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Icariin improves oxidative stress injury during 2
ischemic stroke via inhibiting mPTP opening
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Abstract

Background Ischemic stroke presents a significant threat to human health due to its high disability rate and
mortality. Currently, the clinical treatment drug, rt-PA, has a narrow therapeutic window and carries a high risk of
bleeding. There is an urgent need to find new effective therapeutic drugs for ischemic stroke. Icariin (ICA), a key
ingredient in the traditional Chinese medicine Epimedium, undergoes metabolism in vivo to produce Icaritin (ICT).
While ICA has been reported to inhibit neuronal apoptosis after cerebral ischemia-reperfusion (I/R), yet its underlying
mechanism remains unclear.

Methods PC-12 cells were treated with 200 uM H,0O, for 8 h to establish a vitro model of oxidative damage. After
administration of ICT, cell viability was detected by Thiazolyl blue tetrazolium Bromide (MTT) assay, reactive oxygen
species (ROS) and apoptosis level, mPTP status and mitochondrial membrane potential (MMP) were detected by
flow cytometry and immunofluorescence. Apoptosis and mitochondrial permeability transition pore (mPTP) related
proteins were assessed by Western blotting. Middle cerebral artery occlusion (MCAO) model was used to establish

I/R injury in vivo. After the treatment of ICA, the neurological function was scored by Zeal.onga socres; the infarct
volume was observed by 2,3,5-Triphenyltetrazolium chloride (TTC) staining; HE and Nissl staining were used to detect
the pathological state of the ischemic cortex; the expression changes of mPTP and apoptosis related proteins were
detected by Western blotting.

Results In vitro: ICT effectively improved H,O,-induced oxidative injury through decreasing the ROS level, inhibiting
mPTP opening and apoptosis. In addition, the protective effects of ICT were not enhanced when it was co-treated
with mPTP inhibitor Cyclosporin A (CsA), but reversed when combined with mPTP activator Lonidamine (LND). In
vivo: Rats after MCAO shown cortical infarct volume of 32-40%, severe neurological impairment, while mPTP opening
and apoptosis were obviously increased. Those damage caused was improved by the administration of ICA and CsA.

Conclusions ICA improves cerebral ischemia-reperfusion injury by inhibiting mPTP opening, making it a potential
candidate drug for the treatment of ischemic stroke.
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Introduction

Ischemic stroke, a clinical syndrome resulted from neu-
ronal ischemia, constitutes 80-85% of stroke and car-
ries high rates of disability and mortality(Xie et al. 2020).
According to the 2020 American Heart Association sta-
tistics, approximately 795,000 people experience a new or
recurrent stroke each year (Virani et al. 2020). Hyperten-
sion, smoking, and unhealthy diet are common factors
leading to stroke. Importantly, aging is an independent
risk factor for stroke, and with the aging population, the
risk of lifelong stroke is constantly increasing(Tsao et al.
2023).

Ischemic stroke damage occurs in two stages: cerebral
ischemia and reperfusion. During the cerebral ischemia
stage, due to restricted circulation, neuronal electri-
cal function is lost, leading to neuronal damage and cell
death. Reperfusion generates a large amount of reac-
tive oxygen species (ROS) through various mechanisms,
exacerbating damage and being the primary cause of
I/R injury (Allen 2009; Ray et al. 2012). Under normal
physiological conditions, intracellular ROS participate in
cellular defense mechanisms to modulate cellular signal-
ing, such as cell cycle, gene expression, cell survival and
apoptosis (Groeger et al. 2009; Patten et al. 2010; Dasuri,
et al. 2013), playing a crucial role in maintaining cellular
homeostasis. However, during reperfusion injury, mito-
chondrial respiratory chain uncoupling occurs, accompa-
nied by energy consumption (Turrens 2003). Superoxide
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anions are converted to H,0, and its free radicals, lead-
ing to oxidative stress and uncontrolled ROS production
(Saeed et al. 2007; Chen et al. 2018). Subsequently, exces-
sive ROS causes neuronal damage through lipid peroxi-
dation, DNA damage, and protein oxidation (Qu et al.
2016; Katsu et al. 2010; Yunoki, et al. 2014). Therefore,
maintaining mitochondrial homeostasis and inhibiting
excessive production of ROS are key targets for improv-
ing I/R injury.

Mitochondria serve as the major sub-cellular organelles
for ROS production. The mPTP is a non-specific channel
located in the inner mitochondrial membrane, composed
of voltage-dependent anion channel (VDAC), adenine
nucleotide translocase (ANT), and cyclophilin (CYPD)
(Chaudhuri et al. 2016; Skemiene et al. 2020). Under
normal conditions, transient and reversible opening of
the mPTP can release accumulated ROS and maintain
mitochondrial homeostasis. However, under pathological
conditions of oxidative stress and elevated intracellular
Ca?*, the mPTP continues to open, leading to excessive
ROS release (Hausenloy et al. 2004; Zorov et al. 2014)
and mitochondrial dysfunction (Chanoit et al. 2011;
Neumar 2000) Previous studies have been demonstrated
continuous mPTP opening in neuronal mitochondria
during ischemic stroke (Kinnally et al. 2011; Nazareth
et al. 1991; Li, et al. 2020). Pharmacological inhibition of
mPTP overactivity effectively mitigates neuronal damage



Zhou et al. Molecular Medicine (2024) 30:77

induced by ischemia-reperfusion (Liu et al. 2022; Zhou et
al. 2017).

Icariin (ICA), the active compound in traditional Chi-
nese medicine Epimedium, undergoes metabolism in
vivo to produce Icaritin (ICT) (Fig. 1A), which exhibits
diverse pharmacological effects, including antioxidant
activity, neuroprotection, and immune regulation (Xu
et al. 2021a; Song et al. 2016; Tao, et al. 2021). Studies
have demonstrated that ICA can reduce ROS content
(Li and Meng 2019; Zhu et al. 2010), and enhance mito-
chondrial function, protecting neurological function in
a MCAO model(An et al. 2021). Moreover, ICT demon-
strates superior neuroprotective effects compared to ICA
in acute cerebral ischemic stroke models, reducing neu-
rological damage, infarct volume, and histopathological
changes (Wu et al. 2021, 2022). Furthermore, ICT inhib-
its H,O,-induced oxidative stress, preserves mitochon-
drial member potential, and maintains mitochondrial
morphology (Fan et al. 2023). Nevertheless, the underling
molecular mechanism remains incompletely elucidated.

To investigate the protective effect of ICA against I/R
injury, we established an oxidative stress model in vitro
and evaluated its primary active component, ICT, on cell
viability and oxidative stress markers following I/R insult.
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Furthermore, to assess whether the protective mecha-
nism of ICT involves mPTP, we employed calcein stain-
ing and immunoblotting techniques to monitor changes
in mPTP levels. Additionally, to assess ICA’s impact on
MCAQO rats, we monitored neural function and neuronal
morphology post-MCAO surgery, along with extracting
brain proteins to detect alterations in relevant protein
expressions. Lastly, to delve deeper into the role of mPTP
in ICA’s anti-I/R injury effect, we utilized a combination
of mPTP inhibitors (Cyclosporin A, CsA) and agonists
(Lonidamine, LND) to investigate the combined effect on
mPTP’s open state.

Materials and methods

Antibodies and reagents

ICA was purchased from Chengdu Phytolabel Chemical
Pure Biotechnology Co. CsA ((=98%, B28163)) and LND
(99%, S80752) were purchased from Shanghai Yuanye
Biotechnology Co. H,0, was purchased from Shang-
hai State Pharmaceutical Group at a concentration of
9.908 mmol/L. The MMP detection kit (JC-1) and mPTP
detection kit were purchased from Beyotime. The ROS
detection kit (DCFH-DA), RIPA buffer and BCA protein
assay kit were purchased from Applygen. The Annexin
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Fig. 1 Image of Epimedium(left), chemical structure of Icariin (middle), and Icaritin (right) (A); Schematic diagram of the experimental protocol (B)
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V-FITC/PI apoptosis detection kit was obtained from
Jiangsu Keygen. The ECL chemiluminescence detec-
tion kit was purchased from Servicebio, and the PVDF
membrane was purchased from Millipore. Anti-B-Actin
(GB11001) was obtained from Servicebio, anti-VDAC
(#83,506, #4661) from Cell Signaling, anti-Bcl2 (26593-
1-AP), and anti-Bax (50599-2-Ig) from Proteintech, and
anti-CypD (A3208) from ABclonal. All these reagents
and compounds are standardized and commercially
available. TTC was purchased from SIGMA Co.

Cell culture

Highly differentiated PC-12 cells were purchased from
the Cell Bank of the Chinese Academy of Sciences and
cultured in 1640 medium containing 10% fetal bovine
serum and 1% penicillin/streptomycin at 37 °C with 5%
CO,.

Cell viability

Cell viability was measured by MTT (M8180, Solarbio,
Beijing, China). PC-12 cells (5% 10%/well) were seeded in
flat-bottomed 96-well plates and cultured for 24 h. Sub-
sequently, 20 uL MTT solution was added to each well
and incubated for 4 h. After removing the supernatant,
200 pL of DMSO was added to each well and mixed for
10 min. The absorbance of each well was measured at
570 nm using a microplate reader, and cell viability was
calculated using the formula: Cell viability = (OD of
experimental group-OD of blank group) / (OD of control
group-OD of blank group).

Measurement of intracellular ROS levels by Flow Cytometry
PC-12 cells (1x10°/well) were seeded in 6-well plates and
cultured for 24 h. Following cell digestion, PBS wash, and
centrifugation, the DCFH-DA probe (diluted 1:10000 in
serum-free1640 medium) was added to resuspend the
cell pellets (200 pL probe per well). The cells were then
incubated at 37 °C for 30 min in the dark. Afterward,
the samples were washed with PBS and analyzed by flow
cytometry or an inverted fluorescence microscope.

Determination of apoptosis

Following collection, cells were washed with PBS. After-
ward, 300 pL of binding buffer was added to resus-
pend the cells, followed by the addition of 3 pL each of
Annexin V-FITC and PI dye. After thorough mixing, the
mixture was incubated in the dark at room temperature
for 15 min and immediately analyzed by flow cytometry.

Assessment of mPTP status

As per the kit instructions, 200 pL of Calcein AM stain-
ing solution and fluorescence quenching working solu-
tion were added to each well upon the completion of cell
growth. After incubating for 40 min at 37 °C, the staining
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solution was removed, and the preheated medium was
added for an additional 30 min incubation before wash-
ing with PBS. Subsequently, 4% paraformaldehyde was
added for fixation, incubating for 40 min, following by
PBS washing. Finally, samples were mounted with an
anti-fluorescence quencher and observed using a laser
confocal microscope.

Detection of the mitochondrial membrane potential by
JC-1 staining

The JC-1 staining working solution was prepared accord-
ing to the instructions. After cell culture is completed,
200 pL of culture medium and an equal volume of JC-1
staining working solution were added to each well of
6-well plates followed by incubation in the dark at 37 °C
for 30 min. Afterward, the supernatant was aspirated and
cells were washed gently with JC-1 staining buffer. Finally,
500 pL of cell culture medium was added and cells were
observed under an inverted fluorescence microscope.

Animals and treatments
The male Sprague Dawley rats at 160~180 g of body
weight were purchased and fed by the Animal Center of
China Three Gorges University, Yichang, China. (Cer-
tificate No.: SYKX (E) 2022-0061). Rats were housed in
an environmentally controlled facility (12:12 light/ dark
cycle; 22-25°C; food and water ad libitum).

Animals were randomly assigned to five groups, as out-
lined in Fig. 1B:

1. MCAO: Rats underwent the MCAO procedures
as described in previous studies (Ma et al. 2020).
Briefly, after isoflurane anesthesia, the right common
carotid artery (CCA) and external carotid artery
(ECA) of the rats were ligated, and a rubber-coated
nylon filament (Shenzhen Reward Life Technology
Co., LTD., China) was slowly inserted through the
incision on the CCA until slight resistance was felt,
indicating blockage of the middle cerebral artery
(MCA). After 2 h, the filament was withdrawn to
allow reperfusion for 24 h.

2. Sham: Rats underwent the same surgical procedure
as in the MCAO groups, but without insertion of the
filament into the MCA. Rats received 5% CMC-Na
solution (i.g, at 9 a.m. and 9 p.m.) for 15 days.

3. MCAO +10 mg/kg ICA: Rats received ICA (10 mg/
kg, i.g, at 9 a.m. and 9 p.m.) for 15 days before
MCAO. ICA was dissolved in 5% CMC-Na solution.

4. MCAO +30 mg/kg ICA: Rats received ICA (30 mg/
kg, i.g, at 9 a.m. and 9 p.m.) for 15 days before
MCAO.

5. MCAO +15 mg/kg CsA: Rats received CsA (15 mg/
kg, i.p) 30 min before MCAO.
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Neurological deficits assessment

Neural impairment in rats was evaluated using
Zeal.onga’s methods(Longa et al. 1989), with scores rang-
ing from 0 to 4 points: 0 points indicating no obvious
nerve damage, 1 point indicating incomplete extension of
the front paw, 2 points indicating circling to the opposite
side, 3 points indicating falling to the left or no autono-
mous movement, 4 points indicating involuntary walk-
ing. Evaluations were performed 24 h after MCAO.

TTC staining

As previously stated, rats underwent treatment with vari-
ous formations. Subsequently, after 24 h, the brains of the
rats were initially chilled at -20°C for 30 min. Promptly
following this, the coronal plane was swiftly sliced into
five sections, each measuring 2 mm in width, proceeding
from the anterior to the posterior region.

After 24 h of reperfusion injury, collect the rat brain
tissue and freeze at -20 ‘C for 30 min. The coronal plane
was swiftly sliced into five sections, from the anterior to
the posterior region, each measuring 2 mm in width.

These sections were subsequently stained with 0.5%
TTC in PBS solution (Sigma Chemical Co.) at 37 °C for
30 min, with rotation every 10 min. Following staining,
the stained section was fixed with paraformaldehyde for
24 h and photographed. Only the second slice adjacent to
the olfactory bulb was utilized for analysis and imaging.
The calculation of single infarct volume was determined
by multiplying the infarct size per slice by the average
section thickness (2 mm). Image ] was used for analysis
to calculate the infarct volume of each brain.

Hematoxylin & eosin (H&E) staining
After 24 h of reperfusion, the rats were anesthetized with
10% chloral hydrate. Then, they were perfused through
the heart with 0.9% normal saline, followed by 4% para-
formaldehyde. After that, the brain tissues were taken out
for gradient dehydration and embedding. They were then
cut into 4 pm-thick slices, which were baked at 60 °C for
5 h. The slices were stained with hematoxylin and eosin
and sealed with neutral glue. Randomly selected three
rats from each group were used for wax block prepara-
tion, and 3 non-adjacent slices were chosen for micro-
scopic observation of staining intensity. After randomly
selecting 10 fields (40x) from each slice for observation.
The histo-morphological evaluation was carried out in
a double-blind manner by a pathologist who was unaware
of the experiment design. The pyramidal cells in the slices
with large and round nuclei, light and clear staining,
obvious nucleoli and nuclear membranes, and abundant
cytoplasm were identified as normal cells. Those with
dark staining, blurred and atrophic nuclear membranes
were identified as pathologically degenerative cells.
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Nissl staining
Briefly, three rats were randomly selected from each
group, and three non-adjacent slices were chosen from
their wax blocks. After dewaxing with xylene and graded
alcohol, the slices were placed in double-distilled water
for 5 min. They were then incubated with toluidine blue
solution at 37 °C for 5 min, followed by washing with
distilled water 3-5 times. After drying, the slices were
placed in xylene for 5 min and then sealed with neutral
resin. Staining intensity was observed under a micro-
scope, and 10 random fields (40x) were selected from
each slice for qualitative analysis.

The histo-morphological evaluation was carried out in
a double-blind manner by a pathologist who was unaware
of the experiment design. Nissl bodies that are atrophied
and exhibit a sieve-like pattern were identified as degen-
erative cells.

Western blot

The ischemic penumbra cortex was harvested and
homogenized on ice with lysis buffer; the homogenate
was centrifuged to obtain the supernatant. Then quanti-
fied the protein following the BCA kits protocols (P1513-
1, APPLYGEN).

Equal amounts of protein (30 pg in 10 pL) from total
lysates were electrophoresed on 8% or 12% SDS-PAGE
gels and transferred to PVDF membranes. After blocking
with 5% non-fat milk at room temperature for 1 h, mem-
branes were incubated with primary antibody at 4 °C
overnight. Following washing in TBST buffer for 3 times,
membranes were incubated with secondary antibody at
room temperature for 1 h. Digital images of the mem-
branes were captured by the chemiluminescence method
using an ECL kit (Servicebio, Wuhan, China). Protein
levels in samples were quantified by Image J 6.0 software.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 8.0. The Shapiro-Wilk test confirmed
that the quantitative data followed a normal distribu-
tion. The data were represented as mean+SD. To assess
the significance of differences between two groups, an
Independent-Samples T-test was conducted. For multiple
comparisons, a one-way ANOVA followed by Turkey’s
post hoc analysis was utilized. A p-value below 0.05 was
deemed statistically significant.

Result

Establishment of H,0, induced oxidative damage model
H,0, is commonly used to induce oxidative damage,
mimicking in vitro I/R models. To screen out the optimal
stimulation condition, we assessed cell viability through
the MTT method. As shown in Fig. 2A, at a concentra-
tion of 100-400 uM H,O,, the cell survival rate was
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Fig. 2 Establishment of the H,0, induced oxidative damage cell model. After stimulating the PC-12 cells by different concentrations of H,O, for 8 h, cell
viability was measured by the MTT assay (A). Cells were exposed to 200uM H,0, for 2,4, 6,8 and 12 h, and ROS levels were detected by the flow cytometry
(B-Q). (Data were represented as mean +SD, n=3, **P<0.01 vs. control, ***P <0.001 vs. control)

around 80%. We chose 200 ¢ M conducts subsequent
testing. Meanwhile, flow cytometry results revealed a
time-dependent increase in intracellular ROS levels with
prolonged H,O, exposure (Fig. 2B-C). At 8 h, the ROS
level increased to three times the normal control. Based
on this, 200 uM H,0, stimulation for 8 h was selected as
the model condition.

ICT inhibits oxidative damage and improves apoptosis

To explore the protective effect of ICT against oxida-
tive damage, PC-12 cells were pre-treated with various
concentrations of ICT 12 h before H,O, stimulation.
The results showed that ICT effectively inhibit H,O,-
induced cell death within the concentration range of
0.2-3.2 uM (Fig. 3A). Flow cytometry detection of ROS
levels showed that under the action of 1.6 uM ICT, the
ROS value was close to the normal control, so we chose
0.4 uM and 1.6 pM ICT for subsequent experiments
(Fig. 3B-C). The immunofluorescence results showed
that ICT treatment effectively suppressed the increase
in ROS levels caused by H,O, exposure (Fig. 3D). ROS
maintains cell survival under normal physiological con-
ditions, but excessive production of ROS can trigger cell
apoptosis (Sorokina, et al. 2016; Wang et al. 2023; Papa
and Skulachev 1997). The PI staining results showed that
the level of cell apoptosis was consistent with the change
in ROS level, and ICT effectively inhibited cell apoptosis
induced by H,O, (Fig. 3E). Furthermore, the expression
of the pro-apoptotic protein Bax was notably upregu-
lated following oxidative stress but downregulated with
ICT treatment (Fig. 3F). Collectively, these data suggest

that ICT reduces ROS levels and apoptosis in the H,O,-
induced oxidative damage model.

ICT inhibits H,0,-induced mPTP excessive-opening
Mitochondria are the major sub-cellular organelles for
ROS production. Excessive ROS triggers the opening of
mPTD, leading to mitochondrial depolarization and sub-
sequent dysfunction. The calcein assay showed abnormal
mPTP opening following H,O, treatment, evidenced by
a significant decrease in intracellular green fluorescence,
which was attenuated by ICT treatment (Fig. 4A). Cere-
bral ischemia results in a deficiency of O, and glucose,
subsequently leading to ATP depletion. This depletion
causes the deactivation of ion pumps dependent on mito-
chondrial membranes, ultimately resulting in a decrease
in MMP. Furthermore, alterations in MMP can similarly
reflect the levels of mPTP opening. Employing the JC-1
assay, we observed a decrease in MMP levels upon expo-
sure to H,O,, but these levels reverted to baseline follow-
ing ICT treatment (Fig. 4B). Furthermore, the expression
of Cypd and VDAC (the constituent proteins of mPTP)
was upregulated in H,O, treatment group, whereas it
was suppressed after ICT treatment (Fig. 4C-D). These
results remind us that ICT may restore mitochondrial
homeostasis by inhibiting H,O,-induced mPTP excessive
opening.

ICA alleviates MCAO-induced I/R injury in rats

We further evaluated the protective effects of ICA
and mPTP specific inhibitor CsA in vivo using
MCAO rats. The Zealonga scores was evaluated the



Zhou et al. Molecular Medicine (2024) 30:77 Page 7 of 14
A B -
100 - o \ = | |
wx #l | !
== 250 I 250 / = [ ‘
1 (i \
o {J \ L 20 [ ‘\‘ A R
b= 5 | € i
50 ) [ G [ \ g = [ \
A
100 | \ 100 [ | 100 | |
| | \ / \
% | ‘\\ 50 / ‘\“ 50 f
o) Al 2 £ \.
el DMSO 02 0% 08 15 22 o4 R it ~aat T ke T B T T T e e e
: 2O }("r( I'“) - - DCFH-A DCFH-A DCFH-A
CT(uM
C ) s Control H20:(200pM) ICT(0.4pM)
# -
£ 5000+ — y L -
£ —t 300 \ A
e * M /1
£ 40001 T 250 I = |
g [ / ‘ 200 ‘ 1
S 30004 o 20 [ 2 J A
3 g | | 5 Il
5 8 10 ‘ 8™ ‘
Z 2000+ T I [
£ 100 i A 100 |
g L \
£ 1000 0 | \ 50 / \
= ——————— e e ol S
3 P * 402 0 10? 10° 10° 10°
Control 2004M 0.4pM  0.8pM  1.6uM g e Y L "
H,0, ICT ICT ICT DEFEA
D LCT(0.8uM) 1CT(1.6uM)
0
€ 25
ICT(L6uM) 5
£ 20
) g
E 15
8
3 10
H
§s
2
g a
g Control 200uM D.4pM  1.6pM
H,0; IcT  IcT
E 2
T T
w I o W I o L7 il
20 =
g o & ot £ 0 £ 1t
& o @ & z 65
i h i S S
T T W z I 4
P | 3 3 i Ew
5
0 102 10? 10 - 5 -
0! EE ‘ 10! 24 ; 1wl -+ 10’ ot 2
10" EL T I T U o' 16t FERET: T 0! L A 10’ 16t 10° 1ot 10° Control  200uM  9.4pM L6
BN ETEA e BLAH : FITCH BL1H: FITCH M0, HCT e
Control Ha02(200uM) ICT{0.4uM) TCT(1.6pM)
F
= + + + o
200pM H:0: 2 201 —
o4pmIcT - - + - E e
.
=<}
T1.6uM ICT - = - + = 1.54 -
=]
=
2 ac
== = , g + v
Bax | ™= e s " | — 21KDa @ 051 —L—
- - Jd -
& —— — —— S 0.0 T T
B-actin 43KDa < Control  200pM  04pM  L6pM

H,0, ICT ICT

Fig. 3 ICT inhibits oxidative damage and apoptosis indcuced by H,O,. MTT assay measured the protective effect of different concentrations of ICT on
H,0, treated cell (A). Flow cytometry was employed to determine the optimal ICT doseage based on change of ROS levels (B-C). Immunofluorescence
of ROS in each group was utilized to validate of the antioxidant effect of ICT(200x, Scale bar, 100 um). (D). Flow cytometry was used to assess apopto-
sis levels (E). The expression of apoptosis-related proteins Bcl2 and Bax was visualized by Western Blot (F). (Data were represented as mean+SD, n=3,
*P<0.05 vs. control group, **P<0.01 vs. control group, **P<0.001 vs. control group; #P < 0.05 vs. model group, ##P<0.01 vs. model group, ##P <0.001

vs. model group)



Zhou et al. Molecular Medicine (2024) 30:77

H=0:200pM)

_ 04pMICT.

Page 8 of 14

Green fluorescence Intensity

Control 200uM 0.4pM  1.6pM
H0, ICT  ICT
UL 20 #4
' g
3 g
@
H 2
ailL LR R oL LR &
0.0, ) 6.04 P 16.96 9.00 =5 10.65
I T T T T T e o T e e
FLI-A FL1-A FL1-A FL1-A
Conlrol Hz0:(200pM) 0.dpM ICT L6puM ICT Contral  200uM  04uM  Lo6uM
HO,  ICT cr
C D -
200pM H20: - + + + %_ 1.5+ ## o ]
. - = — ' a0y —E
0.4uM ICT o + E sk =1 -
1.6pM ICT = - - + = ‘/ _ J
£ 1.0 B 15
CyPD 2 " £
yl s EmR 5 3 & = || —22x0- g R % .
= £ °
; ] » 0.5 4 =
I |
VDAC | o e s n-im - g ° é iE M
g =3 v
s - = 0.0- = 0.0 T T
-actin |9 | — askp. . T T -
6 ] ® & Control  2000M  04pM  16pM = Control  200,M  0.4pM  16pM
H,0, 1cT 1cr H;0, IcT IcT

Fig. 4 ICT inhibits the excessive opening of mPTP. The effect of ICT on mPTP opening was assessed by calcein staining, where strong fluorescence in-
dicates a closed state and weak fluorescence indicates an open state (200x, Scale bar, 100 um) (A). Flow cytometry was employed to detect change in
MMP after ICT administration (B). Western Blot was utilized to visualize the expression levels of mPTP related proteins (C-D). (Data were represented as
mean+SD, n=3, **P<0.01 vs. control group, ***P <0.001 vs. control group; #P < 0.05 vs. model group, ##P <0.01 vs. model group, ###P <0.001 vs. model

group)

neurological- function of rats. As shown in Fig. 5A,
Zealonga scores of MCAO rats exceeded 2, indicat-
ing severe disruption of neurological function. Admin-
istration of either ICA or CsA individually significantly
decreased the Zealonga scores, indicating effective
restoration of neurological function levels following
MCAO-induced I/R injury. Through TTC staining,
we can more intuitively observe the changes in cortical
infarct volume in each group of rats. As expected, the
infarct volume in MCAO rats was significant, while the
ICA treatment group showed a dose-dependent decrease
(Fig. 5B). The H&E and Nissl staining results showed
that the neural cells in the sham surgery exhibited nor-
mal morphological structures with clear cytoplasm and
nucleus, and orderly arrangement of Nissl bodies. The
MCAO group exhibited a sieve-like appearance, vacu-
olization, and blurred Nissl bodies. However, in the
ICA and CsA treatment groups, neuronal morphology
recovered and showed a relatively orderly arrangement,
with Nissl bodies becoming clearer (Fig. 5C-D). Further-
more, the levels of mPTP-related proteins were upregu-
lated after I/R injury but decreased following ICA or
CsA treatment (Fig. 5E-F), indicating that ICA and CsA

improve cerebral I/R injury by inhibiting the excessive
opening of mPTP in MCAO rats. Continuous mPTP
opening has been shown to stimulate neuronal apopto-
sis. In order to further detect the apoptosis of cells in the
infarcted area, we tested the expression levels of Bax and
Bcl2 proteins. As shown in Fig. 5G-H, the expression of
the pro-apoptotic protein Bax was upregulated follow-
ing MCAO, whereas the expression of the anti-apoptotic
protein Bcl2 was deregulated. As anticipated, the admin-
istration of ICA or CsA mitigated the apoptosis induced
by MCAO.

mPTP activation reverses the protective effect of ICT

Although ICT has been shown to improve H,0O,-induced
oxidative damage and apoptosis in PC-12 cells, it is still
unclear whether the protective effect is mediated by
mPTP. To further investigate this, we utilized mPTP
inhibitor CsA and activator LND to confirm whether
ICT exerts protective effects by regulating mPTP open-
ing. Evaluation of mPTP opening using calcein and JC-1
assays revealed that ICT treatment alone significantly
inhibited the elevated levels of mPTP and MMP induced
by oxidative damage (Fig. 6A-B). Immunoblotting
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analysis of expression of VDAC yielded consistent
results (Fig. 6C). Furthermore, ICT markedly reduced
the elevated levels of ROS (Fig. 6D-E) as well as apopto-
sis (Fig. 6F) induced by H,0,. Interestingly, these effects

were not enhanced by co-treatment with the mPTP
inhibitor CsA but were inhibited by co-treatment with
the mPTP activator LND (Fig. 6A-E). These results con-
firm that the antioxidant effects of ICT in I/R injury are
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mediated by inhibiting mPTP opening, and that activa-
tion of mPTP reverses the protective effects of ICT.

Discussion

Ischemic stroke accounts for 80-85% of strokes, which
is twice the lifetime risk of hemorrhagic stroke and lacks
effective clinical treatment strategies (Feigin et al. 2016;
Johnson et al. 2016; Albers et al. 2018). Therefore, it is
urgent to find new targets, develop effective therapeu-
tic drugs to alleviate the burden of stroke. In this study,
we confirmed the neuroprotective effect of ICA in the
MCAO model in vivo. Moreover, in the H,0, induced
neuronal oxidative damage in vitro model, ICT can effec-
tively reduce ROS levels as well as inhibit the excessive
opening of mPTP. Furthermore, by combining the inhibi-
tor (CsA) and the agonist (LND) of mPTD, it was con-
firmed that inhibiting the excessive opening of mPTP is a
key mechanism for ICT to against I/R induced oxidative
damage.

After ischemic stroke, cerebral blood flow immediately
decreases, which limits the availability of glucose and
oxygen in neurons, and causes serious damage to neuron
and brain tissues(Andrabi et al. 2020). Subsequent blood
reperfusion process will lead to massive production of
ROS and further expand the damage. A previous study
demonstrated that ICA protects cerebral neural cells
from I/R injury by lowering ROS production and intra-
cellular calcium concentration(Ning and Gao 2023). Here
in, we established an in vitro oxidative damage model by
treating PC-12 cells with 200uM H,O, for 8 h. After pre-
treatment with ICT, the mortality rate of model cells was
reduced, while the intracellular ROS level was signifi-
cantly decreased, indicating that ICT is a potential thera-
peutic drug for alleviating oxidative damage.

Accumulating evidences have proven that ROS were
export from mitochondrial through mPTP (Zorov et al.
2014). In addition, previous reports have confirmed that
excessive opening of mPTP is a key hub for I/R oxidative
damage (Garbaisz et al. 2014). Zhou et al. demonstrated
that ICT can improve colon cancer through the mPTP
necrosis pathway(Zhou et al. 2016). Here in, PC-12 cells
stimulated with H,0, showed lower levels of calcein fluo-
rescence intensity than the normal control group, consis-
tent with Western Blot results showing downregulation
of mPTP related proteins CyPD and VDAC. These datas
implied that I/R injury induced excessive opening of
mPTP in vitro.

Under physiological conditions, mPTP periodically
opens, allowing positive ions in the membrane gap to
enter the matrix, maintaining MMP. After the influence
of various stimulating factors, the non-specific open-
ing of mPTP continuously causes positive ions in the
membrane gap to enter the matrix, resulting in the dis-
appearance of ion gradients on both sides of the inner
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membrane and a gradual decrease in MMP (Tiwari et al.
2022). During experiments we also found that oxidative
damage seriously decreased MMP. As expected, ICT pre-
protection significantly inhibits the opening of mPTP
and the increase of MMP induced by I/R injury, mani-
fested by an increase in calcein fluorescence intensity, an
increase in jc-1 levels in flow cytometry, and a decrease
in mPTP related protein expression (Fig. 6A-D).

The uncoupling of mitochondrial respiratory
chain, cessation of ATP synthesis, and efflux of Ca’**
lead to excessive opening of mPTP and induce cell
apoptosis(Duchen 2004). In addition, the mitochondrial
inner membrane is hypertonic, and the excessive open-
ing of mPTP leads to mitochondrial matrix expansion,
which is prone to rupture and releases pro apoptotic pro-
teins such as bcl2, ultimately causing cell apoptosis(Reed
et al. 1996). Research has shown that ICT counteracts
hippocampal neuronal apoptosis through the GR/BDNF
signaling pathway(Tang et al. 2020). Wu et al. revealed
the therapeutic effect of ICT on Cerebral I/R-induced
apoptosis in an acute ischemic stroke mouse model (Wu
et al. 2022). In this study, apoptosis levels were detected
by the flow cytometry and immunoblotting. Our results
are consistent with previous research, I/R injury remark-
ably increased the number of apoptotic cells, upregulated
Bcl2 proteins and decreased the expression of Bax. ICT
effectively improves neuronal cell apoptosis caused by
I/R injury. Similarly, we also demonstrated that ICA can
improve I/R injury in MCAO rat model in vivo, signifi-
cantly reducing neurological scores and cerebral infarc-
tion volume, and improving neuronal morphology. ICA
and CsA had similar effects in vivo, both of which can
downregulate the protein levels that make up mPTP and
inhibit cell apoptosis in brain tissue.

Furthermore, the combined use of mPTP inhibitor
CsA and activator LND confirmed that inhibiting exces-
sive opening of mPTP is the key factor for ICT to exert
neuroprotective effects. The combined use of inhibitor
CsA showed no further protective effect, while the com-
bined use of activator LND reversed the protective effect
of ICT. In all, our results suggest that ICA improves I/R
injury induced apoptosis by inhibiting mPTP excessive
opening. More interestingly, previous studies have also
shown that inhibiting the opening of mPTP can improve
I/R injury. For example, Gynostemma pentaphyllum
extract could protect OGD/R-induced rats isolated hip-
pocampal slices damage by inhibiting neuronal Ca**
overload and mitochondrial oxidative stress-induced
mPTP opening (Schild et al. 2009). Gallic acid inhibits
the binding of CypD and adenine nucleotide transloca-
tors, resulting in a desensitization to induction of mPTP,
protecting mitochondria, and ultimately exerting anti I/R
effects (Sun, et al. 2017).
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The reperfusion period, characterized by the signifi-
cant production of ROS, is a crucial pathological stage
in ischemic stroke, frequently with oxidative stress injury
that ultimately culminates in mitochondrial dysfunction
and neural injury. Currently, neuroprotective and neuro-
restorative therapy are two prominent drug intervention
strategies for managing ischemic stroke. Our data dem-
onstrated that ICA exhibits remarkable antioxidant activ-
ity and exhibits significant effects in enhancing the neural
function of MCAO rats, indicating it is a promising can-
didate for combination therapy with traditional thrombo-
lytic agents like rt-PA. This combined approach aims to
mitigate oxidative stress during reperfusion, offer neuro-
protective support to stroke patients, and enhance treat-
ment outcomes. Furthermore, ICA holds potential as a
neuroprotective agent for post-surgical patients, playing
a vital role in prognostic improvement.

There are some limitations in the current study. First,
we have found that ICA can inhibit the opening of mPTDP,
but the upstream regulation pathway is still unclear. Sec-
ond, ICT as the activity metabolic production of ICA,
numerous previously reports have focused on its anti-
inflammatory (Lai et al. 2013) and anti-tumor properties
(Dongye et al. 2022). Here, we found that ICT has obvi-
ous antioxidant effects in vitro, consistent with previous
reports (Xu et al. 2021b). However, further confirmation
is needed on the efficacy results of direct administra-
tion of ICT in vivo. Next, the neuroprotective effect and
mechanism of ICT in MCAO rats will be investigated.

Conclusion

Our study found that ICA can significantly improve I/R
injury in vivo, suggesting that ICA can serve as a poten-
tial therapeutic drug for ischemic stroke. Furthermore,
we found that the protective effect of ICA and its main
metabolite ICT in vitro and in vivo is mediated by inhib-
iting the excessive opening of mPTP, indicating that the
inhibitor of mPTP is expected to become a new treat-
ment for ischemic stroke.
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