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Critical role of translocator protein (TSPO) in neuronal
mitochondrial dysfunction and mental stress-exacerbated
ischemic injury following stroke
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Stroke remains the second leading cause of death and disability globally, yet the contribution of depressive disorders and
psychological stress to stroke outcomes is often overlooked. Emerging evidence suggests that mitochondrial dysfunction may
mediate this relationship. So this study aims to investigate the potential causal role of mental stress in exacerbating ischemic brain
injury and identify mitochondrial proteins that contribute to this interaction. In the study, the chronic restraint stress (CRS) model
was applied, and mice were subjected to 45 min of middle cerebral artery occlusion (MCAO) followed by 24 h or 48 h of reperfusion.
Translocator protein (TSPO) antagonist PK11195 was injected intraperitoneally every day during CRS. Brain injury was determined
by infarct volumes, cell apoptosis, Fas expression, release of lactate dehydrogenase (LDH), and reactive oxygen species (ROS).
Protein expression was analyzed by Western blot. In SH-SY5Y cells, cell viability was assessed after oxygen-glucose deprivation/
reoxygenation (OGD/R). Mitochondrial function was assessed after transfecting a TSPO overexpression vector (pLV-TSPO) or treated
with PK11195. The results shown that CRS induced depressive-like behaviors and increased brain injury after stroke in association
with impaired mitochondrial function. TSPO was elevated by CRS, and TSPO induced voltage-dependent anion channel (VDAC)
phosphorylation through interaction with acyl-CoA binding domain containing 3 (ACBD3), which was reversed by PK11195. In SH-
SY5Y cells, TSPO overexpression led to mitochondrial dysfunction, which was reversed by PK11195. In conclusion, the study
supports a central role for TSPO in linking mental stress to adverse stroke outcomes and points to its potential as a therapeutic
target for cerebrovascular health.
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INTRODUCTION
Stroke remains a major global health challenge, ranking as the
second leading cause of death and a significant driver of long-
term disability [1–3]. While vascular risk factors are well-
established, growing attention is being directed toward modifi-
able nontraditional contributors such as depression [4, 5]. Given
that depression affects over 264 million people globally, it has
increasingly been recognized as a significant risk factor for
ischemic stroke. In fact, a meta-analysis reported that individuals
with depression have a 41% higher risk of experiencing a stroke
compared to those without depression, highlighting the impor-
tance of depression as a variable risk factor in stroke prevention
strategies [6]. Moreover, a cohort study published in JAMA
observed a 67% increase in stroke incidence among individuals
younger than 55 years between 2002-2010 and 2010-2018 [7].
Interestingly, the incidence of disability or fatal strokes, as
determined by the National Institutes of Health Stroke Scale
(NIHSS), was higher in the younger group (<55 years of age)
compared with the older group (≥55 years). While risk factors such
as low physical activity levels remained relatively stable for

patients under 55 years old, an exception was depression. These
findings support the notion that mental stress plays a significant
role in the onset and progression of stroke, particularly in younger
individuals.
Mental stress activates the hypothalamic–pituitary–adrenal

(HPA) axis and the sympathetic adrenal–medullary (SAM) axis,
triggering a cascade of stress responses that increase the
workload on mitochondria and disrupt cellular metabolic balance
[8, 9]. As a result, chronic stress depletes mitochondrial adenosine
triphosphate (ATP) reserves, leading to functional decline [10, 11].
Moreover, mitochondria play a key role in ischemia/reperfusion
injuries, where their functional state significantly influences stroke
severity [12, 13]. Together with their role in stress responses, this
positions mitochondrial function as a potential link between
mental stress and adverse stroke outcomes.
The translocator protein (TSPO), previously named the periph-

eral benzodiazepine receptor, is an 18-kDa protein located on the
outer mitochondrial membrane, and is highly conserved across
species [14, 15]. TSPO is critically involved in cholesterol transport,
mitochondrial bioenergetics, and neurosteroid biosynthesis.
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Recent studies have further established that TSPO modulates
mitochondrial function, redox homeostasis, microglial activation,
synaptic pruning, and neuronal plasticity, all of which are key
determinants of cellular energetics and resilience to stress [16–18].
Increased TSPO expression has been documented in the context
of neuroinflammation and brain injury, including experimental
models of ischemic stroke [19]. Moreover, positron emission
tomography (PET) imaging studies have demonstrated elevated
TSPO binding in the brains of patients with major depressive
disorder (MDD) [20], as well as other psychological disorders, such
as obsessive-compulsive disorder (OCD) and posttraumatic stress
disorder (PTSD) [21]. Taken together, these findings support the
central role of TSPO in linking mitochondrial dysfunction,
neuroinflammation, and neuropsychiatric disorders.
Although mitochondrial dysfunction itself is well-established in

ischemic stroke, we specifically chose TSPO as a target because
recent evidence indicates that TSPO elevation precedes mito-
phagy impairment, amplifies reactive oxygen species (ROS)
generation, and increases susceptibility to calcium-induced
mitochondrial permeability transition, thereby exacerbating neu-
ronal injury [22]. Moreover, imaging studies using [18F]-FEDAC-PET
have demonstrated rapid and localized TSPO overexpression
colocalized specifically with activated microglia and dysfunctional
mitochondria [23, 24]. Given these unique temporal and mechan-
istic insights, TSPO represents a particularly attractive therapeutic
target to mitigate the exacerbation of stroke outcomes under
conditions of mental stress. Mechanistically, TSPO interacts with
A-kinase anchoring protein acyl-CoA binding domain containing 3
(ACBD3) [25], which activates protein kinase A (PKA) and leads to
phosphorylation of the voltage-dependent anion channel (VDAC)
[26]. Consequently, this phosphorylation event may increase
mitochondrial permeability and sensitize cells to oxidant stress
injury [27]. By elucidating these mechanisms, our study provides
insight into potential pharmacological strategies that improve
neuronal resilience and support functional recovery in stroke.
This study began with in vivo experiments, as the primary

objectives was to determine the causal relationship between
chronic stress and exacerbated ischemic injuries in animals and to
identify key molecular contributors under physiologically relevant
conditions. Once this phenomenon was demonstrated in vivo, we
employed bioinformatic analyses to systematically screen for
candidate molecules and pathways potentially mediating the
observed effects. Finally, to validate the specificity and mechan-
istic role of TSPO-dependent pathway in neurons, we conducted
in vitro cell culture experiments. The hypothesis tested was that
mental stress–induced TSPO expression exacerbates stroke injury
by promoting mitochondrial dysfunction through the ACBD3/
PKA–VDAC phosphorylation pathway. Understanding this signal-
ing cascade may help identify therapeutic targets to counteract
the harmful effects of mental stress on cerebrovascular health.

MATERIALS AND METHODS
Animals
The animal protocol was approved by the Capital Medical University
Laboratory Animal Welfare and Ethical Review Board under protocol
number AEEI-2022-265 and was conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals for three times
independently. A total of 169 adult, 6-week-old male C57BL/6 J mice (20-
22 g, Vital River Laboratory Animal Technology Co. Ltd., Beijing, China)
were used in this study. In Experimental I, we determined the effect of
stress on mitochondrial dysfunction and TSPO regulated pathway in the
following four groups: (1) control (n= 14, 8 for Western blot and ELISA, and
6 for immunofluorescence); (2) CRS (n= 14, 8 for Western blot and ELISA,
and 6 for immunofluorescence); (3) normal mice with PK11195 (inhibitor of
TSPO) (n= 8 for Western blot and ELISA); (4) CRS mice+PK11195 (n= 8 for
Western blot and ELISA). To verify the effects of CRS on ischemia stroke
injuries and the intervention of TSPO inhibitors, we established a transient
middle-cerebral-artery occlusion (MCAO) model on the above four groups

and added a sham operation group in Experimental II, including: (a) sham
(no CRS and no MCAO) (n= 22, 8 for Western blot and ELISA, 8 for TTC, 6
for immunofluorescence and TUNEL); (b) MCAO without pre-CRS (n= 22, 8
for Western blot and ELISA, 8 for TTC, 6 for immunofluorescence and
TUNEL); (c) MCAO with pre-CRS (n= 22, 8 for Western blot and ELISA, 8 for
TTC, 6 for immunofluorescence and TUNEL); (d) MCAO + PK11195 without
pre-CRS (n= 22, 8 for Western blot and ELISA, 8 for TTC, 6 for
immunofluorescence and TUNEL); (e) MCAO + PK11195 with pre-CRS
(n= 22, 8 for Western blot and ELISA, 8 for TTC, 6 for immunofluorescence
and TUNEL). Animals (~ 10%) were excluded from further analysis due to
death, brain hemorrhage, or lack of ischemic injuries based on neurological
deficits and confirmed infarct volume. The investigator was blinded during
the experiment and data assessment, and the timeline is shown in Fig. 1A.

Chronic restraint stress (CRS)
CRS was conducted as previously described [28, 29]. Briefly, mice were
randomly divided into CRS and control groups. Mice in the CRS group were
placed in a well-ventilated Plexiglas tube (inner diameter, 6 cm) without food
and water for 6 h per day (09:00 to 15:00), daily for 28 consecutive days. During
the same time, control animals were kept in their home cages without food or
water. Behavioral tests were then performed starting from Day 29.

Administration of PK11195
The TSPO antagonist PK11195 (HY-19567, MCE) was administered
intraperitoneally (IP) daily for 28 consecutive days, beginning prior to
the onset of restraint stress. The dose of PK11195 (3 mg/kg) was chosen
based on a previous study [30]. PK11195 was diluted to a concentration of
1.7 mM, and based on a body weight of 20–22 g, each mouse received a
total volume of 100 μl.

Behavior Tests
Open Field Test (OFT). OFT was conducted as described previously [28].
Twenty-four hours after the last stress session, mouse behavior was
monitored for 10min using a digital camera. Images were captured with
the SMART 3.0 animal behavior recording and analysis system (Panlab,
Spain). The distances traveled and time spent in the central area
(12.5 × 12.5 cm) were calculated.

Sucrose Preference Test (SPT). SPT was conducted as previously reported
[28]. Briefly, 24 h after the last stress session, mice were acclimated to a 1%
sucrose solution (w/v) for 24 h, with two bottles of 1% sucrose solution in
each cage. On the second day, a bottle of 1% sucrose solution and a bottle
of water were provided. Following food and water deprivation, mice were
given both sucrose solution and water for 24 h. Consumption was
measured as: Sucrose Preference Ratio (%) = sucrose intake (g)/[sucrose
intake(g) + water (g)] × 100%.

Tail Suspension Test (TST). TST was conducted as previously described
[31]. The distal one-third of the mouse tail was taped and suspended from
a support, with the head positioned 15 cm above the surface. After 6 min,
immobility time was measured during the following 4min (minutes 3–6)
using the SMART 3.0 animal behavior system.

Forced Swimming Test (FST). FST was performed as described previously
[31]. Mice were placed in an 18 × 50 cm (diameter x height) container of
water for 6 min. Immobility time was measured for 4 min (minutes 3–6)
using the SMART 3.0 system.

Focal cerebral ischemia
Focal cerebral ischemia was induced as previously described [32, 33].
MCAO was performed with a 6–0 filament (Doccol Corporation, Sharon,
MA, USA). A silicone-coated monofilament was gently introduced 10mm
distal to the external carotid/internal carotid bifurcation. During pre- and
post-stroke surgery, we monitored cerebral blood flow using laser Doppler
flowmetry (Perimed Periflux System 5000), confirming a stable drop in
regional cerebral blood flow to approximately 12% of pre-occlusion
baseline [33]. After 45 min of MCAO, mice were re-anesthetized, and the
filament was gently withdrawn back into the common carotid artery to
allow reperfusion. Exposure of the right MCA without occlusion served as
sham surgery. The perioperative mortality associated with MCAO surgery
(due to intracranial hemorrhage or anesthesia intolerance) was
approximately 5%.
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Fig. 1 Mitochondrial Dysfunction upon Chronic Restraint Stress (CRS). A Timeline of the study. B CRS increased corticosterone level in the
serum (p < 0.001). C CRS induced a decrease in the total distance and time in the center in the open field test (OFT) (p < 0.01), the sucrose
intake ratio in the sucrose preference test (p < 0.001), increased immobility time in the tail suspension test (TST) (p < 0.01) and forced
swimming test (FST) (p < 0.001). D The expressions of IL-1β (p < 0.05) and TNF-ɑ (p < 0.01) in brain were significantly increased upon CRS. E CRS
decreased the activities of mitochondria respiratory complex I/II/III/IV (p < 0.001), ATPase (p < 0.05), citrate synthase (p < 0.001), and the
amount of ATP production (p < 0.001). F CRS induced reduction of TFAM (p < 0.05) and NRF1 (p < 0.001). Data are presented as mean ± SEM.
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Neurological deficits and infarct volume
Neurological deficits were evaluated 24 h after reperfusion using 5-point
and 12-point neurological scoring systems as previously described [34, 35].
Mice scoring ≤2 due to failed surgery were excluded (~5%). For 2, 3,
5-triphenyl tetrazolium chloride (TTC) staining, mice were sacrificed 48 h
after MCAO, and the brains were sliced into six 1 mm-thick coronal
sections. For each slice, the infarction volume was calculated by Image J
software, ensuring that reported infarct sizes reflect true tissue loss rather
than edema-related enlargement. The calculation formula is as follows:
Infarct volume (%) = [(total left hemisphere volume) - (non-infarcted

right hemisphere volume)]/ total left hemisphere volume × 100%.

Enzyme-linked immunosorbent assay (ELISA)
ELISA was performed as previously described [36]. ELISA kits were used to
measure Fas expression (ml063244, MLBIO), ROS (ml009876-1, MLBIO),
lactate dehydrogenase (LDH) release (ml002267, MLBIO), corticosterone
(CORT) (ml037564, MLBIO), interleukin-1 beta (IL-1β, ml098416, MLBIO),
tumor necrosis factor-ɑ (TNF-ɑ, ml002095, MLBIO), mitochondria complex I
activity (ml723552, MLBIO), mitochondria complex II activity (ml723412,
MLBIO), mitochondria complex III activity (ml728752, MLBIO), mitochondria
complex IV activity (ml723413, MLBIO), ATPase activity (ml720029, MLBIO),
citrate synthase activity (ml722662, MLBIO) and ATP production (YY571120,
MLBIO). Absorbance at 405 nm was recorded using a microplate reader
(Thermo, USA).

Terminal uridine nick-end labeling (TUNEL) assay
TUNEL staining was performed using the In Situ Cell Death Detection Kit,
Fluorescein (Roche), as previously described [37]. TUNEL-positive cells were
counted using the manual cell counting tool in Image J.

Bioinformatics analysis
Candidate genes related to ischemic stroke and mental stress were
identified using DisGeNet (https://www.disgenet.org/). Mitochondrial
genes in mice were retrieved from the MitoCarta3.0 database (https://
www.broadinstitute.org/mitocarta). Bioinformatic analyses were performed
using OECloud tools (https://cloud.oebiotech.com).

Western blotting
Western blotting was conducted as previously described [38]. Primary
antibodies included: anti-TSPO (1:1000, ab109497, Abcam), anti-ACBD3
(1:500, 14096-1-AP, Proteintech), anti-PKA (1:1000, PTM-7162, PTM Bio Inc),
anti-Calcium/Calmodulin-dependent Kinase (CaMK) (1:1000, PTM-6045,
PTM Bio Inc), anti-mitochondrial transcription factor A (TFAM) (1:1000,
ab307302, Abcam), anti-nuclear respiratory factor 1 (NRF1) (1:1000,
abs158926, Absin), and anti-β-actin (1:5000, A5060, Sigma-Aldrich). Protein
quantification was performed using Image J.

Real-time PCR
Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. One μg of RNA was reverse-
transcribed into cDNA. Quantitative PCR was then performed on an ABI
PRISM 7500 real-time system (Applied Biosystems). Transcript levels of
TSPO and β-actin were determined with the 2-ΔΔCT method [39, 40]. Primer
sequences are listed in Table 1.

Immunofluorescence
Immunofluorescence assays were used to assess TSPO-NeuN and PKA-
DAPI co-localization [41]. After behavioral testing, brain tissues were
collected, dehydrated, paraffin-embedded, and cut into 5μm sections.
Sections were incubated overnight at 4 °C with the following primary
antibodies: anti-TSPO antibodies (1:200, ab109497, Abcam), anti-PKA
(1:1000, PTM-7162), anti-NeuN antibodies (1:200, ab104224, Abcam).
TSPO+NeuN+cells were counted using Image J.

Co-immunoprecipitation (Co-IP)
Co-IP of ACBD3 and TSPO, VDAC phosphorylation and TSPO was
performed as previously described [37]. Brain tissue lysates were collected
using immunoprecipitation (IP) lysis buffer and centrifuged. Primary
antibodies were added and incubated at 4 °C overnight: anti–VDAC
(1:500, 66345-1-Ig, Proteintech), anti-ACBD3 (1:500, 14096-1-AP, Protein-
tech), anti–TSPO (66345-1-Ig, Proteintech), anti-pan phospho-serine/
threonine (1:500, AP0893, abclonal), and IgG antibody (1:1000, 2729, Cell
Signaling Technology). Protein G magnetic beads were added, and
magnetic separation was performed using a Magnetic Separation Rack
(7017, CST). Immunocomplexes were boiled and analyzed by Western blot.

SH-SY5Y Cell culture
The human SH-SY5Y neuroblastoma cell line (CRL-2266, ATCC) was
cultured in 25 cm² tissue culture flasks (T25) containing 12–15mL of
DMEM/F12 medium (Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific). Cells were maintained at
37 °C in a humidified incubator with 5% CO₂and used between passages 9
and 11, as previously described by our group [36].

Oxygen glucose deprivation/reoxygenation (OGD/R)
Oxygen glucose deprivation (OGD) was performed using a hypoxic
chamber flushed with 5% CO2 and 95% N2 and maintained at 37 °C [36].
Culture medium was replaced with deoxygenated, glucose-free DMEM
(Gibco) to initiate OGD for 2 h. Following OGD, cells were returned to
normoxic conditions, and the medium was replaced with standard
maintenance medium. Cells were incubated for either 6 h or 24 h prior
to harvest for downstream analyses as shown as Experiment III in Fig. 1A.

Lentiviral transfection of TSPO in SH-SY5Y cells
Lentiviral construct with TSPO, pLV-hef1a-mNeongreen-P2A-Puro-WPRE-
CMV-TSPO (Human, NM_001256530) (Beijing Syngentech Co., LTD), was
used for TSPO overexpression in SH-SY5Y cells (vector ID of pHS-AVC-
1244). The TSPO coding sequence [NM_001256530] was injected into the
construct with CMV promoter. Lentivirus containing TSPO or the
corresponding control vector (vector ID of pHS-B-0080) was transfected
into cells at a multiplicity of infection (MOI) of 4. Cells were incubated at
37 °C for 24, 48 and 72 h, with fresh medium changed at each time point
[42].

Mitochondria function
Assessment of mPTP opening. The opening of mitochondrial permeability
transition pores (mPTP) was detected using mPTP Assay Kit (Beyotime), as
previously reported [43]. Briefly, treated cells were washed with PBS and
incubated with calcein AM plus Co2+ quencher at 37 °C for 30min. The dye
was then replaced by culture medium, and the slides were cultured at
37 °C for 30min in the dark and observed by flow cytometer and
microplate reader at 494/517 nm (Ex/Em) absorbance.

Mitochondrial membrane potential (MMP) by JC-1 staining. MMP was
measured using a JC-1 Assay Kit (Invitrogen, T-3168), as previously
reported [44]. Cells were incubated with JC1 dye (5 μM) for 30min at 37 °C.
The dye accumulates in mitochondria in a potential-dependent manner,
resulting in a fluorescence shift from green (Ex 485 nm/Em 516 nm) to red
(Ex 579 nm/Em 599 nm). MMP was quantified using a microplate reader.

Intracellular calcium ion levels by Fluo-4 staining. Intracellular calcium
levels were measured using the Fluo-4 Calcium Assay Kit (Beyotime) as
previously described [45]. Cells were washed three times with PBS and
incubated with Fluo-4 AM solution (500 μL per well) for 30 min at 37 °C.
After incubation, cells were washed three additional times. Fluorescence
intensity was recorded using a flow cytometer (C6, BD, USA), and the
fluorescence ratio was analyzed at 488 nm excitation using a microplate
reader.

Table 1. Primer sequences of Real-time PCR.

Name Forward Primer Reverse Primer

TSPO mouse GCCTACTTTGTACGTGGCGAG CCTCCCAGCTCTTTCCAGAC

TSPO human CCTGCTCTACCCCTACCTGG GCCATACGCAGTAGTTGAGTG

β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
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Mitochondrial ROS assessment by mito-SOX staining. Mitochondrial ROS
levels were detected using the mito-SOX reagent (M36008, Thermo Fisher,
USA) as previously reported [45]. A 5 μM working solution of mito-SOX was
prepared, and 1.0 mL of the 5 μM mito-SOX reagent was applied as a cell-
loading solution. Cells were incubated for 10min at 37 °C in the dark.
Fluorescence was measured at 510/580 nm (Ex/Em) absorbance using a
microplate reader.

Water-soluble tetrazolium salt-1 (WST-1) Assay
WST-1 assay (Roche Diagnostic, Germany) was performed according to the
manufacturer’s instructions to evaluate cell viability, as previously
described [46]. Transparent 96-well plates with culture media (100 μl)
were prepared and 10 μl of WST-1 reagent was added. Plates were
incubated for 1 h in a standard incubator and shaken for 1 min prior to
absorbance measurement at 450 nm using a microplate reader. Each test
was performed in triplicate and independently repeated 6 times.

Statistical analysis
Sample size analysis was performed using G*Power software 3.1 (University
of Kiel, Germany). The data in each group were confirmed to follow a
normal distribution. After two-way ANOVA revealed a significant interac-
tion, post-hoc comparisons were performed with Tukey’s multiple-
comparisons test to isolate group differences. All post-hoc tests were
two-tailed and corrected for multiplicity; p < 0.05 was considered
significant. All data are expressed as mean ± standard error (SE). Statistical
analyses were run in GraphPad Prism 8.0 (San Diego, CA, USA).

RESULTS
Depressive-like behaviors after CRS
The effectiveness of CRS was confirmed by a comprehensive series
of stress-related hormones and behavioral tests, including the
open field test (OFT), sucrose preference test (SPT), tail suspension
test (TST), and forced swim test (FST). The corticosterone (CORT)
level in serum was increased to 296.1 ng/mL in the CRS group,
compared to 179.1 ng/mL in the control group (Fig. 1B, p < 0.001),
suggesting that CRS could activate the hypothalamic-pituitary-
adrenal (HPA) axis significantly. Representative running paths from
the OFT are shown in Fig. 1C. Notably, CRS-exposed animals
exhibited a significant reduction in total distance traveled and
time spent in the center of the arena during the OFT (p < 0.01). In
addition, the sucrose preference ratio in the SPT was significantly
decreased (p < 0.001), indicating a loss of interest in pleasurable
activities. Similarly, immobility time was markedly prolonged in
both TST (p < 0.01) and FST (p < 0.001). IL-1β and TNF-α are key
neuroinflammatory markers and pro-inflammatory cytokines [47].
To clarify whether CRS could induce neuroinflammation, we
examined the expression levels of IL-1β and TNF-α in brain tissues
through ELISA. The results showed that CRS significantly
upregulated the expression of IL-1β (p < 0.05) and TNF-ɑ
(Fig. 1D, p < 0.01) in the brain, indicating that CRS induces a
robust neuroinflammatory response.

Mitochondrial dysfunction after CRS
The activity of mitochondrial respiratory complexes I/II/III/IV,
mitochondrial ATPase, citrate synthase (CS) activity, and ATP
production were measured to determine mitochondrial function
following CRS. At 24 h post-CRS, the activities of mitochondrial
complex I/II/III/IV were significantly decreased in the entire brain
(p < 0.001). In addition, reductions were observed in ATPase
activity (p < 0.05), CS activity (p < 0.001), and total ATP production
(Fig. 1E, p < 0.001). Collectively, these findings suggest that
psychological stress impairs the activity of the mitochondrial
respiratory chain and reduces ATP production in the brain.

Suppressed mitochondrial biogenesis after CRS
In addition to mitochondrial respiratory chain complex activity
and ATP synthesis, mitochondrial biogenesis is essential for
maintaining both the quantity and quality of mitochondria [48].

Mitochondrial transcription factor A (TFAM) and nuclear respira-
tory factor 1 (NRF1), two critical biomarkers of mitochondrial
biogenesis [49, 50], were assessed in the CRS model. CRS
significantly reduced TFAM (p < 0.05) and NRF1 (Fig. 1F,
p < 0.001) expression. Collectively, these findings indicate that
CRS suppresses not only respiratory-chain complex activity and
ATP production but also mitochondrial biogenesis.

Aggravated stroke injuries by CRS
As we demonstrated in Experiment I, CRS impaired mitochondrial
respiratory chain activity and suppressed mitochondrial biogen-
esis. Given the established role of mitochondrial dysfunction in
influencing stroke outcomes [48], Experiment II was conducted to
further assess whether CRS aggravated ischemic injury and
whether TSPO inhibition ameliorated these effects. We established
a MCAO model in both the control and CRS group and measured
the infarct volume and neurological deficits at 24/48 h after
reperfusion. A sham group was set as a negative control to rule
out the effects of the surgical procedure. The results showed that
CRS resulted in a marked increase in infarct volume following
stroke with infarct volume increasing from 31.4% to 53.1%
(Fig. 2A, p < 0.001). Neurological deficits, evaluated using both
5-point and 12-point scoring systems, were significantly worsened
by CRS (p < 0.01). Moreover, a significant negative correlation
between the sucrose preference test (SPT) ratio pre-stroke and
MCAO induced infarct volume was observed (p= 0.0011),
suggesting that higher levels of stress are associated with larger
infarct volumes following ischemic stroke (Fig. 2B, p < 0.01). These
findings indicate that pre-stroke CRS exacerbated ischemic injury.

Apoptosis and production of ROS and LDH in stroke by CRS
CRS also enhanced MCAO-induced Fas expression, a key marker of
apoptosis (Fig. 2C, p < 0.001), and led to elevated levels of ROS
(p < 0.01) and LDH (p < 0.001) in the brain. Consistent with these
findings, TUNEL staining revealed that apoptotic cell death in the
MCAO-affected region was significantly increased in the CRS
group, as evidenced by a higher proportion of TUNEL-positive
cells (Fig. 2D, p < 0.001). These findings demonstrate that pre-
stroke CRS amplifies apoptosis, oxidative stress, and cellular
damage following ischemic insult.

Translocator protein (TSPO) expression in the brain
The hub molecules linking psychological stress and cerebrovas-
cular injury were identified through database prediction, followed
by Western blot and immunofluorescence. Analysis of the
DisGeNet database identified 330 genes associated with ischemic
stroke and 501 with depression, with an overlap of 158 genes.
Subsequently, cross-referencing these genes with the Mito-
Carta3.0 database for mice revealed three candidate genes:
Translocator protein (TSPO), B cell leukemia/lymphoma 2 (BCL2),
and DNA polymerase delta interacting protein 2 (POLDIP2).
Among these, BCL2 and POLDIP2 were primarily associated with
apoptotic cell death and DNA replication/repair, respectively.
These findings suggest that TSPO is a key molecular link
connecting psychological stress, ischemic stroke, and mitochon-
drial dysfunction (Fig. 3A).
Consistent with this, TSPO expression was significantly upregu-

lated in the whole brain following CRS, both at the mRNA
(p < 0.001) and protein levels (Fig. 3B, p < 0.01), compared with the
control group. Furthermore, immunofluorescence assays demon-
strated that the CRS-increased TSPO expression was co-localized
with NeuN, a neuronal marker (Fig. 3C). Specifically, the
percentage of TSPO and NeuN co-localization was 58% higher
under psychological stress (37% in the control group, p < 0.001).
Correlation analysis between the SPT ratio and TSPO expression
levels in the pre-stroke stress model was conducted. The results
showed a significant negative correlation (Fig. 3D, p < 0.01). This
indicates that stress-induced anhedonia was linked to increased
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TSPO expression. Collectively, this suggests that TSPO may serve
as a molecular mediator through which psychological stress
exacerbates stroke severity by promoting mitochondrial dysfunc-
tion in neurons.

ACBD3/PKA-VDAC phosphorylation CaMK signaling pathway
after CRS
TSPO has been reported to interact with A-kinase anchoring protein
acyl-CoA binding domain containing 3 (ACBD3), leading to the
activation of protein kinase A (PKA) and subsequent phosphorylation
of the voltage-dependent anion channel (VDAC). To further examine
this interaction, binding between TSPO and ACBD3 was predicted
using HDock (http://hdock.phys.hust.edu.cn/) and visualized with
PyMOL (version 2.X, Schrödinger, LLC), both widely used tools for
assessing ligand–macromolecule binding modes and affinities. From
the prediction results, the model with the highest docking and
confidence scores was selected, and its non-covalent interactions
were visualized (Fig. 3E).
Consistent with these predictions, co-immunoprecipitation

showed that TSPO–ACBD3 interaction was significantly enhanced
under CRS conditions (Fig. 3F, p < 0.001). Furthermore, the
expression of ACBD3 was also upregulated in response to CRS
(Fig. 3G, p < 0.001).
Since ACBD3 is known to induce VDAC phosphorylation via

PKA, we examined the downstream effects of this pathway.

Phosphorylated VDAC facilitates calcium transport across the
mitochondrial outer membrane, thereby activating CaMK
(p < 0.05) and suggesting elevated calcium levels. Following CRS,
both PKA protein expression and fluorescence-labeled neurons
were increased (Fig. 3H, p < 0.01), accompanied by VDAC
phosphorylation detected by immunofluorescence and co-
immunoprecipitation (p < 0.001). Collectively, these findings indi-
cate that TSPO activates the ACBD3/PKA–VDAC phosphorylation
pathway and upregulates CaMK under psychological stress,
resulting in TSPO-mediated mitochondrial dysfunction and
exacerbated stroke injury after CRS.

Mitochondrial dysfunction using TSPO antagonist (PK11195)
upon CRS
To delineate the key role of TSPO in brain injury under CRS,
pharmacological inhibition of TSPO was implemented via systemic
PK11195 administration during CRS in Experiment I. PK11195 has
been systematically validated in rodents [51], non-human
primates [52], and humans [53]. As expected,
PK11195 significantly reduced the CRS-induced upregulation of
TSPO expression (Fig. 4A, p < 0.05). To further elucidate the
mechanisms underlying the protective effects of TSPO inhibition,
we assessed the activities of mitochondrial complexes I-IV in
ischemic mice. PK11195 did not significantly affect mitochondrial
complex I, II, III, and IV activities in ischemic mice without CRS,
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while it reversed these reductions in MCAO mice following CRS
(Fig. 4B, p < 0.05). A similar restorative effect was observed on
mitochondrial activities, including ATPase activity (Fig. 4C,
p < 0.05), CS activity (p < 0.01), and total ATP production
(p < 0.01). These findings suggest that TSPO inhibition mitigates
CRS-induced impairments in mitochondrial respiratory chain and
ATP production in ischemic brain.

ACBD3/PKA-CaMK pathway by PK111195 upon CRS
We examined the effects of PK11195 on the ACBD3/PKA–CaMK
signaling pathway, previously identified as central to TSPO-
mediated stress-aggravated stroke injury. PK11195 markedly
reduced CRS-induced upregulation of ACBD3 (Fig. 4D, p < 0.05),
PKA (p < 0.001), and CaMK (p < 0.01). These results support the
role of the ACBD3/PKA–CaMK pathway in mediating the
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protective effects of TSPO inhibition against stress-aggravated
stroke. Collectively, our findings underscore the critical role of
TSPO in modulating psychological stress in the context of
cerebrovascular disease.

Stroke damage and neurological deficits upon PK11195
The above findings confirmed that TSPO inhibition can rescue
CRS-impaired mitochondrial function. To further assess whether
PK11195 mitigates stress-exacerbated stroke damage, we admi-
nistered it in both the MCAO group and the MCAO + CRS group
and evaluated brain injury and neurological deficits in Experiment
II. PK11195 treatment was associated with reduced infarct volume
at 48 h post-reperfusion (Fig. 5A, p < 0.01) and significantly
improved neurological outcomes on both the 5-point and 12-

point scales (p < 0.05). Notably, PK11195 did not confer neuro-
protection in ischemic rats without prior CRS exposure. Collec-
tively, these findings indicate that TSPO contributes specifically to
stress-enhanced ischemic injury, underscoring its relevance in
stress-aggravated cerebrovascular damage.

MCAO injuries after TSPO inhibition (PK111195)
Building on these findings, further investigation showed that
PK11195 did not reduce cell death in ischemic mice without CRS,
but significantly reduced CRS-aggravated apoptosis in the CRS +
MCAO group (Fig. 5B, p < 0.001), indicating that TSPO inhibition
alleviated CRS-induced apoptotic cell death. Furthermore,
PK11195 attenuated the CRS-aggravated upregulation of Fas
expression at 24 h post-reperfusion (Fig. 5C, p < 0.001). Similar
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protective effects were observed for ROS (p < 0.001) and LDH
(p < 0.001). These results suggest that TSPO inhibition selectively
mitigates psychological stress–exacerbated ischemic injury.

Mitochondrial dysfunction in SH-SY5Y OGD/R model
To further validate the neuronal mechanisms underlying these
findings, Experiment III was performed in SH-SY5Y cells to
determine whether TSPO overexpression directly caused mito-
chondrial dysfunction, while PK11195 reversed these changes.
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) is widely
employed as a positive control for mitochondrial dysfunction
because it rapidly dissipates mitochondrial membrane potential
by uncoupling oxidative phosphorylation, thereby inducing
mitochondrial damage [54]. Including CCCP in our experiments
allowed us to validate the sensitivity and specificity of our
mitochondrial function assays. As shown in Fig. 6, treatment with
CCCP increased mitochondrial membrane potential, determined
by JC1 staining (Fig. 6A, p < 0.001). Cell viability, assessed by
WST-1 assay, was significantly reduced at 6 and 24 h post-
reoxygenation after 2 h of OGD and CCCP treatment (p < 0.001).
We next evaluated the protective effects of Mito-TEMPO, a
mitochondria-targeted superoxide scavenger. Mito-TEMPO mark-
edly improved mitochondrial membrane potential, as shown by
the green/red fluorescence ratio in JC-1 staining (Fig. 6B, p < 0.01),
and significantly enhanced cell viability at both 6 and 24 h post-
reoxygenation (p < 0.001). These findings suggest that preserving
mitochondrial function can attenuate OGD/R-induced neuronal
injury.

Mitochondrial dysfunction after TSPO overexpression (pLV-
TSPO) in SH-SY5Y cells
To further elucidate the role of TSPO in neurons, we constructed
a TSPO overexpression vector (pLV-TSPO) and transfected it into
SH-SY5Y cells (Fig. 6C) to observe the effects of TSPO on
neuronal mitochondria. At 72 h post-transfection, TSPO expres-
sion was significantly upregulated at both mRNA (Fig. 6D,
p < 0.001) and protein levels (p < 0.01), confirming successful
overexpression of TSPO in the transfected cells. We then
examined several key indicators of mitochondrial function and
integrity. Overexpression of TSPO reduced mitochondrial perme-
ability transition pore (mPTP) opening (Fig. 6E, p < 0.001) while
increasing intracellular calcium levels detected by the Fluo-4
probe (p < 0.01), mitochondrial membrane potential (MMP)
measured via JC-1 staining (p < 0.01), and mitochondrial reactive
oxygen species (mito-ROS), assessed using mito-SOX dye
(p < 0.001). These results indicate that TSPO overexpression
causes mitochondrial dysfunction in SH-SY5Y cells. The observed
changes in mPTP opening, intracellular calcium levels, MMP, and
mito-ROS production highlight the complex and potentially
detrimental effects of elevated TSPO levels on mitochondrial
health.

Rescued mitochondrial function after PK11195 in SH-
SY5Y cells
Given the marked mitochondrial dysfunction observed in SH-SY5Y
cells overexpressing TSPO (pLV-TSPO), we investigated whether
pharmacological inhibition of TSPO could counteract these effects.
Accordingly, pLV-TSPO–transfected cells were treated with
PK11195 to assess mitochondrial function. In these cells,
PK11195 reversed reductions in mitochondrial permeability
transition pore (mPTP) opening (Fig. 6F, p < 0.001), intracellular
Ca²⁺ levels (p < 0.01), the green/red fluorescence ratio in JC-1
staining (p < 0.01), and mitochondrial ROS levels (p < 0.01). These
results indicate that TSPO inhibition effectively alleviates TSPO-
induced mitochondrial dysfunction. Taken together, these three
experimental approaches provide converging evidence that
stress-induced TSPO upregulation contributes to mitochondrial
dysfunction and exacerbates stroke injury.

DISCUSSION
In this study, we demonstrated a causal link between prior mental
stress and ischemic stroke outcomes, showing that CRS exacer-
bates stroke severity. CRS-exposed mice developed larger infarcts
and greater neurological deficits after ischemia/reperfusion.
Mechanistically, we identified mitochondrial dysfunction as a key
driver, with stress-induced mitochondrial impairment amplifying
cerebral injury post-reperfusion. TSPO emerged as a central
mitochondrial regulator mediating the effects of stress on stroke
pathology. Pharmacological inhibition of TSPO with PK11195
alleviated CRS-aggravated brain injury, restored ATP production,
and reduced apoptosis, oxidative stress, and LDH release, under-
scoring TSPO as a potential therapeutic target in stress-
exacerbated stroke. While numerous studies have confirmed the
role of TSPO in activated microglia [55, 56], our study is the first to
suggest that neuronal TSPO may act by inducing mitochondrial
damage. Collectively, these findings identify TSPO as a potential
therapeutic target for mitigating stress-exacerbated stroke and
suggest a novel strategy to improve the clinical management of
ischemic stroke in high-stress populations.

Mitochondrial dysfunction as a central link between stress
and stroke
Mitochondria play a central role in both stress adaptation and
ischemic injury. Psychological stress increases metabolic demands
and mitochondrial workload, while chronic stress depletes ATP
reserves and disrupts mitochondrial homeostasis, leading to long-
term cellular dysfunction [57, 58]. Prior studies have shown that
restraint stress reduces expression of mitochondrial energy-
related proteins in the prefrontal cortex [59]. In line with these
reports, we found that CRS markedly impaired mitochondrial
function, as evidenced by reduced activity of complexes I–IV,
ATPase, CS, overall ATP production, and mitochondrial biogenesis,
underscoring mitochondrial dysfunction as a major consequence
of chronic stress.
Mitochondria are key mediators of ischemia–reperfusion injury

[48, 60]. Neurons, the most sensitive brain cells to hypoxia, depend
heavily on mitochondrial ATP to sustain repair in the ischemic
penumbra; however, pre-existing mitochondrial dysfunction can
hinder energy restoration and lead to irreversible neuronal loss
[57, 58]. In this study, we used a mitochondrial dysfunction
inducer (CCCP) and a protector (Mito-TEMPO) and found that they
aggravated or alleviated OGD/R-induced neuronal damage,
respectively, consistent with previous studies [61–63]. These
findings reinforce that mitochondrial functionality is a key
determinant of ischemia–reperfusion injury and provide a basis
for further exploration of the underlying regulatory factors and
molecular pathways.
These findings emphasize the importance of mitochondrial

function in determining stroke severity and highlight mitochon-
dria as a potential therapeutic target in stress-exacerbated
cerebrovascular injury. Although the role of mitochondria in the
ischemic penumbra is well recognized, several critical questions
remain. In particular, the molecular mediators and signaling
pathways involved, as well as strategies to optimize mitochondrial
recovery and develop mitochondria-targeted therapies, are not
yet fully understood.

Aggravated stroke injury by TSPO as a mitochondrial
mediator of stress
To identify mitochondrial regulators of stress-exacerbated
ischemic injury, we used bioinformatics tools to analyze genes
associated with both mental stress and ischemic stroke. After
cross-referencing these genes with the mitochondrial genes
cataloged in the MitoCarta3.0 database for mice, three genes
were identified, including Translocator protein (TSPO), B cell
leukemia/lymphoma 2 (BCL2), and DNA polymerase delta inter-
acting protein 2 (POLDIP2). BCL2 is well-known for its role in
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regulating apoptosis, and its overexpression can protect cells from
death under various stress conditions, including stroke [59, 64].
POLDIP2 is involved in DNA replication and repair, which are
critical processes for maintaining cellular integrity [65]. These two

molecules are more predominantly associated with cellular
damage. TSPO was reported to be related to both stress-related
disorders and ischemia-reperfusion induced neuronal damage
[61, 66], so TSPO is considered as a potential mitochondrial
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mediator between psychological stress and ischemic stroke
outcomes.
PET imaging of TSPO has been proposed as a tool for measuring

psychiatric disorders, and TSPO imaging results have been
associated with major depressive disorder (MDD) [62]. Beyond
its role in imaging, TSPO has been reported to regulate
mitochondria function in glioblastoma [63] and hepatocellular
carcinoma [67]. Notably, TSPO levels in the plasma of acute
ischemic stroke patients correlate with stroke severity and
functional outcomes, indicating its potential as a prognostic
marker [68]. Given the extensive evidence implicating TSPO in
both mental stress and ischemic stroke, together with our
bioinformatics screening results, we hypothesized that TSPO
may be a critical mediator of stress-exacerbated brain injury.
Our findings confirmed this, as the TSPO inhibitor
PK11195 significantly reduced acute stroke injury, neurological
deficits, ischemia-induced LDH release, ROS generation, Fas
expression, and apoptotic cell death.
TSPO has been widely used as a diagnostic marker of

inflammatory diseases in activated microglia [55, 56], with
increased TSPO in microglia contributing to transient MCAO
damage [19]. In this study, we are the first to suggest that
neuronal TSPO may exert its effects by inducing mitochondrial
damage. TSPO overexpression exacerbated neuronal mitochon-
drial dysfunction, as indicated by elevated mitochondrial mem-
brane potential (MMP), increased intracellular calcium, enhanced
mitochondrial ROS production, and reduced mitochondrial
permeability transition pore (mPTP) opening—findings consistent
with reports that TSPO aggravates OGD/R-induced neuronal injury
in SH-SY5Y cells [61]. Our results not only highlight the therapeutic
potential of TSPO inhibitors in stress-related cerebrovascular
disease but also emphasize the importance of preserving
mitochondrial function to mitigate the detrimental effects of
stress on stroke outcomes.

ACBD3/PKA-VDAC pathway as downstream of TSPO in stroke
To investigate the mechanism underlying TSPO-mediated exacerba-
tion of stroke injury, we examined its interactions with mitochondrial
regulatory pathways. TSPO has been reported to interact with
A-kinase anchoring protein acyl-CoA–binding domain–containing 3
(ACBD3) [26]. ACBD3 is a multifunctional protein involved in cellular
signaling andmembrane organization, with roles in lipid metabolism,
transport, and maintenance of Golgi integrity [76]. It has also been
implicated in regulating protein kinase A (PKA) activation, and the
VDAC–PKA interaction is essential for preserving mitochondrial
function and bioenergetic homeostasis [69].
Protein kinase A (PKA) was reported to mediate phosphoryla-

tion of the voltage-dependent anion channel (VDAC) in SH-SY5Y
cell lines [26]. Phosphorylation of VDAC disrupts mitochondrial
permeability and calcium homeostasis, contributing to oxidative

stress and neuronal injury [70, 71]. Previous studies have
demonstrated that the VDAC1 phosphorylation alters its channel
function, elevating cytosolic Ca2+, activating NOX5 and disturbing
redox balance through CaMKII signaling in hypothalamic glial cells
[72]. The involvement of calcium ions in neuronal injury following
stroke has been well studied. Accumulated calcium levels can
induce mitochondrial death and affect neurological outcomes in
ischemic stroke [73], and induce mitochondrial dysfunction in
neurons, particularly in the context of ischemic stroke [74]. The
release of extracellular mitochondrial particles from astrocytes is
mediated by a calcium-dependent mechanism involving CD38
and cyclic ADP-ribose signaling, affecting neurological outcomes
[44]. Additionally, downregulation of TSPO has been reported to
reduce VDAC phosphorylation and oligomerization, thus improv-
ing mitochondrial function in HEK293 cells [75].
Consistent with these findings, our study demonstrated that

CRS enhanced the interaction between TSPO and ACBD3, leading
to increased PKA activation, elevated phosphorylation of VDAC,
and subsequent activation of calmodulin-dependent kinase
(CaMK), collectively exacerbating ischemic injury. Importantly,
treatment with the TSPO antagonist PK11195 mitigated these
effects, further confirming that TSPO promoted mitochondrial
dysfunction through the ACBD3/PKA-VDAC pathway in stress-
aggravated stroke pathology. In summary, our study identifies pre-
stroke TSPO upregulation as a novel and critical mediator linking
chronic psychological stress to exacerbated ischemic brain injury,
highlighting TSPO not only as a promising imaging biomarker for
stroke prognosis but also as a potential therapeutic target for
precision management of CRS-related ischemic stroke.

CONCLUSION
Given the increasing recognition of psychological stress as an
independent stroke risk factor, our findings carry meaningful
translational implications. This study provides compelling evi-
dence that chronic stress exacerbates ischemic stroke through
mitochondrial dysfunction, with TSPO acting as a central mediator
via the ACBD3/PKA-VDAC signaling pathway (Fig. 6G). Pharmaco-
logical inhibition of TSPO effectively attenuated CRS-induced
mitochondrial impairment and reduced stroke severity, support-
ing its potential as a therapeutic target for stress-exacerbated
cerebrovascular injury. Future research should aim to validate
TSPO-targeted therapies and evaluate their clinical potential,
particularly in young and middle-aged individuals, who may be
disproportionately affected by the cerebrovascular consequences
of chronic psychological stress.

Limitations
The main limitations of this study are: (i) the use of only male
rodents, which may not capture sex-specific responses; future

Fig. 6 Mitochondrial Dysfunction in SH-SY5Y Cells by TSPO Overexpression Vector (pLV-TSPO) and PK11195 and Schematic Diagram.
A CCCP induced mitochondrial membrane potential (MMP) disruption at doses of 25, 50, and 100 μM, and CCCP worsened OGD/R damage at
6 and 24 h after reoxygenation at doses of 25, 50, and 100 μM. B mito-TEMPO alleviated CCCP increased MMP at doses of 25 and 50 μM, with
the 25 μM dose yielding the highest viability, and mito-TEMPO decreased OGD/R induced neuron damage at 6 and 24 h after reoxygenation at
doses of 25 and 50 μM, with the 25 μM dose yielding the highest viability. C TSPO overexpression vector (pLV-TSPO) was constructed and
transfected effectively into SH-SY5Y cell lines. D TSPO overexpression vector increased the mRNA (p < 0.001) and protein expression (p < 0.01)
in SH-SY5Y cells. E TSPO decreased mPTP opening (p < 0.001), and increased intracellular Ca2+ by Fluo-4 staining (p < 0.01), the ratio of green
and red fluorescence in JC1 staining (p < 0.01) and mitochondrial ROS by mito-SOX staining (p < 0.001). F PK11195 increased mPTP opening
(p < 0.001), and decreased the intracellular Ca2+ (p < 0.01), the ratio of green and red fluorescence in JC1 staining (p < 0.01), and mito-ROS
(p < 0.01). Data are presented as mean ± SEM. G This schematic diagram illustrates the molecular cascade triggered by mental stress that
exacerbates ischemic stroke injury. Under mental stress conditions, expression of translocator protein (TSPO) is upregulated in the
mitochondrial membrane. Increased TSPO interacts with ACBD3, activating the protein kinase A (PKA) signaling pathway, which subsequently
phosphorylates the voltage-dependent anion channel (VDAC). This phosphorylation event disrupts mitochondrial function, leading to
neuronal calcium/calmodulin-dependent protein kinase (CaMK) activation, increased intracellular calcium, oxidative stress, and neuronal
injury. Collectively, this TSPO/ACBD3/PKA/VDAC1 phosphorylation/CaMK signaling pathway contributes significantly to mitochondrial
dysfunction and is a critical mechanism by which mental stress aggravates ischemic brain damage.
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studies will include females to assess potential dimorphisms, and
(ii) the absence of neuron-specific TSPO knockout models, which
limits mechanistic insight into cell-autonomous effects; develop-
ing such models will be an important next step.

Translational values and future directions
Our findings demonstrate the translational potential of TSPO as a
therapeutic target to mitigate stress-aggravated ischemic injury.
By identifying TSPO-mediated mitochondrial dysfunction as a
mechanistic link between chronic stress and worsened stroke
outcomes, this work opens avenues for both prognostic and
therapeutic applications. Clinically, TSPO could serve as an
imaging biomarker to predict stroke prognosis and as a drug
target for patients experiencing high stress or comorbid
psychological conditions.
Future directions include: (i) investigating whether chronic

stress also impairs long-term cognitive and functional recovery
after stroke, as clinical studies have shown correlations between
higher perceived stress, elevated cortisol, and poorer post-stroke
performance; (ii) evaluating the translational potential of TSPO
inhibitors such as PK11195 for reducing brain injury, with
attention to efficacy and safety in clinical settings; and (iii)
integrating TSPO-PET imaging with outcome prediction to enable
personalized treatment strategies.
Taken together, our study identifies pre-stroke TSPO upregula-

tion as a critical mediator linking chronic psychological stress to
exacerbated ischemic brain injury, underscoring TSPO not only as
a promising imaging biomarker for stroke prognosis but also as a
potential therapeutic target for precision management of CRS-
related ischemic stroke.
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