and ICS II. *“P<0.001
vs. Control; #*P<0.001 vs. MPP*. ICS 11, icariside II; MPP*, 1-methyl-4-phenylpyridinium; HDAC2, histone deacetylase 2.

in a dose-dependent manner (Fig. 3E). These results suggest
that ICS II treatment can improve mitochondrial function in
MPP*-treated SK-N-SH cells.

ICS 1I downregulates HDAC?2 expression in MPP*-induced
SK-N-SH cells. MPP* was found to significantly increase the
protein expression levels of HDAC2 in SK-N-SH cells, which
was significantly reversed by ICS II at all concentrations tested
(Fig. 4A). Molecular docking was then performed between
HDAC?2 and ICS II, where the position with the lowest free
energy (-7.7 kcal/mol) between HDAC2 and ICS II was
selected for visualization. The HDAC?2/ICS II complex was
found in the residues LEU-169, LEU-166, SER-351, ARG-197,
PRO-344, ASP-345 and ASN-312. Of note, ICS II formed
two hydrogen bonds, primarily with residues (SER-351 and
ASN-312) on HDAC?2 protein (Fig. 4B). Moreover, ICS 1I at
the concentration of 50 #M exhibited the most prominent
effect, thence being chosen for the subsequent assays. These

results suggest that ICS II could bind to HDAC2 whilst also
decreasing its protein expression levels.

Overexpression of HDAC?2 reverses the protective effects
of ICS Il on MPP*-induced SK-N-SH cells. Transfection of
SK-N-SH cells with Oe-HDAC2 was found to significantly
increase the mRNA and protein expression levels of HDAC2
compared with those in the control group (Fig. 5A and B). In
addition, HDAC2 overexpression significantly increased LDH
release in MPP*-induced SK-N-SH cells treated with 50 yuM
ICS II compared with that in the cells transfected with Oe-NC
(Fig. 5C). 8-OHdG production was also markedly increased
upon the overexpression of HDAC2, compared with that in
MPP*-induced and ICS II-treated SK-N-SH cells transfected
with Oe-NC (Fig. 5D). Furthermore, protein expression levels
of y-H2A X in MPP*-induced SK-N-SH cells treated with ICS II
were significantly increased by the overexpression of HDAC2
compared with cells transfected with Oe-NC (Fig. SE).
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Figure 5. Overexpression of HDAC?2 reverses the protective effects of ICS II on DNA damage in MPP*-induced SK-N-SH cells. (A) mRNA and (B) protein
expression levels of HDAC2 in SK-N-SH cells transfected with Oe-HDAC2 were detected by reverse transcription-quantitative PCR and western blot-
ting, respectively. (C) LDH release of Oe-HDAC2-transfected SK-N-SH cells treated with MPP+ and ICS II was detected with an LDH activity assay Kkit.
(D) Production of 8-OHdG by Oe-HDAC2-transfected SK-N-SH cells treated with MPP+ and ICS II was detected by immunofluorescence (scale bars,
100 ym). (E) Protein expression levels of y-H2AX in Oe-HDAC2-transfected SK-N-SH cells treated with MPP+ and ICS II were detected by western blotting.
"P<0.001 vs. Control; ##P<0.001 vs. MPP*; $%P<0.001 vs. MPP* + ICS II + Oe-NC. ICS I, icariside II; MPP+, 1-methyl-4-phenylpyridinium; 8-OHdG,
8-hydroxydesoxyguanosin; y-H2A X, y-H2A histone family member X; HDAC2, histone deacetylase 2; Oe, overexpression; NC, negative control; LDH, lactate

dehydrogenase.

HDAC?2 overexpression also markedly decreased the
mitochondrial membrane potential in MPP*-induced SK-N-SH
cells treated with ICS II compared with that in cells transfected
with Oe-NC (Fig. 6A). Additionally, HDAC2 overexpression
significantly decreased the ATP content, complex I activity

and the mtDNA copy number in MPP*-induced SK-N-SH cells
treated with ICS II compared with those in cells transfected
with Oe-NC (Fig. 6B-D). HDAC2 overexpression also mark-
edly increased mPTP opening in MPP*-induced SK-N-SH cells
treated with ICS II compared with that in cells transfected with
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Figure 6. Overexpression of HDAC?2 reverses the protective effects of ICS II against mitochondrial dysfunction in MPP*-induced SK-N-SH cells.
(A) Mitochondrial membrane potential of Oe-HDAC2-transfected SK-N-SH cells treated with MPP* and ICS II was detected using JC-1 staining (scale bars,
100 um). (B) ATP content of Oe-HDAC2-transfected SK-N-SH cells treated with MPP* and ICS II was determined using an ATP assay kit. (C) Complex
I activity in Oe-HDAC2-transfected SK-N-SH cells treated with MPP* and ICS II was detected using Complex I assay kit. (D) mtDNA copy number in
Oe-HDAC?2-transfected SK-N-SH cells treated with MPP* and ICS II was determined using reverse transcription-quantitative PCR. (E) mPTP opening status
in Oe-HDAC2-transfected SK-N-SH cells treated with MPP* and ICS II was detected using a mPTP Assay Kit (scale bars, 50 pm). ““P<0.001 vs. Control;
#P<0.001 vs. MPP+; **P<0.01 and ***P<0.001 vs. MPP* + ICS II * Oe-NC. ICS II, icariside II; MPP", 1-methyl-4-phenylpyridinium; mtDNA, mitochondrial
DNA; mPTP, mitochondrial permeability transition pore; HDAC2, histone deacetylase 2; Oe, overexpression; NC, negative control.

Oe-NC (Fig. 6E). These results suggest that HDAC?2 overexpres-
sion promoted DNA damage and mitochondrial dysfunction in
MPP*-induced SK-N-SH cells treated with ICS II.

Discussion

In the present study, the effect of ICS II on DNA damage and
mitochondrial function in MPP*-induced SK-N-SH cells was

investigated. It was demonstrated that ICS II can increase cell
viability whilst alleviating DNA damage and mitochondrial
dysfunction in MPP*-induced SK-N-SH cells. ICS II treat-
ment was found to inhibit the expression of HDAC?2, whilst
HDAC?2 overexpression could reverse the effects of ICS II
treatment on SK-N-SH cells. These findings suggest that ICS
IT can be used as a potentially promising future treatment
method for PD.
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Mitochondrial homeostasis is necessary for generating
energy in the form of ATP, regulating calcium homeostasis
and controlling programmed cell death (24). Imbalance in
mitochondrial homeostasis can lead to the development of
progressive pathological conditions, including Alzheimer's
disease, Parkinson's disease (PD), Huntington's disease and
amyotrophic lateral sclerosis, associated with aging and neuro-
degeneration (25,26). In particular, mitochondrial dysfunction
serves a key role in the development of PD. In patients with
PD, mitochondrial respiratory chain complex I activity is
decreased and reactive oxygen species (ROS) production
is increased, which leads to the depolarization of the mito-
chondrial membrane potential and the increase in membrane
permeability, ultimately causing membrane damage (27). The
present study demonstrated that MPP* induction was able
to decrease the mitochondrial membrane potential, reduce
the intracellular ATP content and complex I activity whilst
increasing mPTP opening in SK-N-SH cells.

mPTP-induced inflammation and dopaminergic neuronal
death can be alleviated by improving mitochondrial func-
tion (28). A previous study involving an in vivo PD model
of MPP*/mPTP-induced SH-SY5Y cells reported that
MPP*-induced mitochondrial damage can be reversed
by promoting mitophagy and suppressing mitochondrial
fission (29). HDAC?2 inhibition may suppress the mitochondrial
apoptosis pathway to protect against acute liver failure (16,30).
In another study, blocking HDAC2 was found to improve
neuronal mitochondrial dynamics to protect neurons against
oxidative injury and apoptosis (31). ICS II has previously been
reported to inhibit mitochondrial division in the hippocampus
of AP,sss-induced rats (9). ICS II has also been shown to
prevent myocardial infarction-induced mitochondrial oxidative
stress (32). In PCI12 cells that had underwent oxygen-glucose
deprivation and reoxygenation, ICS II was found to restore
the mitochondrial membrane potential by suppressing
the excessive production of mitochondrial ROS (33). The present
study demonstrated that HDAC?2 was a potential target of ICS
II using SuperPreD database and provided evidence that ICS 11
treatment downregulated HDAC2 expression in MPP*-induced
SK-N-SH cells. In addition, ICS II was observed to alleviate DNA
damage and restored mitochondrial function in MPP*-induced
SK-N-SH cells by decreasing HDAC2 expression. Furthermore,
rescue experiments were performed to confirm whether ICS 11
exerted its protective effects on MPP*-induced SK-N-SH cells
through HDAC2. HDAC?2 overexpression was found to negate
the protective effect of ICS II on MPP*-induced SK-N-SH
cells, suggesting that ICS II can protect SK-N-SH cells from
MPP*-induced DNA damage and mitochondrial dysfunction by
downregulating HDAC?2 expression.

In conclusion, the present study demonstrated that ICS II
exerts a protective role against MPP*-induced neurotoxicity,
where HDAC?2 is a potential target of ICS II. Therefore, ICS
IT or alternative treatment strategies to reduce the expression
of HDAC2 may provide novel therapeutic options for restoring
mitochondrial function in dopaminergic neurons for the
treatment of PD.
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