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Ischemic stroke (IS) is a prevalent neurological disorder often resulting in significant disabil-
ity or mortality. Resveratrol, extracted from Polygonum cuspidatum Sieb. et Zucc. (commonly
known as Japanese knotweed), has been recognized for its potent neuroprotective properties.
However, the neuroprotective efficacy of its derivative, (E)-4-(3,5-dimethoxystyryl) quinoline
(RV02), against ischemic stroke remains inadequately explored. This study aimed to evaluate
the protective effects of RV02 on neuronal ischemia-reperfusion injury both in vitro and in
vivo. The research utilized an animal model of middle cerebral artery occlusion/reperfusion
and SH-SYS5Y cells subjected to oxygen-glucose deprivation and reperfusion to simulate
ischemic conditions. The findings demonstrate that RV02 attenuates neuronal mitochondrial
damage and scavenges reactive oxygen species (ROS) through mitophagy activation. Further-
more, Parkin knockdown was found to abolish RV02’s ability to activate mitophagy and
neuroprotection in vitro. These results suggest that RV02 shows promise as a neuroprotect-
ive agent, with the activation of Parkin-mediated mitophagy potentially serving as the

primary mechanism underlying its neuroprotective effects.

1. Introduction

Stroke remains a leading cause of mortality worldwide " ?,
with ischemic stroke (IS) constituting the most prevalent form °.
IS occurs due to inadequate blood flow or occlusion of cerebral
blood vessels “*°. Current clinical guidelines advocate for reper-
fusion therapies, including intravenous thrombolysis and en-
dovascular thrombectomy, as the most efficacious interventions
for IS °. Nowadays, we have entered the era of highly effective
reperfusion, where reperfusion therapies restore blood flow to
affected areas of the brain along with potentially more severe
neurological damage or dysfunction, the phenomenon known as
cerebral ischemia/reperfusion injury (CIRI) ”°. Studies indicate
that the administration of neuroprotective agents during and
after reperfusion can mitigate CIRI and reduce neuronal mortal-
ity °. Despite these advancements, clinically effective neuropro-
tectants remain elusive ’. Consequently, there is an urgent need
to identify and develop pharmacological interventions that can
improve outcomes for stroke patients.

* Corresponding author.
E-mail addresses: yueyangliul989@163.com (Y. Liu); chenguoliang@syphu.
edu.cn (G. Chen); houyue@mail.neu.edu.cn (Y. Hou)
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Mitophagy is a critical process that preserves mitochondrial
integrity and function, influencing cellular fate and serving as the
primary mechanism for mitochondrial renewal. During reperfu-
sion and oxygen restoration, mitochondria generate excessive re-
active oxygen species (ROS). ROS accumulation can trigger the
opening of the mitochondrial transition pore (mPTP), leading to
mitochondrial membrane potential (AYm) impairment and the
release of pro-apoptotic factors such as cytochrome C (Cyt C).
This cascade activates the mitochondria-dependent apoptosis
pathway, exacerbating tissue damage '"'°. Mitophagy, mitigates
neuronal death by reducing ROS production and eliminating sur-
plus mitochondria. Research has identified Parkin, an RING-
between-RING (RBR) E3 ubiquitin-protein ligase, as a crucial reg-
ulator of mitophagy in the central nervous system. Damaged mi-
tochondria activate Parkin '/, which subsequently ubiquitinates
various mitochondrial proteins. These damaged mitochondria
bind to lysosomes through sequestosome-1 (p62) and microtu-
bule-associated protein 1 light chain 3B (LC3B), resulting in their
degradation '® . Additionally, Parkin has been demonstrated to
influence the function and stability of excitatory glutamatergic
synapses " “>?'. Consequently, targeting Parkin-mediated mito-
phagy may represent a promising approach for ischemic stroke
treatment.

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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(E)-4-(3,5-dimethoxystyryl) quinoline (RV02) is a
veratrol (RES) derivative featuring a structural modification that
substitutes RES’s 3,5-dihydroxyl groups with 3,5-dimethoxy
groups and its phenolic group with a quinolinyl moiety. While
RES offers various pharmacological benefits, including neuropro-
tection, its clinical application is limited by low oral bioavailabil-
ity and instability ****. Chemical modifications, such as methyla-
tion of RES’s hydroxyl groups, have been demonstrated to en-
hance its stability and bioavailability, providing protection
against phase II metabolic processes like glucuronidation and
sulfation *°. These RES derivatives have exhibited superior anti-
platelet aggregation properties ’. RV02 has demonstrated great-
er efficacy than RES in reducing neuropathic inflammation and
repairing DNA damage, both of which are closely associated with
stroke pathogenesis 2629 Fyrthermore, quinoline derivatives are
known for their anti-apoptotic properties *’. Considering these
characteristics, we hypothesize that RV02 may be a potential
compound for the treatment of IS. However, there is currently a
lack of experimental evidence confirming RV02’s efficacy in im-
proving IS outcomes.

This study investigates the potential therapeutic effects of
RVO02 on IS, with a specific focus on neuroprotection. The find-
ings indicate that RV02 demonstrates the capacity to mitigate
neuronal damage following CIRI through multiple mechanisms:
inhibiting neuronal apoptosis, attenuating oxidative stress, and
enhancing mitochondrial function. Further mechanistic explora-
tion reveals that RV02’s neuroprotective effects are associated
with the augmentation of Parkin-mediated mitophagy, which
serves to counteract the detrimental cycle of oxidative stress and
mitochondrial dysfunction.

res-

2. Materials and methods

2.1. Synthesis of RV02

The structure of RV02 is illustrated in Fig. 1A. The compound
RV02 was synthesized using a previously described method *"*.
In brief, 3,5-dimethoxybenzyl chloride was dissolved in triethyl
phosphite and refluxed for 4 h to obtain an oil residue. Sub-
sequently, N,N-dimethylformamide (DMF) and EtONa were ad-
ded to the oil residue. After 5 min of stirring, 4-quinolinecarbal-
dehyde was introduced. The mixture was stirred for an addition-
al 4 h before being poured into water. The resulting product, a
yellow solid, was recrystallized in alcohol (Scheme 1).
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Scheme 1 The synthetic route of RV02.
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2.2. MCAO/R model establishment

Male Sprague Dawley rats (Liaoning Changsheng Biotechno-
logy Co., Ltd.), weighing 220-250 g, were utilized for animal ex-
periments. The study adhered to the regulations of the Experi-
mental Animal Administration of the State Science and Techno-
logy Commission of China. Animal studies received approval from
the Animal and Medical Ethics Committee of Northeastern Uni-
versity (Registration No. NEU-EC-2022A030S). The rats were
randomly assigned to the sham-operated group, MCAO/R group,
groups receiving various doses of RV02 (7, 14, and 28 mg-kg™),
and the RES group.
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The MCAO/R model was established according to previously
described methods ****. In brief, rats were anesthetized with a
2.5% tribromoethanol intraperitoneal injection. Subsequently, a
neck incision was made to isolate the right carotid arteries, in-
cluding the common carotid (CCA) and external and internal ca-
rotid arteries (ECA, ICA). A nylon suture with a coated tip was
then inserted from the CCA into the ICA for 1.5-2.0 cm to occlude
the middle cerebral artery (MCA). In the sham group, only CCA,
ECA, and ICA were separated. Following the surgery, the incision
was sutured and disinfected. A temperature-controlled heating
pad was used to maintain the animal’s body temperature
throughout the procedure. After 2 h, the thread was removed.
Rats were immediately administered 1.0% carboxymethylcellu-
lose (CMC-Na), RV02 (7, 14, and 28 mg-kg™' suspended in 1.0%
CMC-NA), or RES (28 mg-kg™" suspended in 1.0% CMC-NA) via in-
tragastric administration.

2.3. Neurological deficits assessment

The neurological deficits were evaluated using the Longa
scale *° and assessed at 0 and 24 h following MCAO/R. The scale
has a maximum score of four points. Trained examiners conduc-
ted the neurobehavioral tests, adhering to the double-blind pro-
tocol.

2.4. MRI studies

The rats were anesthetized with 2.5% tribromoethanol and
subsequently positioned within the magnet using an animal hold-
er/MRI probe apparatus, ensuring secure immobilization of the
animal’s head within the imaging coil. All MRI measurements
were conducted using the M5 Compact MRI System (Aspect Ima-
ging Ltd., Israel). T2-weighted magnetic resonance imaging was
performed with the following parameters: field of view = 0.2 cm x
0.2 cm, number of slices = 10, slice thickness = 2 mm, slice orient-
ation = Axial, repetition time/echo time = 3000/71.15 ms.

2.5. Brain water content and cerebral infarct volume assessment

The rats were anesthetized using 2.5% tribromoethanol and
subsequently euthanized by decapitation. Following the com-
plete removal of surrounding tissues, the brain was immediately
weighed. The brain slices were then allowed to dry naturally be-
fore being weighed again. To determine the brain water content,
the following equation was applied: (wet weight of brain - dry
weight of brain) /wet weight of brain x 100%.

Following MCAO/R, the infarct volume was assessed using
TTC staining. The procedure involved weighing the brain and im-
mediately freezing it at ~20 °C for 15 min. The brain was then
sectioned into five equal slices and incubated in a 2% TTC solu-
tion at 37 °C for 25 min. Image ] software was employed to ana-
lyze the infarct areas on each slice. The infarct volume was calcu-
lated using the formula [(infarct size x 2 mm)/2] x ipsilateral
hemisphere volume x 100%.

2.6. Immunofluorescence

Brain tissues were fixed in 4% paraformaldehyde (PFA) at
4 °C for 24 h, followed by dehydration in 30% and 20% sucrose
solutions. Frozen sections were prepared for immunofluores-
cence analysis. After antigen retrieval with 6% citrate buffer,
brain slices were incubated for one h with 5% goat serum. Im-
munostaining was subsequently performed with overnight incub-
ation of primary antibody (1:1000 anti-NeuN, Abcam, Cam-
bridge, MA, USA, ab177487) followed by 90-min incubation with
secondary antibody (1:500 anti-rabbit IgG, Absin, Shanghai,
China). DAPI (Beyotime Biotechnology, P0131) was utilized for
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Fig. 1 RV02 mitigated neurological deficits following middle cerebral artery occlusion/reperfusion (MCAO/R) surgery. (A) Structure of RV02. (B and C) Neurological scores
were assessed at 0 and 24 h after MCAO/R surgery (n = 6). (D) Evaluation of the ischemic lesion volume with T,WIs. (E) Cerebral infarct volumes were measured by TTC
staining. (F and G) Quantification of cerebral infarct volume detected by magnetic resonance imaging (MRI) and TTC methods, respectively (n = 6). (H) Brain water content
was determined (n = 6). Data are presented as mean + SEM. Statistical analysis: a one-way analysis of variance (ANOVA) followed by Tukey’s test. **P < 0.001 vs control; 'P <

0.05, "P<0.01, P < 0.001 vs MCAO/R group. RES: resveratrol (28 mg-kg™").
nuclear staining.

2.7. Cell culture and establishment of cell models

Primary neurons were isolated from the brains of newborn
mice. The brain tissue was swiftly extracted, and the meninges
were meticulously removed. Subsequently, the tissue was im-
mersed in Dulbecco’s modified eagle medium (DMEM)/F12
(Gibco, C11330500BT) and subjected to digestion using 0.25%
trypsin. Following digestion, the trypsin was carefully aspirated
using a pipette, and DMEM/F12 (Gibco, C11330500BT) contain-
ing fetal bovine serum (FBS) and penicillin-streptomycin (PS)
was introduced to halt the digestion process. The resulting cell
suspension was seeded onto a culture plate containing neurobas-
al medium (Thermo Fisher Scientific, 21103049) supplemented
with B27 (Thermo Fisher Scientific, 17504044). The culture plate
was then incubated at 37 °C in an atmosphere containing 5% CO,.

Neuroblastoma SH-SY5Y cells were cultured in DMEM (Gibco,
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Waltham, MA, USA, C11965500BT) supplemented with 10% FBS
and 1% penicillin-streptomycin. To establish the oxygen-glucose
deprivation/reperfusion (OGD/R) model, cells were incubated in
glucose-free medium at 95% CO,-5 % N, for 4 h. Subsequently,
the medium was replaced with either normal DMEM or DMEM
containing RV02 (1, 3, 10 umol-L™) or RES (10 umol-L™) for 24 h.

2.8. Cell viability

Following a 24-h treatment of primary neurons and SH-SY5Y
cells with or without OGD/R, 10 uL of MTT was added to each
well. The cells were then incubated for 4 h, after which 150 uL of
dimethyl sulfoxide (DMSO) was added. Cell viability was sub-
sequently measured at 490 nm using a microplate reader.

2.9. Western blotting analysis

Radio immunoprecipitation assay (RIPA) lysis buffer
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(Beyotime Biotechnology, P0013B) was used to extract total pro-
tein, while a mitochondrial extract kit (Beyotime Biotechnology,
C3606, C3601) was employed to isolate mitochondrial protein.
Protein lysates (40 pg) were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12% and
15%) and subsequently transferred to a PVDF membrane. The
immune blots were then blocked with 5% skimmed milk. Mem-
branes were incubated overnight at 4 °C with primary antibodies
against Bcl-2-associated X protein (Bax) (1:1000, CST, Danvers,
MA, USA, 14796S), Bcl-2 (1:1000, Abcam, ab182858), Cyt C
(1:1000, CST, Danvers, MA, USA, 4280), p62 (1:1000, CST,
39749), Parkin (1:500, Abcam, ab77924), LC3 (1:1000, Pro-
teintech, 14600-1-AP), TOMM20 (1:1000, Abcam, ab186734),
cytochrome c oxidase subunit IV (COX IV) (1:1000, CST, 11967),
or B-actin (1:10 000, Proteintech, Chicago, IL, USA, 66009-1-Ig).
Secondary antibodies against rabbit (CST, 7074) and mouse IgG
(Proteintech, PA1-28555) were incubated at room temperature
for1h.

2.10. Transferase dUTP nick end labeling (TUNEL) staining

The terminal deoxynucleotidyl TUNEL assay was performed
to evaluate apoptosis in SH-SY5Y cells using a commercial kit
(Beyotime Biotechnology, C1089) following 24 h of OGD/R treat-
ment. Cells were incubated with 50 puL of TUNEL solution at 37 °C
for 30 min. Subsequently, DAPI was applied for 10 min to stain
the nuclei.

2.11. Determined by dichlorodihydrofluorescein diacetate assay
(DCFH-DA), dihydroethidium (DHE), and MitoSOX-red staining

ROS levels in in vivo brain tissue and oxidative stress model
cells were quantified using the DCFH-DA staining method
(Beyotime Biotechnology, S0033M). For tissue samples, approx-
imately 0.02 g of tissue was homogenized in 180 pL phosphate-
buffered saline (PBS). Following centrifugation, 5 uL of super-
natant and 195 pL of DCFH-DA (10 pumol-L™") were added to 96-
well plates. The cells were incubated at room temperature for 30
min with DCFH-DA (10 umol-L™). Fluorescent signal intensity
was measured at an emission wavelength of 500 nm and an excit-
ation wavelength of 525 nm. ROS production in OGD/R model
cells was detected using DHE (Beyotime Biotechnology, S0063).
Mitochondrial ROS levels were evaluated using MitoSOX-red
(Thermo Fisher Scientific, M36008). Similar staining protocols
were employed for both DCFH-DA and DHE. After staining, the
cells were visualized using fluorescence microscopy.

2.12. Detection of superoxide dismutase (SOD), malondialdehyde
(MDA), glutathione (GSH), and H,0,

Following OGD/R, the cells were collected and centrifuged.
Subsequently, the SOD activity and the concentrations of MDA,
reduced GSH, and H,0, were assessed. Commercial assay Kits
from Beyotime Biotechnology (Beijing, China) were utilized to
quantify SOD activity (S0101S), MDA levels (S0131M), GSH levels
(S0053), and H,0, levels (S0038) in accordance with the manu-
facturer’s protocols.

2.13. JC-1 staining

The cellular mitochondrial membrane potential (MMP) was
evaluated using JC-1 (Beyotime Biotechnology, C2003S), a dual-
emission membrane potential-sensitive dye. Following 24 h of
OGD/R treatment, cells were washed with PBS before the addi-
tion of JC-1. After 30 min incubation at 37 °C, measurements were
taken at 490 nm/530 nm (JC-1 aggregates) and 525 nm/590 nm
(JC-1 monomer), or cells were observed under a fluorescence mi-
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croscope. For brain tissues, mitochondria were extracted using a
mitochondrial extract kit (Beyotime Biotechnology, C3606). The
extracted mitochondria were then combined with the JC-1 solu-
tion and measured using a microplate reader.

2.14. ATP content assessment

Intracellular ATP quantification was performed using a com-
mercial kit (Beyotime Biotechnology, S0026). Briefly, tissue
sample homogenates and cell lysates were centrifuged to obtain
supernatants. Following the manufacturer’s protocol, 100 pL of
ATP detection solution was added to each well of a 96-well plate.
Subsequently, 20 pL of sample supernatant was introduced and
rapidly mixed. The luminescence was then measured using a lu-
minometer.

2.15. Fluorescent imaging of LC3-GFP and Mito-Tracker Red

SH-SY5Y cells were transfected with a plasmid containing the
LC3-GFP reporter gene. The cells in each experimental group un-
derwent 48 h of infection, followed by OGD/R treatment, with the
exception of the control group. After 24 h of 0GD/R exposure, mi-
tochondrial staining was performed using Mito-Tracker Red
(Beyotime Biotechnology, C1035), while Hoechst 33342 (Beyo-
time Biotechnology, C1025) was employed for nuclear staining.

2.16. siRNA knockdown

The Parkin siRNA (sense: 5'-UUCGCAGGUGACUUUCCUCUGG-
GUC-3', antisense: 5'-UGACCAGAGGAAAGUCACCUGCGAA-3') was
synthesized by Suzhou GenePharma Co., Ltd. (Suzhou, China).
The siRNA was introduced into SH-SY5Y cells using LipoRNAi
(Beyotime Biotechnology, C0535) according to the manufactu-
rer’s instructions. Briefly, the siRNAs and LipoRNAi transfection
reagent were combined in DMEM (without FBS) for 20 min. Four
hours after transfection, the medium was replaced with DMEM
containing FBS. Subsequently, 48 h later, a fluorescent GFP-
tagged LC3 plasmid was utilized for cell transfection. The trans-
fection efficiency was evaluated by western blotting.

2.17. Statistical analysis

Data variance across experimental groups was analyzed us-
ing ANOVA, followed by Tukey’s test or Dunnett’s T3 test. Statist-
ical analysis was performed using SPSS 25.0 software, while bar
graphs were generated using GraphPad Prism 7.0. All data are ex-
pressed as mean * standard error of the mean (SEM). Statistical
significance was denoted as *P < 0.05, P < 0.01, P < 0.001 vs
control; ‘P < 0.05, "P < 0.01, ""P < 0.001 vs MCAO/R group or
OGD/R group.

3. Results

3.1. RV02 attenuated neurological deficits after ischemia/reperfu-
sion

Laser speckle blood flow measurements clearly demon-
strated that regional cerebral blood flow (rCBF) decreased fol-
lowing MCAO surgery in mice, and RV02 (40 mg-kg™) signific-
antly improved rCBF 24 h post-reperfusion (Supplementary Fig.
S1). Based on the conversion principle, RV02 (28 mg-kg™") was
selected as the maximum dose for animal experiments. To invest-
igate RV02’s potential protective effects against CIRI, the
MCAO/R model was utilized. Neurological scores at 0 and 24 h
post-reperfusion, ischemic lesion size, brain infarct volume, and
brain water content were assessed to evaluate brain damage. The
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results revealed that RV02, at dosages of 14 and 28 mg-kg™, sig-
nificantly reduced neurological scores (Figs. 1B and 1C). IS size
was estimated using in vivo MRIL. T2-weighted images were cap-
tured 24 h after blood flow restoration. RV02-treated rats exhib-
ited smaller lesion sizes, indicated by areas of high intensity,
compared to the control group that underwent ischemia-reperfu-
sion (Figs. 1D and 1E). The results of cerebral infarct area (Figs.
1F and 1G) and brain water content (Fig. 1H) aligned with the
findings of in vivo detection of ischemic lesions. At doses of 14
and 28 mg-kg™', RV02 significantly reduced brain water content
and cerebral infarct area in rats compared to the MCAO/R group.
Moreover, RV02 administered at a dose of 28 mg-kg™ demon-
strated superior efficacy to RES. These findings indicate that
RV02 can markedly ameliorate brain injury following ischemia-
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reperfusion.
3.2. RV02 mitigated ischemia/reperfusion-induced neuronal death

Neuronal death is the primary cause of neurological dysfunc-
tion. For example, previous research indicates that cognitive
impairment emerges after 8 weeks of cerebral hypoperfusion in
rats and correlates with the onset of neuronal damage in the
brain *. To investigate the neuroprotective effects of RV02, we
initially conducted immunofluorescence staining to quantify ma-
ture neurons in the brains of MCAO/R rats. Fig. 2A demonstrated
that RV02 treatment alleviated neuronal defects in the ipsilateral
hemisphere of the infarct area. The regional pattern of immuno-
fluorescence detection of the ischemic penumbra was depicted in
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Fig. 2 RVO02 inhibited neuronal death induced by ischemia/reperfusion. (A) Representative immunofluorescence images (scale bar: 200 pum) illustrating the number of
NeuN + cells in the cortex of the infarcted area following MCAO/R surgery. (B) Primary neuron viability with or without OGD/R and RV02 or RES treatment (n = 3). (C) SH-
SYS5Y cell viability with or without OGD/R and RV02 or RES treatment (n = 3). (D and E) The ratio of Bcl-2/Bax was determined by Western blot analysis (n = 3). (F) Repres-
entative immunofluorescence images (scale bar: 200 um) depicting the extent of TUNEL-positive cells after OGD/R treatment. Data are presented as mean + SEM. Statistical
analysis: one-way ANOVA followed by Tukey’s test. “**P < 0.001 vs control; "P < 0.05, P < 0.01, “"P < 0.001 vs MCAO/R group or OGD/R group. RES: resveratrol (28 mg-kg ™,

10 pmol-L ™).
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Supplementary Fig. S2. Subsequently, we performed cell viability
assays to assess the potential cytotoxicity of RV02 in primary-cul-
tured neuronal cells. We noted that RV02 treatment did not af-
fect neuron viability at concentrations of 1, 3, and 10 pmol-L™
(Fig. 2B). Consequently, we further examined the potential
neuroprotective benefits of RV02 on primary neuron cells ex-
posed to OGD/R injury. At concentrations of 1, 3, and 10
umol-L™", RV02 significantly enhanced neuron viability (Fig. 2B).
Similar effects were also observed in SH-SY5Y cells (Fig. 2C).
Western blotting results revealed that OGD/R injury significantly
reduced the ratio of the anti-apoptotic protein Bcl-2 to the pro-
apoptotic protein Bax; however, RV02 treatment reversed these
effects (Figs. 2D and 2E). Correspondingly, TUNEL staining
demonstrated that RV02 decreased the number of TUNEL-posit-
ive cells in SH-SY5Y cells following OGD/R treatment (Fig. 2F).
These findings suggest that RV02 can mitigate neuronal apoptos-
is induced by ischemia-reperfusion.

3.3. RV02 ameliorates neuronal oxidative stress following ischemia-
reperfusion

Reperfusion following cerebral ischemia initiates a complex
cascade of pathological events, resulting in neuronal damage *’.
The excessive production of ROS exacerbates cell death and brain
damage post-CIRI **, Our findings demonstrate that RV02 di-
minished the co-localization levels of DHE and neuronal nuclei

DHE/NEUN/DAPI

OGD/R +RV02 (1.umol-L")

OGD/R +RV02 (3. umol:L™*) JOGD/R + RV02 (10 pmol-L™")| OGD/R + RES (10 pmol‘L™")
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(NEUN), as well as intracellular ROS content following MCAO/R
(Figs. 3A and 3B). Additionally, RV02 reduced the number of DHE-
positive and DCFH-DA-positive cells, along with intracellular ROS
levels after OGD/R (Figs. 3C-3E). OGD/R treatment significantly
decreased GSH levels and SOD enzyme activity while increasing
MDA and H,0, levels in SH-SY5Y cells. Conversely, RV02 treat-
ment enhanced GSH levels and SOD enzyme activity while redu-
cing MDA and H,0, levels compared to OGD/R-treated cells (Figs.
3F-3I).

3.4. RV02 ameliorates mitochondrial dysfunction

Enhancement of mitochondrial function and quality control
can significantly improve neuronal recovery *. Mitochondrial
dysfunction is a major contributor to cell death and a significant
source of ROS ''. To evaluate the effect of RV02 on mitochondrial
damage following MCAO/R, we assessed MMP using JC-1 staining.
RVO02 mitigated the MCAO/R-induced decrease in MMP (Fig. 4A).
The in vitro results from OGD/R-treated SH-SY5Y cells corrobor-
ated the in vivo findings (Fig. 4B). Subsequently, we measured
ATP levels, a critical indicator of mitochondrial injury. We found
that MCAO/R reduced total ATP, which was prevented by RV02
treatment (Fig. 4C). Consistently, we observed similar ATP res-
toration after RV02 treatment in OGD/R-treated SH-SY5Y cells
(Fig. 4D). Mitochondrial damage can induce the translocation of
Cyt C from mitochondria to the cytoplasm, thereby initiating ap-
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optotic cell death. RV02 increased mitochondrial Cyt C levels
while decreasing cytoplasmic Cyt C levels in SH-SY5Y cells follow-
ing OGD/R (Figs. 4E and 4F).

3.5. RV02 enhanced mitophagy after ischemia/reperfusion

Damaged mitochondria and accumulated ROS can initiate mi-
tophagy to mitigate intracellular damage *°. Therefore, we sub-
sequently examined the effect of RV02 on mitophagy and the ex-
pression levels of mitochondrial markers COX IV and TOMM20.
RV02 increased the expression of Parkin and LC3-II while revers-
ing the expression of p62 and COX IV following MCAO/R treat-
ment (Figs. 5A-5E). After OGD/R treatment, RV02 reduced the
expression of Parkin in the cytoplasm and elevated its expression
in the mitochondria (Figs. 5F-5H). Similarly, RV02 enhanced the
expression of Parkin and LC3-II but reversed the expression of
p62 and COX IV following OGD/R treatment (Figs. 5I-5M). Addi-
tionally, RVO02 facilitated the mitochondrial translocation of Par-
kin (Supplementary Fig. S1). Moreover, RV02 increased the co-
localization of LC3 and mitochondria after OGD/R (Fig. 5N).
These findings indicate that RV02 can enhance mitophagy.

3.6. RV02 disrupted the cyclical pattern of mitochondrial damage
and oxidative stress by enhancing Parkin-mediated mitophagy in

the ischemia/reperfusion model

To investigate whether RV02 disrupts the detrimental cycle
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of mitochondrial damage and oxidative stress by promoting mito-
phagy, we employed a mitophagy inhibitor (Mdivi-1) and an
autophagy inhibitor (3-MA) to block mitophagy and autophagy,
respectively. Figs. 6A-6C demonstrate that mitophagy, we used a
Mdivi-1 and 3-MA counteracted RV02’s impact on COX IV and
TOMM20 levels. Mdivi-1 and 3-MA reversed RV02’s therapeutic
effects on intercellular ROS, mitochondrial ROS, and MMP (Figs.
6D-6F). As Parkin mediates mitophagy activation, we examined
Parkin’s involvement in RV02-induced mitophagy by knockdown
experiments (Supplementary Fig. S3). MTT results revealed that
Parkin knockdown following RV02 treatment does not alter SH-
SYS5Y cell activity caused by OGD/R (Fig. 6G). Parkin knockdown
reversed RV02-induced mitophagy (Fig. 6H). This observation
suggests that RV02’s ability to disrupt the detrimental cycle of
mitochondrial damage and oxidative stress may depend on its
regulation of Parkin-mediated mitophagy.

4. Discussion

The investigation corroborated the neuroprotective attrib-
utes of RV02, a quinolinyl analog of RES, in the context of ischem-
ic stroke. This protective effect may be attributed to RV02'’s abil-
ity to restore cerebral blood flow. Furthermore, mitochondria
play a pivotal role in brain energy metabolism, and targeting
these organelles has been demonstrated to modulate mechan-
isms associated with post-CIRI conditions such as oxidative stress
and inflammation. The research elucidated that RV02’s protect-
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Fig. 4 RV02 ameliorates mitochondrial dysfunction induced by ischemia-reperfusion. (A and B) The alteration of MMPs was assessed via JC-1 staining in the cerebral cortex
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ive effect is associated with enhancing Parkin-mediated mito-
phagy, which facilitates the removal of damaged mitochondria
and interrupts the cycle of mitochondrial damage and oxidative
stress. These findings indicate the potential application of RV02
as a neuroprotective agent in clinical settings (Fig. 7).

Neurons in the brain are highly susceptible to damage from
reduced blood flow, known as ischemic insult *'. Limiting neuron-
al damage is crucial for the effective treatment of CIRI and im-
proved stroke outcomes. This study indicates that RV02 can pro-
tect neurons and may be a promising therapeutic agent for stroke
treatment. Strategies to reduce neuronal injury in stroke include
regulating autophagy, inhibiting cell death pathways such as ap-
optosis and ferroptosis, and mitigating oxidative stress ***" *,
Neurons are particularly vulnerable to oxidative stress, which
can lead to cell death and exacerbate brain damage after CIRI ***",
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Mitochondria play a critical role in energy production, ROS gener-
ation, and apoptotic signaling. Ischemia-reperfusion can induce
mitochondrial damage, resulting in excessive ROS release, dis-
ruption of mitochondrial function, and ultimately cell death .
Previous research has demonstrated that the neuroprotective ef-
fects of RES are associated with enhanced mitochondrial function
and reduced oxidative stress “**°. Our findings suggest that
RV02’s ability to ameliorate neuronal damage may be partially at-
tributed to interrupting the cycle between mitochondrial damage
and oxidative stress.

Mitophagy plays a pivotal role in regulating mitochondrial
mass and ROS levels, encompassing both Parkin-dependent and
non-dependent pathways. The Parkin-dependent mitophagy
pathway has been the subject of extensive research. Following
post-ischemic reperfusion, a typical increase in ROS levels occurs,
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test. P < 0.05, P<0.01, "P<0.001 vs specified group.

disrupting mitochondrial membrane potential. This disruption
leads to the translocation of Parkin from the cytoplasm to dam-
aged mitochondria, thereby facilitating mitophagy. Research has
shown that targeted modulation of mitophagy can serve as a
neuroprotective strategy to mitigate ischemia-reperfusion inju-
ry *>*. Our findings support the hypothesis that RV02 can allevi-
ate cerebral ischemia-reperfusion injury through the modulation
of mitophagy. However, it is crucial to note that RV02 not only
regulates mitophagy but also influences apoptosis. Further stud-
ies are necessary to elucidate the mechanisms by which RV02
regulates apoptosis and promotes controlled mitophagy.
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The regulation of Parkin-dependent mitophagy is considered
a potential therapeutic strategy. Parkin-dependent mitophagy re-
mains one of the most extensively studied mitophagy pathways.
However, Parkin-independent mitophagy still involves several
unknown mechanisms ‘**'. Research has demonstrated that
BNIP3L-dependent mitophagy and Parkin-dependent mitophagy
coexist in a complementary manner while also emphasizing the
crucial role of Parkin-dependent mitophagy in ischemic stroke *
Moreover, precise control of Parkin levels is essential for mito-
chondrial biogenesis. Studies have shown that Parkin can en-
hance mitochondrial biogenesis and regulate ROS levels by ubi-
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Fig. 7 Ischemia/reperfusion induces significant ROS accumulation and mitochondrial dysfunction, establishing a detrimental cycle between these two processes. RV02 dis-
rupts this cycle by enhancing Parkin-mediated mitochondrial autophagy, thereby mitigating neuronal injury.

quitinating the Parkin-interacting protein PARIS, a transcription-
al repressor of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a)and coactivator of tran-
scription factors such as nuclear respiratory factor 1 (NRF1) and
nuclear factor erythroid 2-related factor 2 (NRF2) °**°. Parkin
knockout has been associated with dopamine neuron degenera-
tion and inhibition of neuronal development in mice ***’, under-
scoring Parkin’s critical role in neuroprotection. Research has in-
dicated that the neuroprotective effect of RES on neurons against
OGD/R injury is linked to the promotion of Parkin-mediated mi-
tophagy **. Our study demonstrated that RV02, a structural ana-
log of RES, also regulates mitophagy and exerts neuroprotective
effects by modulating Parkin. Previous research has shown RES
regulation of Parkin transcription; further investigation is needed
to determine if RV02 similarly influences Parkin transcription.
Our findings also suggest that RV02 enhances autophagy flux, but
the specific mechanism by which RV02 regulates this process re-
quires further exploration.

5. Conclusions

In conclusion, this study demonstrates that RV02, a quin-
olinyl analog of RES, mitigates CIRI. The proposed mechanism in-
volves the promotion of Parkin-mediated mitophagy, which pre-
vents neuronal cell death by eliminating damaged mitochondria
and reducing excessive accumulation of ROS in IS. Consequently,
RV02 emerges as a promising therapeutic candidate for the treat-
ment of IS.
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