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A B S T R A C T

Background: Ischemic stroke (IS) is linked to dysregulated mitophagy. Timosaponin B-II (TBII), a complex 
furostan steroid saponin extracted from Anemarrhena asphodeloides Bunge, has been demonstrated to play a 
crucial role in regulating autophagy. However, whether TBII exerts therapeutic effects in cerebral ischemia 
through the regulation of autophagy, particularly Parkin-dependent pathways remained unexplored.
Purpose: The present study investigated whether TBII can alleviate cerebral ischemic injury by enhancing Parkin- 
dependent mitophagy.
Methods: We evaluated TBII’s effects on cerebral ischemic injury using permanent middle cerebral artery oc
clusion (pMCAO) in mice and oxygen-glucose deprivation (OGD)-treated neurons. Mitophagy and mitochondrial 
function were assessed by Western blot, transmission electron microscopy (TEM), and immunofluorescence 
techniques. Parkin knockdown (shPrkn lentivirus) and the mitophagy inhibitor Mdivi-1 were employed to 
validate TBII’ mechanisms.
Results: Intragastrical (i.g.) administration of TBII (10, 20, 40 mg/kg) for 7 days significantly reduced cerebral 
infarction volume, brain water content, and neurological deficits in pMCAO mice, while attenuating neuronal 
death in vivo and in vitro. Molecular docking, cellular thermal shift assays (CETSA), drug affinity responsive 
target stability (DARTS), and molecular dynamics simulations confirmed that TBII specifically binds and stabi
lizes to Parkin, suggesting its potential to enhance mitophagy. TBII mitigated the impairment of mitophagy by 
upregulating Parkin and p-Parkin (Ser65), promoting the ubiquitination of mitochondria, the degradation of 
autophagy substrate SQSTM1 and damaged mitochondria after IS. TBII also preserved mitochondrial membrane 
potential (MMP), suppressed oxidative stress, and restored mitochondrial function and ultrastructure. These 
benefits were reversed by the mitophagy inhibitor Mdivi-1 and Parkin knockdown.
Conclusion: The present study demonstrates that TBII reduces oxidative stress, preserves mitochondrial function, 
and ultimately attenuates ischemic brain injure by enhancing Parkin-dependent mitophagy. Our study provides 
the first evidence supporting TBII as a promising therapeutic agent for IS.

Abbreviations: 8-OHdG, 8-hydroxy-2′-deoxyguanosine; CETSA, cellular thermal shift assays; DAPI, 4′,6-diamidino-2-phenylindole; DARTS, drug affinity responsive 
target stability; DMEM, Dulbecco’s modified Eagle’s medium; GSH, glutathione; H2O2, hydrogen peroxide; i.g., intragastrical; IS, ischemic stroke; MDA, malon
dialdehyde; MMP, mitochondrial membrane potential; mNSS, modified neurological severity score; mTOR, mammalian target of rapamycin; NBP, butylphthalide; 
NF-κB, nuclear factor κB; OGD, oxygen-glucose deprivation; pMCAO, permanent middle cerebral artery occlusion; RMSD, root mean square deviation; MSF, root 
mean square fluctuation; SOD, superoxide dismutase; TBII, timosaponin B-II; TEM, transmission electron microscopy.
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Background

Ischemic stroke (IS) remains a predominant cause of global mortality 
and permanent disability. Its pathophysiology is initiated by a critical 
reduction in cerebral blood flow followed by arterial occlusion, which 
rapidly depletes the oxygen and glucose supplies essential for neuronal 
survival. This energy failure triggers a complex deleterious cascade of 
events, beginning with excitotoxic glutamate release, ionic imbalance 
and mitochondria dysfunction, which swiftly propagate to secondary 
injury mechanisms, including excessive oxidative stress, neuro
inflammation. These processes consequently activate cell death path
ways, such as cell necrosis, apoptosis, and autophagy, ultimately leading 
to cerebral infarction and alterations in neurobehavioral function (Duan 
et al., 2025; Qin et al., 2022). Despite our understanding of these core 
mechanisms, the intricate and overlapping nature of this injury cascade 
has complicated the development of successful pharmacological in
terventions, highlighting a critical unmet need in IS therapy (Majumder, 
2024).

Autophagy is a biological process through which cells utilize lyso
somes to degrade proteins and damaged organelles, collectively referred 
to as the autophagy-lysosomal pathway (Nixon and Rubinsztein, 2024). 
Increasing evidence indicate that autophagy is predominantly activated 
in neurons following IS, where it protects neurons from ischemic injury 
(Liu et al., 2024; Wu et al., 2025b). However, we have previously 
demonstrated that IS can induce lysosomal dysfunction, thereby 
impairing autophagic flux (Liu et al., 2024). Mitophagy, a selective form 
of autophagy, mediates the lysosomes-dependent clearance of damaged 
mitochondria. When mitophagy is impaired, damaged mitochondria fail 
to undergo degradation and accumulate in the cytoplasm, triggering 
mitochondrial-mediated oxidative stress and apoptosis (Lu et al., 2023). 
This process ultimately exacerbates cerebral ischemic injury. 
Conversely, enhanced mitophagy has been shown to confer protective 
effects against ischemic injury (Li et al., 2023a; Meng et al., 2025b).

The PINK1/Parkin pathway is a central regulator of mitophagy. 
Upon mitochondrial damage and depolarization, Parkin is recruited to 
the mitochondria via PINK1, where it ubiquitinates outer membrane 
proteins through its E3 ligase activity. These ubiquitinated proteins are 
recognized by adaptor proteins such as SQSTM1, which bind to LC3 on 
autophagosomal membranes via LC3-interacting regions. This process 
enables the selective engulfment and degradation of damaged mito
chondria, completing mitophagy (Connelly et al., 2023; Li et al., 2023b). 
Mounting evidence indicates that cerebral ischemia suppresses Parkin 
expression, impairing mitophagy and leading to damaged mitochondrial 
accumulation (Sun et al., 2022; Tang et al., 2016; Wen et al., 2021). 
Conversely, enhancing Parkin expression has been shown to restore 
mitophagy quality control and mitigate cerebral ischemic injury (Sun 
et al., 2022; Wen et al., 2021; Wu et al., 2021a). These findings suggest 
that enhancement of Parkin-mediated mitophagy may hold promise as a 
potential therapeutic strategy against ischemic injury.

The rhizome of Anemarrhena asphodeloides Bunge, has long been used 
in Chinese traditional medical recipes for the treatment of various in
flammatory diseases (Liu et al., 2022; Lu et al., 2009; Zhang et al., 2015). 
Recent studies suggest that sapogenins derived from A. asphodeloides, 
particularly timosaponin A-III (TAIII) and timosaponin B-II (TBII), 
exhibit significant therapeutic effects for central nervous system (CNS) 
diseases (Chen et al., 2020; Lee et al., 2009; Li et al., 2007). These 
neuroprotective effects may be attributed to its anti-inflammation and 
antioxidant properties. Notably, emerging studies have demonstrated 
that timosaponin plays a crucial role in regulating autophagy. Mecha
nistic studies reveal that TBII dose-dependently inhibits osteoblast 
apoptosis through the inhibition of the mammalian target of rapamycin 
(mTOR) and nuclear factor κB (NF-κB) signaling pathway, thereby 
activating autophagy (Wang et al., 2021). Similarly, TAIII can enhance 
autophagic flux by stimulating the formation of autophagosomes and 
their maturation into autolysosomes: a process linked to mTOR inhibi
tion and increased cytoplasmic free calcium levels (Lok et al., 2011). 

However, whether timosaponin improves cerebral ischemic injury by 
regulating autophagy remains unexplored.

In this study, we investigated whether TBII confers protection 
against cerebral ischemia. Using molecular docking, cellular thermal 
shift assays (CETSA), drug affinity responsive target stability (DARTS) 
and molecular dynamics simulation assays, we demonstrated that TBII 
likely modulates Parkin-mediated mitophagy. Building on this finding, 
we further investigated the effects of TBII on mitochondrial function and 
ischemic injury following IS. Our works provide the first evidence that 
TBII attenuates cerebral ischemic injury by enhancing Parkin-mediated 
mitophagy.

Materials and methods

Animals and ethics statement

Male C57BL/6 mice were obtained from the Liaoning Changsheng 
Biotechnology Inco (China). The mice were housed under standard 
conditions (12 h light-12 h dark cycle, 25◦C) with free access to food and 
tap water. All experimental procedures and treatments adhered to the 
National Institutes of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publication No. 8023, revised 1978) and were approved 
by the Experimental Animals Ethics Committee of Shenyang Medical 
College (Approval No. SYYXY2023090101 [Sep. 1, 2023], Shenyang, 
China).

Experimental design and grouping

Pharmacodynamic evaluation of TBII protection on cerebral 
ischemia: A total of 78 mice were used. After excluding 11 mice that died 
from surgery and 7 that did not meet inclusion criteria, the remaining 60 
mice were randomly assigned to the following groups (n = 7-8/group): 
Sham, permanent middle cerebral artery occlusion (pMCAO)+ Vehicle, 
pMCAO + TBII (5, 10, 20, 40, 80 mg/kg), and pMCAO + NBP (80 mg/ 
kg, positive control). TBII was dissolved in saline and intragastrically (i. 
g.) administered once daily for 7 days before pMCAO operation. The 
dosage of TBII was selected based on existing literature (Deng et al., 
2015; Li et al., 2007; Xing et al., 2020; Zhao et al., 2016) and established 
safety profiles (Lin et al., 2017). In addition, we selected butylphthalide 
(NBP) as a positive control due to its established efficacy in IS, since it 
shared oral administration route with TBII. NBP (80 mg/kg, i.g.) was 
dissolved in oil and administered once daily for 7 days before pMCAO 
(Meng et al., 2025a; Wu et al., 2025a). An additional group of 196 mice 
were used for investigating the mechanisms of TBII alleviation of cere
bral ischemia. After excluding 24 mice that died during surgery and 18 
that were disqualified, 154 mice were randomly divided into the 
following groups (n = 29-32/group): Sham; pMCAO + Vehicle; pMCAO 
+ TBII (10, 20, 40 mg/kg).

Evaluation of TBII efficacy with Mdivi-1 cotreatment: A total of 52 
mice (22-25 g) were used. After excluding 9 mice that died during sur
gery and 9 that did not meet criteria, 34 mice were randomly allocated 
to the following groups (n = 5-6/group): Sham, Sham + Mdivi-1, 
pMCAO + Vehicle; pMCAO + Mdivi-1; pMCAO + TBII (40 mg/kg), 
pMCAO + TBII + Mdivi-1. Mdivi-1 (3 mg/kg) was dissolved in saline 
and administered by intraperitoneal (i.p.) injection immediately 
following pMCAO induction (Zhang et al., 2013).

Evaluation of TBII efficacy with LV-shPrkn knockdown: A total of 44 
mice (18–20 g) were used. After excluding 9 mice that died during 
surgery and 4 that were disqualified, 31 mice were randomly assigned to 
the following groups (n = 7-9/group): Sham + LV-shScr, pMCAO + LV- 
shScr, pMCAO + TBII + LV-shScr, and pMCAO + TBII + LV-shPrkn.

Drugs and reagents

TBII was purchased from Beijing Zhongke Quality Inspection 
Biotechnology Co., Ltd., Beijing, China, with a purity exceeding 98%. 
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NBP soft capsules were purchased from Shijiazhuang Group Enbipu 
Pharmaceutical Co., Ltd., Shijiazhuang, China. Mdivi-1 was obtained 
from Selleck Co., Ltd., Houston, TX, USA (S7162).

Establishment of pMCAO model

The pMCAO model was induced as previously described by Longa 
et al. (1989). Mice were fasted for 12 h with free access to water before 
surgery. Animals were randomly assigned into either the sham- or 
pMCAO-operated group. Mice were anesthetized via inhalation of iso
flurane (1.5% vol./vol.) in air (RWD Life Science, Shenzhen, China). A 
ventral midline incision was made to expose the right common carotid 
artery, external carotid artery, and internal carotid artery. The common 
carotid artery and external carotid artery were permanently ligated, and 
the internal carotid artery was temporarily occluded using a metal 
micro-vessel clip. A silicon-coated nylon filament was inserted through 
the right common carotid artery into the lumen of the right internal 
carotid artery until it reached the origin of the middle cerebral artery at 
the circle of Willis to achieve permanent occlusion. Sham-operated mice 
underwent same surgical procedures except for filament insertion and 
middle cerebral artery occlusion. Mice with a cerebral blood flow 
reduction of less than 60% at 24 h post-pMCAO were excluded from 
subsequent analyses.

Assessment of cerebral blood flow

CBF was measured at baseline, and at 30 min, 3 h, and 24 h post- 
pMCAO using the RFLSI Pro laser speckle imaging system (RWD Life 
Science Co., Ltd.). Mice were anesthetized with isoflurane-O2 and 
positioned in a stereotaxic frame in the prone position. The scalp was 
incised to expose the skull. Laser speckle blood flow images were ac
quired, and cerebral blood flow was quantified within the same region of 
interest (ROI) in the right hemisphere.

Assessment of cerebral infarct volume, brain water content and 
neurological function

To measure brain infarct volume, mice were euthanized at 24 h post- 
pMCAO, and their brains were immediately removed and sliced into six 
coronal sections at 2-mm intervals. The sections were stained with a 1% 
solution of 2, 3, 5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, 
St. Louis, MO, USA, T8877) at 37◦C for 30 min and subsequently fixed 
with 4% paraformaldehyde. Photographic images were captured, and 
the infarcted areas were quantified using Pro Plus software (version 6.0). 
Infarct volume was calculated as follows: Infarct volume (%) =
[contralateral hemisphere volume − (ipsilateral hemisphere volume −
infarct volume)] / contralateral hemisphere volume × 100% (Liu et al., 
2021, 2023). Subsequently, the slices were dried at 65◦C for 96 h and 
weighed accurately. Brain water content, as an indicator of cerebral 
edema, was determined using the wet/dry method as previously 
described. Neurological function was assessed using the modified 
neurological severity score (mNSS) test, where each function is scored 
on a scale of 0-18 (normal score, 0; maximal deficit score, 18). Higher 
scores indicate more severe behavioral deficits (Liu et al., 2023).

Grid walk test

Mice were tested on an elevated metal grid (60 × 50 cm) with in
dividual mesh openings of 10 × 10 mm. Each mouse was placed at the 
center of the grid, and its locomotor activity was recorded using a video 
camera to accurately capture instances of missteps during the trial. The 
duration of the test was 2 min. Fault assessment was conducted by 
reviewing the recorded video footage to count both the total number of 
steps taken by the right forelimb and right hindlimb, as well as the 
number of foot slips that occurred. A foot fault was defined as any 
instance where the limb failed to securely contact the grid surface, 

slipped into a grid aperture, lost grip due to insufficient support, or the 
hindlimb remained within a grid hole. The error rate was calculated 
using the following formula: % of foot fault = (number of slips/ total 
number of steps over 2 min) × 100% (Ye et al., 2020).

Immunofluorescence

At 24 h post-pMCAO, the animals were perfused with PBS (ZSGB- 
BIO, ZLI-9061, Beijing, China) followed by 4% paraformaldehyde (PFA, 
Beyotime Biotechnology, P0099, Shanghai, China). Serial coronal brain 
sections were cut on vibratome (Leica, VT1000S, Wetzlar, Germany) 
with 40 μm thickness. Antigen was retrieved by incubating with the 
retrieval solution (ZSGB-BIO, ZLI-9065) at 85◦C for 30 min. The sections 
were incubated with 5% PBS-goat serum (ZSGB-BIO, ZLI-9056) con
taining 0.3% Triton X-100 for 1 h, and subsequently incubated overnight 
at 4◦C with the primary antibodies against anti-LC3 rabbit pAb (1:200; 
Medical Biological Laboratories, PM036, Kyoto, Japan), anti-NeuN 
mouse mAb (1:500; Millipore, MAB377, Burlington, MA, USA), anti- 
TOMM20 mouse mAb (1:500, Abcam, ab56783, Cambridge, UK), 
overnight at 4◦C. After incubation, samples were washed three times 
with PBS and incubated for 1 h at room temperature with fluorochrome- 
coupled goat-anti rabbit and goat anti-mouse secondary antibodies 
(1:200; Alexa Fluor 488; 555; Beyotime Biotechnology, A0428; A0516). 
The nuclei were counterstained with DAPI. Confocal images were ac
quired using a Nikon Ni-E confocal microscope (Nikon Instruments Inc., 
Tokyo, Japan) equipped with an A1R scanner (Nikon), a 60x objective 
(Nikon), a 130 W metal halide lamp (Nikon), and a laser device 
(Coherent Inc., Santa Clara, CA, USA). Fluorophores were excited 405 
nm (50 mW), 488 nm (50 mW), and 561 nm (50 mW). All images were 
blindly acquired across experimental groups under the same laser 
power, pinhole and gain, and were analyzed with Image J (NIH, version 
2.0) without adjusting image brightness or contrast.

Transmission electron microscopy (TEM)

At 24 h post-pMCAO, mice were perfused with a modified fixative 
containing 2% paraformaldehyde and 2.5% glutaraldehyde (Damao 
chemical reagent factory, Tianjin, China) in phosphate buffer (pH 7.4). 
The cortex was microdissected into 1 mm3 blocks. Samples were placed 
in 2.5% glutaraldehyde fixation solution followed by post-fixation in 
osmium tetroxide (Zhongjingkeyi Technology, Beijing, China). Subse
quently, samples were dehydrated in a graded ethanol series, embedded 
in araldite (Zhongjingkeyi Technology), and aggregated into a solid. 
Then the solid was cut into ultrathin sections (70 nm) and stained with 
uranyl acetate (Zhongjingkeyi Technology) and lead citrate (Zhong
jingkeyi Technology). Images were acquired using a TEM (Chiyoda, 
Tokyo, Japan).

Cell culture and establishment of oxygen-glucose deprivation (OGD) model

The HT22 cells were obtained from the National Collection of 
Authenticated Cell Cultures (Shanghai, China) and cultured in Dulbec
co’s Modified Eagle’s Medium (DMEM, Gibco, Grand Island, NY, USA 
C11965500BT) supplemented with 10% fetal bovine serum and 1% 
penicillin-streptomycin solution. For the experiments, cells were grown 
in a humidified incubator (5% CO2, 37◦C) and passaged when reaching 
70% confluency. Cells were placed on culture plates or dishes and were 
fed fresh medium overnight, for subsequent experiments. To establish 
the OGD model, The culture medium was replaced with glucose-free 
DMEM. Then cells were transferred to a hypoxic chamber filled with 
95% N2 and 5% CO2 at the indicated time points. HT22 cells were 
incubated with different concentrations of TBII (0.1, 0.3, 1, 3, 10, 30, 
100 μM) (Lu et al., 2009; Xing et al., 2020), NBP (10 μM) (Mi et al., 
2024) or Mdivi-1 (1 μM) (Zhang et al., 2013) for 2 h prior to OGD 
exposure. Treatments were maintained in glucose-free DMEM 
throughout the indicated OGD exposure period. TBII, NBP and Mdivi-1 
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were first dissolved in DMSO as a stock solution and subsequently 
diluted with the cell culture medium immediately before application.

Cell viability

Cell viability was assessed using an MTT assay. At 12 h after OGD 
exposure, the cells were incubated with 20 μl of MTT solution (5 mg/ml; 
Sigma-Aldrich, M5655) for 4 h. Following incubation, the medium was 
removed, and the formed formazan crystals were dissolved in 200 μl of 
DMSO (Sigma-Aldrich, D2650). The absorbance was measured at 560 
nm to determine cell viability.

Western blotting

Total proteins were extracted from brain tissue and cells using 
radioimmunoprecipitation assay buffer (Beyotime Biotechnology, 
P0013B,) supplemented with a protease inhibitor cocktail. A mito
chondrial extraction kit (Beyotime Biotechnology, C3606, C3601) was 
used for isolating mitochondrial protein. Proteins were separated by 
SDS-PAGE and transferred onto polyvinylidene fluoride membranes 
(Millipore, IPVH00010, Billerica, MA, USA), followed by incubation 
with blocking buffer containing 5% skimmed milk (Becton Dickinson, 
232100, NJ, USA) for 1 h at room temperature. The membranes were 
then incubated overnight at 4◦C with the following primary antibodies: 
anti-GAPDH rabbit pAb (1:1000; Elabscience, E-AB-40338, Wuhan, 
Hubei, China), anti-TOMM20 mouse mAb (1:1000; Abcam, ab56783), 
anti-Parkin rabbit pAb (1:1000; Cell Signaling Technology, 2132, Dan
vers, MA, USA), anti-PINK1 rabbit pAb (1:1000; Proteintech, 23274-1- 
AP, Wuhan, Hubei, China), anti-LC3 rabbit pAb (1:500; Medical Bio
logical Laboratories, PM036), anti-SQSTM1/p62 mouse mAb (1:2000; 
Abcam, ab56416), anti-phospho-Parkin (Ser65) rabbit pAb (1:1000; 
Affinity Biosciences, AF3500, Cincinnati, OH, USA), anti-ubiquitin 
mouse mAb (1:500; Santa Cruz Biotechnology, sc-8017, Dallas, TX, 
USA), anti-NIX rabbit mAb (1:1000; Cell Signaling Technology, 12396), 
anti-FUNDC1 rabbit pAb (1:1000; Abcam, ab224722), anti-BNIP3 
mouse mAb (1:10000; Proteintech, 68091-1-lg) and anti-VDAC1 rabbit 
pAb (1:1000; Affinity Biosciences, DF6140). After washing, the mem
branes were incubated with HRP-goat anti-rabbit and HRP-goat anti- 
mouse secondary antibodies (1:5000; ZSGB-BIO, ZB-2301, ZB-2305) at 
room temperature for 1 h. Subsequently, the membranes were exposed 
to ECL reagents (Thermo Fisher Scientific, 34580, Waltham, MA, USA) 
for visualization. Protein expressions were quantified using densito
metric analysis performed with ImageJ software (version 2.0).

JC-1 staining

The cellular MMP was evaluated using fluorescent probe JC-1 
(Beyotime Biotechnology, C2003S). After 12 h of OGD treatment, cells 
were washed with PBS and incubated with JC-1 solution for 30 min at 
37◦C, fluorescence was measured using a fluorescence microscope with 
dual emission detection: JC-1 aggregates were detected at 490/530 nm 
and JC-1 monomers at 525/590 nm.

Determination of reactive oxygen species with dichlorodihydrofluorescein 
diacetate assay (DCFH-DA) and MitoSox staining

Cellular reactive oxygen species levels were quantified using the 
DCFH-DA (Beyotime Biotechnology, S0033M). At 12 h of OGD exposure, 
cells were incubated with DCFH-DA (10 μM) at room temperature for 30 
min. Fluorescent intensity was measured at an emission wavelength of 
500 nm and an excitation wavelength of 525 nm. Mitochondrial reactive 
oxygen species levels were determined using MitoSox-red (Thermo 
Fisher Scientific, M36008). Cells were incubated with MitoSox-red (1 
μM) at room temperature for 30 min. After staining, cells were visual
ized using fluorescence microscopy.

Assessments of superoxide dismutase (SOD), malondialdehyde (MDA), 8- 
hydroxy-2′-deoxyguanosine (8-OHdG), glutathione (GSH), and hydrogen 
peroxide (H2O2)

For in vitro experiments, cells were collected and centrifuged to 
obtain supernatants at 12 h after OGD exposure. For in vivo experiments, 
the ipsilateral cortex was homogenized and centrifuged to obtain su
pernatants at 24 h post-pMCAO. All assays were performed according to 
the manufacturer’s protocols using the following kits (Beyotime 
Biotechnology): SOD activity assay kit (S0101S), lipid peroxidation 
MDA assay kit (S0131M), 8-OHdG (ab285254, Abcam), GSH assay kit 
(S0053), and H2O2 assay kit (S0038).

Detection of ATP

Intracellular ATP quantification was measured using a commercial 
kit (Beyotime Biotechnology, S0026). Briefly, after 12 h of OGD expo
sure, cell lysates were centrifuged to collect supernatants. Following the 
manufacturer’s protocol, 100 μl of ATP detection solution was added to 
each well of a 96-well plate. Then, 20 μl of sample supernatant was 
added to the wells and mixed immediately. The luminescence was 
measured using a luminometer, and ATP concentrations were deter
mined based on a standard curve.

Lentiviral (LV) transfection

A selected shRNA sequence targeting mouse Parkin was inserted into 
a LV to knockdown Parkin. The recombinant LV construct (pSLenti-U6- 
shRNA (Prkn)-CMV-EGFP-F2A-Puro-WPRE) was packaged by Obio 
Technology Company (Shanghai, China). The target shRNA sequence is 
GCTGGGACGATGTCTTAATTC. For in vitro knockdown, HT22 cells were 
transfected with LV for 12 h, after which the medium was replaced. Cells 
then were incubated for an additional 60 h. For in vivo knockdown, mice 
were anesthetized with isoflurane, and LV particles were stereotactically 
injected into the cerebral cortex. Specifically, a total of 1 μl of LV par
ticles were injected across three cortical sites using a 33G Hamilton 
syringe with an automatic injector at a rate of 0.25 μl/min: The three- 
dimensional coordinates of two sites were: Site 1: AP -0.5 mm, - ML 
+1.25 mm and DV 1.5 mm; Site 2: ML +2.25 mm, AP+0.94 mm and DV 
1.5 mm. The needle was retained in place for 5 min after injection 
completion to prevent backflow, then retracted slightly and held for an 
additional 2 min before removal. Mice were allowed to recover for 3 
weeks before pMCAO.

Molecular docking

The structure of TBII was constructed using ChemDraw. The crystal 
structures of protein were downloaded from the Protein Data Bank. 
Then the obtained protein structures and TBII structure were introduced 
into Autodock. The protein structures were prepared for docking by 
removing water molecules and adding hydrogens. The docking process 
was performed by the algorithm. The top scored binding models was 
chosen to visualize the interactions between Parkin (PDB ID: 6GLC) and 
TBII.

Molecular dynamics simulation

Molecular dynamics simulations (300 ns) for Parkin and Parkin-TBII 
were performed using GROMACS 2022. Systems were built using 
charmm36 force field in dodecahedral boxes (≥1 nm edge), solvated 
with TIP3P water and neutralized by Na⁺/Cl⁻. After NVT equilibration 
(200 ps, 1 fs step) at 310 K (V-rescale, τ=0.1 ps), NPT stabilization (500 
ps, 2 fs step) at 1 atm (Parrinello-Rahman, τ=2 ps) was conducted. Long- 
range electrostatics used PME (0.16 Å grid, 1.3 nm cutoff), with bond 
constraints applied via LINCS.
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DARTS assay

The cells were scraped and lysed using M-PER lysis buffer (Thermo 
Fisher Scientific, No. 78501), followed by centrifugation at 4◦C. TBII 
was added and incubated with the mixture for 1 h. Proteolysis was 
performed by adding pronase (Sigma-Aldrich, No. 11459643001) at 
dilution ranging from 1:100 to 1:1600 for 13 min. The reaction was 
immediately terminated by adding protein loading buffer, and boiling at 
100◦C for 10 min. The samples were loaded onto SDS-PAGE gels for 
western blot analysis.

CETSA assay

Cells were collected and subjected to three cycles of freeze-thawing 
using liquid nitrogen to generate lysates. The cell lysates were incu
bated with TBII for 1 h at room temperature. The mixtures were heated 
at the designed temperatures (ranging from 37◦C to 61◦C) for 5 min and 
then cooled to room temperature. After centrifugation, the soluble 
fractions were separated by SDS-PAGE and analyzed by western blot.

Statistical analysis

Graphpad Prism software (version 7.0) was used to perform the 
statistical analysis. The data were expressed as mean ± SEM. Compari
sons among three or more groups were analyzed, One-way or Two-way 
ANOVA, as appropriate, followed by LSD test. The level of significance 
was set at P < 0.05.

Results

Treatment with TBII alleviates ischemic injury and improves neuronal loss 
after IS

The chemical structure of TBII was shown in Fig. S1. To evaluate the 
success of the pMCAO model and the effect of TBII on cerebral blood 
flow, laser speckle was used to measure the cerebral blood flow. The 
results showed a progressive decrease in cerebral blood flow at 0.5, 3 
and 24 h post-pMCAO compared to baseline, confirming the successful 
establishment of pMCAO model. However, treatment with TBII did not 
significantly affect cerebral blood flow (Fig. 1A and B). The effect of TBII 
(5, 10, 20, 40, 80 mg/kg, i.g.) on cerebral infarct volume, brain edema 
and neurological function were further assessed by TTC staining, brain 
water content measurement and grid walk test and mNSS, respectively. 
The results showed that treatment with TBII and NBP significantly 
decreased the cerebral infarct volume, brain water content (Fig. 1C–E). 
In addition, TBII and NBP significantly decreased the foot fault and 
increased the mNSS at 24 h post-pMCAO (Fig. 1F, I). Given that neuronal 
loss underlies neurological dysfunction, the effects of TBII on neuronal 
loss, the survival of neurons, was detected in vivo and in vitro. Immu
nostaining analysis showed that treatment with TBII significantly 
increased the NeuN-positive cells in pMCAO-operated mice (Fig. S2A 
and B). In vitro, MTT assay showed that TBII (0.1, 0.3, 1, 3, 10 μM) had 
no effect on the cell viability in normal control HT22 cells (Fig. 1J), but 
increased the cell survival following OGD exposure (Fig. 1K). These 
results suggest that TBII can alleviate ischemic injury and neuronal loss 
after IS.

TBII reduces oxidative stress after IS

Previous studies have demonstrated that TBII exerts neuroprotective 
effects in central nervous system diseases through attenuating oxidative 
stress (Huang et al., 2012; Zhao et al., 2016). To investigate whether the 
TBII-mediated neuroprotective effects involve oxidative stress reduc
tion, we measured several key markers of oxidant stress and anti-oxidant 
enzymes. The results showed that pMCAO significantly increased the 
levels of H2O2, MDA and 8-OHdG, while reducing level of antioxidant 

enzymes GSH and SOD, and these alterations were reversed by TBII 
(Fig. 2A–E). Similar antioxidant effects were observed in OGD-treated 
HT22 cells (Fig. 2F–J). These data suggest that the neuroprotective ef
fects of TBII are mediated, at least in part, through reducing oxidative 
stress.

TBII mitigates mitophagy impairment and enhances mitochondrial 
function after IS

Mounting evidence indicates that IS impairs mitophagy, and 
enhancing this process may attenuate the ischemic injury (Sun et al., 
2022; Wen et al., 2021; Wu et al., 2021a). As timosaponin has been 
identified as a potential autophagy modulator (Lok et al., 2011; Wang 
et al., 2021), we investigated whether TBII can regulate autophagy and 
mitophagy post-ischemia. Immunostaining analysis showed that 
pMCAO increased number of neuronal autophagosome, which was 
further enhanced by TBII treatment (Fig. S2A). Moreover, we observed 
accumulation of LC3 labeled autophagosomes and TOMM20 labeled 
mitochondria in pMCAO-operated mice, while treatment with TBII 
further increased the number of autophagosomes and mitochondria 
degradation (Fig. 3A–C). TEM was employed to assess TBII’s effects on 
mitophagy in the ipsilateral cortex of mice. Sham-operated mice 
exhibited a low baseline level of autophagosomes enclosing mitochon
dria. Treatment with TBII significantly increased the number of auto
phagosomes engulfing damaged mitochondria following pMCAO 
(Fig. 3D). Consistent with these findings, Western blot analysis showed 
that pMCAO increased LC3-II accumulation but decreased Parkin and 
PINK1 expressions. Treatment with TBII significantly increased LC3-II 
level, upregulated Parkin and PINK1 expression, coupled with 
decreased expression of TOMM20 and SQSTM1 (Fig. 3E–J). The effects 
of TBII on mitophagy was also evaluated in OGD-treated HT22 cells. 
Similar effects were observed in OGD-treated HT22 cells. Immunofluo
rescence staining showed that TBII increased LC3 and decrease 
TOMM20 fluorescence intensity in HT22 cells following OGD 
(Fig. 4A–C). Western blot analysis showed that TBII increased the ex
pressions of LC3, Parkin and p-Parkin (Ser65), while decreasing 
SQSTM1 and TOMM20 level in OGD-treated HT22 cells (Fig. 4D–J). 
Importantly, immunoblot analysis of mitochondrial fraction revealed 
that TBII enhanced the translocation of LC3, SQSTM1, Parkin, p-Parkin 
(Ser65) and ubiquitin to mitochondria (Fig. 4K–P). In addition, effects of 
TBII on receptor-mediated mitophagy were also investigated. The results 
showed that OGD decreased the NIX and BNIP3 levels but increased 
FUNDC1 level. However, these changes were not affected by TBII 
treatment (Fig. S3A–D). Collectively, these results indicate that TBII 
specifically regulates Parkin-mediated mitophagy by enhancing Parkin’s 
ubiquitin ligase activity and promoting its recruitment to mitochondria.

It is well-known that impaired mitophagy can result in the accu
mulation of damaged mitochondria, leading to excessive mitochondrial 
ROS production and exacerbation of cerebral ischemic injury (Li et al., 
2023a). To investigate whether TBII enhances mitochondrial function 
by promoting mitophagy, we performed a serial of mitochondrial as
sessments. JC-1 staining revealed that TBII concentration-dependently 
prevented the OGD-induced loss in MMP (Fig. 5A and B). MitoSox 
staining was used to evaluate the ROS generation in mitochondria. The 
results showed that the MitoSox fluorescence intensity significantly 
increased in OGD-treated HT22 cells, an effect was reduced by TBII 
treatment (Fig. 5C and D). TEM of the ipsilateral cortex showed that 
mitochondria in sham-operated mice exhibited a fully oval shape with 
an intact mitochondrial bilayer membrane and well-preserved cristae 
structure. In contrast, pMCAO induced severe mitochondrial ultra
structural alternations in the ipsilateral cortex, including mitochondrial 
membrane condensation, cristae loss, organelle shrinkage, occasional 
mitochondrial rupture. These pathological changes were substantially 
ameliorated by treatment with TBII (Fig. 5E). Since ATP level is a critical 
indicator of mitochondrial function, we measured intracellular ATP and 
found ATP levels were reduced in OGD-treated HT22 cells, and TBII 
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Fig. 1. Timosaponin B-II (TBII) alleviates ischemic injury at 24 h after permanent middle cerebral artery occlusion (pMCAO). Representative images (A) and 
quantitation (B) of cerebral blood flow (CBF). (C-D) Cerebral infarct volume. (E) Brain water content. Motor function assessed by the grid walk test (F), foot fault rate 
before (G) and after (H), and mNSS (I) after pMCAO. n=7-8. (J-K) Cell viability in HT22 cells under oxygen-glucose deprivation (OGD). n=6. Data are represented as 
mean ± SEM. Statistical analysis was performed by one-way ANOVA with LSD test. ###p<0.001, ##p<0.01 vs. Sham or CON group; ***p<0.001, **p<0.01, 
*p<0.05 vs. pMCAO or OGD group.
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Fig. 2. TBII reduces oxidative stress in pMCAO-treated rats and OGD-treated HT22 cells. Oxidative stress markers in the ipsilateral cortex: (A) Hydrogen peroxide 
(H2O2), (B) malondialdehyde (MDA), (C) 8-hydroxy-2′-deoxyguanosine (8-OHdG), (D) superoxide dismutase (SOD) activity and (E) glutathione (GSH) content, n=4. 
Corresponding oxidative stress markers in HT22 cells: (F) H2O2, (G) MDA, (H) DCF fluorescence intensity, (I) SOD activity and (J) GSH content, n=6. ###p<0.001 
vs. Sham or CON group; ***p<0.001, **p<0.01, *p<0.05 vs. pMCAO or OGD group.
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Fig. 3. TBII mitigates the impairment of mitophagy in the ipsilateral cortex at 24 h post-pMCAO. Representative fluorescence images (A) and quantitation of 
fluorescence intensity of LC3-labeled autophagosomes (B) and TOMM20-labeled mitochondria (C), n=6. Scale bar = 50 μm. (D) Representative transmission electron 
microscope (TEM) images (n=3), scale bar = 1 μm. (E-J) Protein expression of mitophagy-related markers: LC3, Sequestosome-1 (SQSTM1), PTEN-induced putative 
kinase 1 (PINK1), Parkin, and TOMM20 (n=3). GAPDH was used as a loading control. Data are represented as mean ± SEM. Statistical analysis was performed by 
one-way ANOVA with LSD test. ###p<0.001, #p<0.05 vs. Sham group; ***p<0.001, **p<0.01, *p<0.05 vs. pMCAO group.
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Fig. 4. TBII mitigates impaired mitophagy at 12 h after OGD in HT22 cells. Representative fluorescence images (A) and quantitation of fluorescence intensity of LC3- 
labeled autophagosomes (B) and TOMM20-labeled mitochondria (C). Scale bar = 20 μm, n=6. (D-J) Protein expression of autophagy- and mitophagy-related 
markers: LC3, SQSTM1, Parkin, p-Parkin (Ser65), PINK1, TOMM20 (n=3). (K-P) Protein level in mitochondrial extract: LC3, SQSTM1 and Parkin, p-Parkin 
(Ser65), Ubiquitin (n=3). Voltage-dependent anion-selective channel 1 (VDAC1) was used as a mitochondrial loading control. Data are represented as mean ± SEM. 
Statistical analysis was performed by one-way ANOVA with LSD test. ###p<0.001, ##p<0.01 vs. CON group; ***p<0.001, **p<0.01, *p<0.05 vs. 
OGD+Veh group.
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treatment prevented the OGD-induced reduction in ATP levels (Fig. 5F). 
Collectively, these results demonstrate that TBII preserves mitochon
drial integrity and function while attenuating mitochondrial oxidative 
stress after IS.

TBII improves mitochondrial function and attenuates ischemic injury after 
IS through enhancing mitophagy

We used a mitophagy inhibitor Mdivi-1 to investigate whether TBII’s 
beneficial effects on mitochondrial function and brain ischemic injury 

are mediated through mitophagy. In OGD-treated HT22 cells, treatment 
with Mdivi-1 reversed the TBII-mediated increase in the levels of MMP, 
GSH and ATP, SOD activity, and cell viability, and TBII-induced 
decrease in the levels of MitoSox fluorescence intensity, H2O2, MDA 
and DCF fluorescence intensity (Fig. 6A–K). Importantly, in pMCAO- 
operated mice, administration of Mdivi-1 abolished the therapeutic 
benefits of TBII on ischemic injury (Fig. 6L–O). These findings suggest 
that TBII-induced improvement of brain ischemic injury and mito
chondrial function are primarily mediated through enhancing 
mitophagy.

Fig. 5. TBII improves mitochondrial function following ischemic stroke (IS). (A-B) Mitochondrial membrane potential (MMP) assessed by JC-1 staining in OGD- 
treated HT22 cells. Scale bar = 20 μm. (C-D) Mitochondrial reactive oxygen species (ROS) production assessed by MitoSOX Red staining. Scale bar = 20 μm. (E) 
Mitochondrial ultrastructure visualized by TEM in the ipsilateral cortex at 24 h after pMCAO. Scale bar = 1 μm. (F) Intracellular ATP levels. n=6. Data are rep
resented as mean ± SEM. Statistical analysis was performed by one-way ANOVA with LSD test. ###p<0.001, vs. CON group; ***p<0.001, **p<0.01, *p<0.05 vs. 
OGD group.
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Parkin is a potential target of TBII

To identify mitophagy-related targets of TBII, molecular docking was 
used to predict the binding affinity of TBII to autophagy related proteins. 
Parkin exhibited the highest docking score (-8.9 kcal/mol, supplemen
tary Table 1). Structure analysis revealed the 3-position oxygen-β-D- 
pyran glucosyl moiety of TBII core forms a strong hydrogen bond with 
Gln178, while the 3-position oxygen-β-D-pyran galactosyl moiety in
teracts with key amino acids Asn428 and Lys435 via multiple hydrogen 
bonds. Additionally, the core 26-position oxygen-β-D-pyran glucosyl 
moiety establishes hydrogen bond interactions with Leu176 and Trp453. 
Furthermore, the steroid component engages in hydrophobic in
teractions with key residues, including Thr177, Gly179, and His433 
(Fig. 7A).

Molecular dynamics simulations provided further insights into the 
hydrogen bond interactions between TBII and Parkin (Fig. 7B). Root 
mean square deviation (RMSD) analysis demonstrated that the Parkin- 
TBII complex exhibited sustained high structural deviation after 150 
ns, exceeding the fluctuations observed in normal apo-Parkin range, 
suggesting sustained conformational rearrangement after ligand bind
ing. Root mean square fluctuation (RMSF) profiling highlighted region- 
specific flexibility changes: the N-terminal ubiquitin-like domain (resi
dues 0-76, highlighted in green) showed a 138% increase in flexibility, 
while the catalytic RING0 domain (residues 195-200, highlighted in 
black) displayed reduced fluctuations (-35%), suggesting that TBII 
binding destabilizes the autoinhibitory interface while stabilizing the 

catalytic core. Consistent with these observations, radius of gyration 
(Rg) measurements confirmed global expansion of the complex, with 
Parkin-TBII maintaining a 7.3% higher average Rg than apo-Parkin, 
particularly after 150 ns (Fig. 7B–E). This expansion was consistent 
with the RMSF/RMSD trends. This expansion supports transition to an 
open, catalytically competent state.

Moreover, CETSA results showed that TBII promoted Parkin thermal 
stability across multiple temperature gradients (Fig. 7F). DARTS assay 
further validates the molecular affinity between TBII and Parkin. The 
results showed that in comparison to the non-pronase group, the Parkin 
protein exhibited a remarkable reduction in the presence of pronase, 
while TBII protected Parkin from pronase degradation in a 
concentration-dependent manner (Fig. 7G). We also examined the 
binding affinity of TBII with ULK1 and LAMP1, which showed relatively 
higher and lower docking scores, using the CETSA method. As shown in 
Fig. S4A, B, TBII treatment significantly enhanced the thermal stability 
of ULK1, consistent with docking prediction, where it had only minimal 
effect on LAMP1. These findings support the molecular docking pre
dictions, indicating a potential role of TBII in regulating mitophagy. 
Collectively, these findings provide compelling evidence that TBII 
directly interacts with the Parkin protein.

TBII attenuates ischemic injury after IS via Parkin to improve 
mitochondrial function

Having established Parkin as a potential target of TBII in improving 

Fig. 6. TBII alleviates oxidative stress and IS injury through enhancing mitophagy. Mitochondrial membrane potential detected by JC-1 staining (A-B) and ROS 
detected by MitoSox staining (C-D) in OGD-treated HT22 cells treated with or without mitophagy inhibitor Mdivi-1(n=6). Scale bar = 20 μm. Oxidative stress 
markers: MDA (E), H2O2 (F) and DCF (G), antioxidant: GSH (H) and SOD (I), ATP level (J) and cell viability (K) in HT22 cells. n=4. (L-M) Cerebral infarct volume 
detected by TTC staining. Assessment of neurological function by mNSS (N) and brain water content (O) in pMCAO-operated mice treated with/without Mdivi-1. 
n=5-6. Data are represented as mean ± SEM. Statistical analysis was performed by two-way ANOVA with LSD test. ***p<0.001, **p<0.01, *p<0.05 vs. the indi
cated groups. ns, no significance.
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Fig. 7. Parkin is a molecular target of TBII. (A) Predicted the binding mode of Parkin with TBII from molecular docking analysis. Molecular dynamics simulation 
analysis showing the hydrogen bond number (B), root-mean-square deviation (RMSD, C), root-mean-square fluctuation (RMSF, D) and radius of gyration (Rg, E). 
Cellular thermal shift assays (CETSA, F) and drug affinity responsive target stability (DARTS, G) confirm that TBII enhances Parkin stability. n=4.
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cerebral ischemic injury, we next investigated its role in mediating TBII 
therapeutic effects on ischemic injury and mitochondrial function. A LV 
delivery system encoding GFP and shPrkn was constructed to knock
down Parkin in HT22 cells. Western blot analysis showed that Parkin 
expression significantly decreased in HT22 cells infected with LV- 
shPrkn-3 compared to those injected with LV encoding GFP and a 
scramble shRNA (shScr, Fig. S5A and B). This indicate that LV-shPrkn-3 
can specifically downregulate Parkin expression, validating the 
knockout efficiency for subsequent experiments. Notably, the TBII- 
mediated decreased in MitoSox, H2O2 and MDA levels were reversed 
by Parkin knockdown (Fig. 8A–D). Conversely, TBII-mediated increase 
in the levels of GSH, SOD activity, ATP and cell viability were abolished 
by Parkin knockdown (Fig. 8E–H). Consistent with these in vitro find
ings, Parkin knockdown eliminated the therapeutic effects of TBII 
against ischemic injury in vivo (Fig. 8I to K). These findings indicate that 
Parkin is essential for TBII-mediated improvement of mitochondrial 
function and attenuation of ischemic injury after IS.

Discussion

The present study demonstrates for the first time that TBII exerts a 
significant anti-IS effect, likely through activating Parkin-dependent 
mitophagy pathway, which facilitates the degradation of damaged 
mitochondria, improves mitochondrial function, and ultimately sup
presses mitochondrial oxidative stress (Fig. 9).

It has been reported that TBII possesses favorable water solubility 
and stability. The pharmacokinetic parameters of TBII, including its 
absorption, distribution, metabolism, and excretion (ADME) in rats, 
have been reported in literature (Cai et al., 2008; Feng et al., 2014; Jia 
et al., 2015; Liu et al., 2012; Xu et al., 2014). Although pharmacokinetic 
studies indicate that TBII has low absolute bioavailability (1.1%) and 
limited blood-brain barrier penetration, it exhibits diverse neuro
protective effects. It has been shown to alleviate learning and memory 
deficits in multiple dementia models, including those induced by MCAO, 
scopolamine, LPS, and Aβ, establishing its potential for treating central 
nervous system disorders (Chen et al., 2020; Li et al., 2007; Ouyang 
et al., 2005; Zhao et al., 2016). Excitingly, the present study identifies a 
novel beneficial effect of TBII in the treatment of IS, evidenced by a 
significant reduction in brain infarct volume, brain edema, and neuro
logical deficits, particularly in motor function. In this study, we select 
the dosage of TBII (5-80 mg/kg, i.g.) based on previous studies (Deng 
et al., 2015; Li et al., 2007; Xing et al., 2020; Zhao et al., 2016) and 
toxicological data indicating no toxicity below 180 mg/kg in rats (Lin 
et al., 2017). To ensure consistency in the route of administration, we 
selected clinically approved NBP as the positive control. Our findings 
revealed that TBII exerts therapeutic effects against cerebral ischemia 
within the dose range of 10-80 mg/kg in a dose-dependent manner. The 
efficacy observed at 40 and 80 mg/kg was comparable, indicating that 
40 mg/kg represents the maximal effective dose. Consequently, a dose 
range of 10-40 mg/kg for subsequent mechanistic investigations. 
Importantly, the effective dose of TBII (10 mg/kg) was markedly lower 
than that of NBP (80 mg/kg). Consistently, TBII (0.3-10 μM) reduced cell 
death in OGD-treated HT22 cells in a concentration-dependent manner, 
confirming its efficacy both in vivo and in vitro.

It has been shown that TBII’s efficacy in improving central nervous 
system disorders may involve alleviating oxidative stress (Huang et al., 
2012; Xie et al., 2018; Zhao et al., 2016). Notably, IS triggers mito
chondrial damage, resulting in excessive mitochondrial reactive oxygen 
species production. Oxidative stress represents a central pathological 
mechanism in IS, contributing to neuroinflammation, neuronal 
apoptosis, and the blood-brain barrier disruption, all of which exacer
bate cerebral ischemic injury (Lochhead et al., 2024). Excessive reactive 
oxygen species generation activates adhesion molecules and promote 
immune cell infiltration, lipid peroxidation, and neuronal apoptosis. 
Therefore, therapeutic strategies that reduce the production of free 
radicals or enhance their clearance may confer neuroprotection against 

ischemic brain damage (Akhtar et al., 2025). Antioxidant enzymes, such 
as SOD, function as key enzymatic regulators that maintain redox ho
meostasis. These enzymes protect against oxidative damage by 
enhancing free radical scavenging, reducing MDA levels, and thereby 
attenuating lipid peroxidation and ischemic injury (Zhao et al., 2024). 
Our study demonstrates that TBII treatment significantly decreased 
MDA, H2O2, and intracellular reactive oxygen species, while increasing 
GSH levels and SOD activity following IS. These findings suggest that the 
neuroprotective effects of TBII against cerebral ischemic injury are 
mediated, at least in part, through suppressing oxidative stress.

Recent studies indicate that timosaponin compounds, including TBII 
and TAIII, can significantly activate autophagy (Lok et al., 2011; Wang 
et al., 2021), though its role in regulating autophagy abnormalities after 
IS remains unclear. Although autophagy and mitophagy play complex 
roles in ischemic injury, their effects appear context-dependent. 
Non-selective autophagy can be detrimental by indiscriminately 
degrading cellular compartments, which may be harmful (Zhou et al., 
2023), where selective autophagy, especially mitophagy, can exert 
ischemic protective effects by promoting the degradation of damaged 
mitochondria (Li et al., 2023a). We have previously reported that IS 
induces dynamic changes in autophagy, with early moderate activation 
followed by late impaired autophagic flux, and found that enhancing 
both stages confer neuroprotection (Liu et al., 2019). Where similar 
dynamics for mitophagy after IS have not been described. In this study, 
we observed impaired mitophagy after pMCAO and OGD, as indicated 
by increased LC3 without significant reduction in TOMM20. Notably, we 
administered TBII for seven days prior to pMCAO. This pre-treatment 
protocol was designed to ensure that TBII-induced enhancement of 
mitophagy was fully engaged at the very onset of the ischemic event. 
Our data demonstrate that this pre-emptive administration successfully 
mitigated the post-ischemic impairment of mitophagy and was associ
ated with significant neuroprotection. The mitophagy inhibitor Mdivi-1 
reversed TBII’s benefits on mitochondrial function and oxidative stress 
and cerebral ischemic injury. These findings suggest that TBII alleviates 
ischemic injury by enhancing mitophagy and improving mitochondrial 
function.

Mitophagy is regulated through two distinct pathways: the PINK1/ 
Parkin-mediated ubiquitination-dependent pathway and the 
ubiquitination-independent pathway. In the former, damaged mito
chondria accumulate PINK1 on the outer mitochondrial membrane, 
which recruits Parkin (an E3 ubiquitin ligase) to ubiquitinate mito
chondrial membrane proteins (Picca et al., 2023). This process enables 
autophagy receptor proteins like SQSTM1 to recognize damaged mito
chondria for degradation (Li et al., 2023b). In the latter pathway, re
ceptors such as BNIP3, NIX, and FUNDC1, directly bind to LC3 to 
promote the fusion of damaged mitochondria with autophagosomes (Wu 
et al., 2021b). Specifically, we found that TBII significantly upregulated 
PINK1 and Parkin expression following cerebral ischemia, while it had 
no effect on other mitophagy receptors, including BNIP3, NIX, and 
FUNDC1. Additionally, TBII upregulated the p-Parkin (Ser65) and pro
moted it translocate to mitochondria after IS. These findings suggest that 
TBII specifically regulates Parkin-mediated mitophagy by enhancing 
Parkin’s ubiquitin ligase activity and promoting its recruitment to 
mitochondria. Importantly, molecular docking also revealed a strong 
binding affinity between TBII and Parkin. Subsequent CESTA and 
DARTS assay further confirmed that TBII bind to and stabilize Parkin. 
Functional validation using Parkin knockdown (shPrkn) demonstrated 
that Parkin knockdown abolished TBII’s beneficial effects on mito
chondrial function, oxidative stress, and ischemic injury. These results 
strongly suggest that TBII exerts its neuroprotective effects primarily 
through promoting Parkin-mediated mitophagy activation.

This study has certain limitations. First, this study did not directly 
determine whether TBII can cross the blood-brain barrier after cerebral 
ischemia. However, previous pharmacokinetic studies have detected 
low levels of TBII in brain tissue following oral administration (Xu et al., 
2014). Numerous studies, including our own study, have shown 
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Fig. 8. TBII mitigates oxidative stress and ischemic injury by targeting Parkin. Effects of TBII and Parkin knockdown (shPrkn) on mitochondrial ROS (A-B), oxidative 
stress markers (C-D), antioxidants (E-F), ATP (G), and cell viability (H) in OGD-treated HT22 cells Scale bar = 20 μm. n=4. Effects of TBII and Parkin knockdown on 
cerebral infarct volume (I-J) and neurological function (K) in pMCAO-operated mice. n=7-9. Data are represented as mean ± SEM. Statistical analysis was performed 
by one-way ANOVA with LSD test. ***p<0.001, **p<0.01, *p<0.05 vs. the indicated groups. n.s., no significance.
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therapeutic efficacy in multiple neurological disorders (Chen et al., 
2020; Li et al., 2007; Zhao et al., 2016). This may be due to blood-brain 
barrier disruption during pathological conditions, particularly in cere
bral ischemia, or TBII protective effects through its metabolites. 
Notably, it has been shown that TBII is biotransformation to TAIII (Jia 
et al., 2015; Liu et al., 2012), a neuroprotective saponin known to 
modulate autophagy, which could contribute to its effects. Second, 
CETSA and DARTS confirm a physical TBII-Parkin interaction, though 
quantitative methods like surface plasmon resonance are needed for 
precise characterization. We also validate that TBII significantly en
hances the thermal stability of ULK1 while having a minimal effect on 
the low-scoring protein LAMP1, confirming that TBII’s interactions are 
specific. This compelling finding suggests that TBII’s role may extend to 
broader autophagic pathways. However, to maintain a clear and focused 
narrative on the novel Parkin-dependent mitophagy pathway, ULK1 is 
not pursued further, a recognized limitation that opens compelling av
enues for future research. Moreover, as mitophagy and macroautophagy 
involve distinct pathways, the influence of TBII on macroautophagy was 
not explored here and remains a subject for our future investigations.

These findings and limitations directly inform a clear path forward. 
Future research should prioritize developing novel formulations, such as 
nanoparticle carriers or nasal hydrogels (Chen et al., 2020), to enhance 
TBII’s brain bioavailability and fully realize its therapeutic potential. 
Furthermore, our work solidifies the activation of Parkin-mediated 
mitophagy as a compelling therapeutic strategy for IS. This paves the 
way for developing next-generation neuroprotectants that specifically 
target this pathway, not only for stroke but also for other neurological 
disorders characterized by mitochondrial dysfunction.

In conclusion, this study is the first to demonstrate that TBII allevi
ates acute cerebral ischemic injury by enhancing Parkin-mediated 
mitophagy and inhibiting mitochondrial oxidative stress. Mechanisti
cally, IS caused the impairment of mitophagy that prevents the clear
ance of damaged mitochondria, leading to accumulated reactive oxygen 

species in mitochondria and subsequent oxidative stress. TBII directly 
binds to and stabilizes Parkin, initiating a cascade of ubiquitination 
events that recruited to mitochondria. This rescued mitophagy elimi
nates reactive oxygen species-generating mitochondria, reducing 
oxidative stress and preserving mitochondrial function. Thus, TBII at
tenuates ischemic brain injury by enhancing Parkin-dependent 
mitophagy.
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