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Abstract
Background

Chronic cerebral hypoperfusion (CCH) is a major contributor to vascular cognitive impairment (VCI),
characterized by progressive neurovascular dysfunction, including neuroinflammatory activation and
blood-brain barrier (BBB) disruption. Although autophagy dysregulation has been implicated in BBB
damage, the upstream molecular mechanisms driving excessive autophagy activation during chronic
hypoperfusion remain poorly understood.

Methods/Results

Using a bilateral carotid artery stenosis (BCAS)-induced mouse model of CCH and an oxygen-glucose
deprivation/reoxygenation (OGD/R) endothelial cell model, this study investigated the role of poly (ADP-
ribose) polymerase-1 (PARP1) in CCH-associated neurovascular injury. PARP1 expression was
persistently increased following CCH, and pharmacological inhibition of PARP1 with Olaparib
significantly improved cognitive deficits and attenuated neuroinflammatory responses, white matter
injury, and BBB hyperpermeability. Mechanistically, this study demonstrated that excessive autophagy
initiation, rather than lysosomal dysfunction, was a key driver of tight junction protein degradation and
BBB disruption after CCH. Transcriptomic analysis identified FOXO signaling as a potential downstream
pathway regulated by PARP1 inhibition. Further investigations revealed that PARP1 promoted FOX03a
activation and transcriptionally upregulated its downstream target Depp1, thereby inducing excessive
autophagy initiation and BBB injury. In vitro, Depp1 overexpression abolished the inhibitory effect of
Olaparib on autophagy activation, confirming the essential role of Depp1 in the PARP1-FOX03a—-Depp1
signaling axis.

Conclusions

This study identifies a previously unrecognized PARP1-FOX03a—Depp1 signaling axis that drives
excessive autophagy initiation and mediates BBB disruption during CCH. These findings provide new
mechanistic insights into CCH-associated neurovascular injury and support the potential repurposing of
the FDA-approved PARP1 inhibitor Olaparib as a therapeutic strategy for VCI.

1. Introduction

Vascular cognitive impairment (VCI) encompasses a spectrum of cognitive deficits ranging from mild
cognitive impairment to vascular dementia (VaD) [1-3], involving the cumulative effects of
microvascular damage, including microinfarcts, microhemorrhages, lacunar infarcts, and white matter
lesions [4, 5]. These injuries are frequently associated with hypertension, diabetes, and atherosclerosis
[4-7]. Chronic cerebral hypoperfusion (CCH) is a critical driver of SVD initiation and progression [8, 9],
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and triggers a cascade of cellular and molecular mechanisms implicated in VCI pathogenesis, including
oxidative stress, microvascular injury, excitotoxicity, blood-brain barrier (BBB) dysfunction, and
secondary neuroinflammation [10]. For instance, CCH markedly upregulates the expression of matrix
metalloproteinases (MMPs) and pro-inflammatory cytokines [11-13]. At the cellular level, the structural
and functional integrity of the brain relies on the precise exchange of substances between the blood and
brain parenchyma across the BBB. The BBB is composed of continuous cerebral microvascular
endothelial cells interconnected by tight junction (TJ) proteins, an intact basement membrane, pericytes,
and astrocytic endfeet, and serves as a structural cornerstone for maintaining central nervous system
homeostasis. Recent reports suggest that BBB damage is not only one of the early pathological events
in CCH, but also continues to play a role in the later stages of disease progression, including white
matter lesions, neuronal degeneration and cognitive decline [10, 14]. Studies have shown that under CCH
conditions, the expression of TJ proteins is significantly reduced, and the extent of this disruption is
closely correlated with cognitive deterioration [15]. Nevertheless, the upstream molecular mechanisms
governing BBB structural and functional impairment following CCH remain elusive.

Emerging evidence has demonstrated that CCH induces a marked elevation in autophagy levels within
brain parenchymal cells [16]. Under oxygen—glucose deprivation conditions, the autophagic-lysosomal
pathway in endothelial cells can specifically degrade TJ proteins at the BBB, suggesting that excessive
autophagy activation exerts detrimental effects on BBB integrity [17]. Despite these findings linking
autophagy to BBB disruption, the upstream triggers of autophagy overactivation under CCH conditions
remain poorly understood.

Poly(ADP-ribose) polymerase-1 (PARP1), the most abundant and well-characterized member of the PARP
family, catalyzes the transfer of ADP-ribose moieties (PAR) from NAD* to acceptor proteins such as
histones and transcription factors, playing a pivotal role in DNA damage repair and cellular stress
responses [18]. PARP1 is tightly regulated by endogenous control mechanisms; its overactivation,
however, depletes NAD* and ATP, ultimately culminating in cell death [19]. In neurodegenerative diseases
such as Alzheimer's disease (AD) and Parkinson's disease (PD), PARP1 participates in disease
progression by modulating neuroinflammation, autophagy, and mitochondrial dysfunction, and targeting
PARP1 has been shown to confer potential therapeutic benefits [20—-22]. With respect to BBB function,
previous studies have demonstrated that PARP1 inhibition reduces BBB permeability in animal models of
systemic inflammation; in primary human brain microvascular endothelial cells (BMVECs), PARP1
inhibition enhances barrier integrity and upregulates TJ protein expression [23]; moreover,
pharmacological inhibition of PARP1 attenuates age-related BBB leakage [24]. Regarding the association
between PARP1 and autophagy regulation, recent evidence indicates that PARP1 activation upregulates
the expression of autophagy-related genes, thereby overactivating autophagy in a cardiac ischemia—
reperfusion injury model [25]. However, whether PARP1 participates in CCH-induced BBB injury through
modulation of autophagic activity remains unknown.

Currently, therapeutic strategies for CCH-related brain injury remain largely limited, with no effective
molecular-targeted approaches available, and preventing or reversing disease progression remains a
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major challenge. Therefore, using a CCH model induced by BCAS and an in vitro OGD/R endothelial cell
model, this study aimed to elucidate the regulatory role of PARP1 in CCH-associated BBB injury and the
molecular mechanisms by which PARP1 mediates autophagy activation, thereby providing a novel
theoretical basis for therapeutic intervention in CCH.

2. Materials and Methods
2.1 Animals

Adult male C57BL/6J mice (25-30 g, 9—12 weeks) were housed under a 12 h light/dark cycle at 24—
26°C with ad libitum access to food and water (SPF grade). Animals were randomly assigned to groups
using a random number table.

2.2 Establishment of the CCH Model

CCH was induced by BCAS. Mice were anesthetized with 1-1.5% isoflurane, and core body temperature
was maintained at 36.5 = 0.5°C throughout surgery. Microcoils (inner diameter 0.18 mm, SAMINI SPRING
CO, Ltd) were applied bilaterally to the common carotid arteries. Sham-operated mice underwent
identical surgical procedures without coil placement.

2.3 Drug Treatment

Mice were randomized into five groups: (1) Sham + Vehicle; (2) BCAS + Vehicle; (3) BCAS + Olaparib (5
mg/kg/2 d, HY-10162, MedChemExpress); (4) BCAS + CQ (20 mg/kg/d, HY-17589A, MedChemExpress);
(5) BCAS + Olaparib + Rapamycin (RAPA, 3 mg/kg/d, HY-10219, MedChemExpress). All mice were
sacrificed at 28 d post-surgery.

2.4 Laser Speckle Contrast Imaging (LSCI)

Cerebral blood flow (CBF) was assessed by LSCI under 1-1.5% isoflurane anesthesia. The scalp was
incised along the midline and the skull surface was cleaned with sterile saline. Raw speckle images were
acquired with a camera positioned 10 cm above the skull, covering bilateral parietal regions of interest
(ROIs). CBF was measured at baseline and at 3 d, 14 d, and 28 d post-surgery, and expressed as a
percentage change relative to baseline.

2.5 Behavioral Tests

Y-maze: Spontaneous alternation was assessed over 8 minutes using a Y-maze with three equal arms
(120° apart). Animal trajectories were tracked using Labmaze V3.0 software. Spontaneous alternation
(%) = alternations / (total entries - 2) x 100.

Novel Object Recognition (NOR): After 3 d of habituation, mice were exposed to two identical objects
(familiarization phase, 5 min), followed 1 hour later by replacement of one object with a novel object
(test phase, 5 min). Recognition index (RI, %) = novel object explorations / (novel + familiar object
explorations) x 100. The apparatus was cleaned with 75% ethanol between trials.
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2.6 Immunofluorescence

Mice were transcardially perfused with saline followed by ice-cold 4% paraformaldehyde (PFA). Brains
were post-fixed overnight at 4°C and cryoprotected in 10%, 20%, and 30% sucrose solutions. Frozen
sections (30 pm) were permeabilized with 0.3% Triton X-100 (30 min) and blocked with 5% BSA (60 min).
Sections were incubated overnight at 4°C with primary antibodies: anti-lba-1 (1:500, 019-19741,
FUJIFILM Wako), anti-IgG (1:200, 315005003, Jackson ImmunoResearch), or Lectin-488 (1:300, DC-1174,
Vector Laboratories). After PBS washes, sections were incubated with Alexa Fluor 488(1:500, A-11078,
Thermo Fisher) or 594-conjugated secondary antibodies (1:500, A-11012, Thermo Fisher) for 2 h at room
temperature. Sections were mounted with DAPI-containing anti-fade medium (S2110, Solarbio). Images
were acquired using an Olympus BX53 fluorescence microscope (= 9 fields per mouse). For quantitative
analysis, Iba-1-positive cells were counted as the number of cells, and IgG extravasation was expressed
as the percentage of positive area relative to the total image area, using ImageJ software.

2.7 Luxol Fast Blue (LFB) Staining

Frozen sections (30 um) were dried overnight at 60°C, stained in 0.1% LFB solution at 60°C for 2 h,
differentiated in 0.05% lithium carbonate, and dehydrated through graded ethanol and xylene. White
matter lesions were graded 0—3: 0 = normal; 1 = disarranged nerve fibers; 2 = prominent vacuolation; 3 =
loss of myelinated fibers.

2.8 Western Blotting (WB)

Brain tissues were homogenized in RIPA lysis buffer supplemented with PMSF and protease inhibitors
(100:1:1), sonicated on ice, and centrifuged at 12,000 rpm for 15 min at 4°C. Protein concentrations were
determined by BCA assay. Equal amounts of protein were separated by SDS-PAGE and transferred to
PVDF membrane (0.2 pm, ISEQ00010, Merck) Membranes were blocked with 5% skim milk for 1 h and
incubated overnight at 4°C with primary antibodies against PARP1 (1:2000, 66520-1-lg, Proteintech), B-
actin (1:10000, 66009-1-Ig, Proteintech), IL-1B (1:1000, 16806-1-AP, Proteintech), MMP9 (1:1000, 10375-
2-AP, Proteintech), Z0-1 (1:1000, 21773-1-AP, Proteintech), Occludin (1:1000, DF7504,Affinity), LC3B
(1:1000, T55992S,Abmart), P62 (1:1000, 18420-1-AP, Proteintech), DEPP (1:1000, 25833-1-AP,
Proteintech), or FOX03A (1:600, WL02891, Wanleibio). After washing, membranes were incubated with
HRP-conjugated secondary antibody (1:1500, A0208, Beyotime) for 1 h. Bands were visualized by
chemiluminescence and imaged using a ChemiDoc XRS+ system (Bio-Rad). Densitometry was
performed with ImageJ, normalized to B-actin.

2.9 Transcriptomic Analysis

Cortical tissues were rapidly frozen in liquid nitrogen and stored at - 80°C. RNA sequencing was
performed by GeneDenovo Biotechnology Co., Ltd. Total RNA was extracted using TRIzol, and paired-end
libraries were sequenced on a high-throughput platform. Differentially expressed genes (DEGs) were
identified using thresholds of fold change = 1.5 and P < 0.05, followed by GO and KEGG pathway
enrichment analyses.
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2.10 Cell Culture and OGD Model

Human brain microvascular ECs (hCMEC/D3; QuiCell-H129, Quicell) were cultured in ECM endothelial
cell medium (Sciencell, 1001) supplemented with 5% fetal bovine serum (FBS), 1% endothelial cell
growth supplement (ECGS), and 1% penicillin-streptomycin, and maintained at 37°C in a humidified
atmosphere of 5% CO,. An oxygen—glucose deprivation/reoxygenation (OGD/R) model was used to
mimic hypoxic injury in vitro. For OGD treatment, cells were incubated in glucose-free DMEM (Procell,
PM150270) and placed in a sealed modular incubator chamber with an AnaeroPack system (Mitsubishi
Gas Chemical Company) to establish hypoxic conditions for 4 h, 6 h, or 8 h. Subsequently, cells were
returned to complete medium and subjected to reoxygenation under normoxic conditions for 12 h or 24
h prior to further analyses.

2.11 Cell Drug Treatment and Transfection

Olaparib or equivalent DMSO was co-administered during OGD (4 h) and maintained during
reoxygenation (24 h). For overexpression experiments, the Depp1 plasmid (pCMV-EGFP- Depp1 (human)-
Neo; Miao Ling Biotechnology) or empty vector (pCMV-EGFP-3xLinker-MCS-Neo; Miao Ling
Biotechnology) was transfected using Lipofectamine 3000 (7.5 ug/ 6-well plate, L3000008, Thermo
Fisher) according to the manufacturer's protocol. Cells were cultured for 30 h post-transfection before
subsequent treatments.

2.12 Cell Viability Assay

Cell viability was assessed using a CCK-8 kit (AC11L054, Life-iLab Biotech). Cells were seeded in 96-well
plates, treated as indicated, and incubated with 10 pL CCK-8 solution per well at 37°C for 2 h.
Absorbance was measured at 450 nm.

2.13 Statistical Analysis

Data were analyzed using SPSS 25.0 and visualized with GraphPad Prism 10. Normality was assessed
by the Shapiro-Wilk test and homogeneity of variance by Levene's test. Normally distributed data with
equal variance are presented as mean * SD (bar graphs) and compared by two-tailed paired t-test (two
groups) or one-way ANOVA with Bonferroni post-hoc test (multiple groups). Non-normally distributed or
heteroscedastic data are presented as median with interquartile range (box plots) and compared by
Mann-Whitney U test or Kruskal-Wallis test, respectively. P < 0.05 was considered statistically significant.

3. Results

3.1 BCAS induces cerebral hypoperfusion and cognitive
decline in mice at 28 d post-surgery.

LSCI was employed to monitor CBF changes at 3 d, 14 d, and 28 d post-BCAS surgery. Compared with
the Sham group, the CCH group exhibited significant time-dependent alterations in CBF. Specifically, CBF
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decreased by approximately 31% at 3 d post-BCAS, recovered to about 77% of baseline at 14 d, and
reached approximately 80% of baseline by 28 d (Fig. 1A, 1B), a pattern likely attributable to
compensatory collateral circulation.

Neurological function was subsequently assessed using the Y-maze and NOR tests. In the Y-maze, the
total number of arm entries did not differ significantly among groups, indicating comparable locomotor
activity (Fig. 1C, 1D). However, the alternation rate was significantly reduced in the 14 d and 28 d post-
BCAS groups compared with the Sham group, suggesting spatial working memory impairment (Fig. 1C,
1E). In the NOR test (Fig. 1F), the discrimination index was significantly lower in the 28 d post-BCAS
group than in the Sham group (Fig. 1G, 1H), reflecting diminished exploratory interest in the novel object
and indicating recognition memory deficit.

Collectively, these data demonstrate that CCH impairs both spatial working memory and recognition
memory in mice. Notably, the progression of cognitive decline did not parallel the partial restoration of
CBF; instead, the deficits emerged and progressively worsened with prolonged hypoperfusion,
suggesting they may arise from cumulative organic injury during the chronic hypoperfusion phase.
Based on this temporal profile, 28 d post-BCAS was selected for subsequent experiments to investigate
therapeutic targets and molecular mechanisms underlying CCH-induced cognitive impairment.

3.2 Pharmacological inhibition of PARP1 by Olaparib
alleviates cognitive impairment in chronic CCH mice.

The molecular mechanisms underlying CCH-induced cognitive impairment remain unclear, and effective
therapeutic targets are urgently needed. PARP1, a central enzyme in DNA damage repair, can be
excessively activated under ischemic and hypoxic conditions[25], thereby triggering a series of
downstream pathological cascades. To elucidate the role of PARP1 in CCH, PARP1 protein levels in the
mouse cerebral cortex were first examined at various time points after BCAS surgery using WB (Fig. 2A,
2C). Compared with the Sham group, PARP1 expression showed no significant changes at 3d and 14 d
post-BCAS, but was markedly elevated by 28 d (Fig. 2B). This temporal pattern suggests that PARP1
overactivation is not an immediate stress response to acute ischemia, but rather a pathological event
that accumulates progressively during sustained hypoperfusion.

Olaparib was administered intraperitoneally immediately after BCAS surgery and every other day
thereafter, which significantly reduced PARP1 protein levels (Fig. 2D). Given that PARP1 deficiency has
been shown to alleviate neurobehavioral deficits in 5XFAD mice[26], whether pharmacological inhibition
of PARP1 with Olaparib could rescue cognitive dysfunction in the CCH model at 28 d post-BCAS was
further evaluated using the Y-maze and NOR tests. In the Y-maze, the total number of arm entries did not
differ significantly across groups, indicating comparable locomotor activity (Fig. 2E, 2F). However, the
alternation rate was significantly higher in the Olaparib group than in the vehicle group, suggesting
amelioration of spatial working memory deficits (Fig. 2E, 2G). In the NOR test (Fig. 2H), the
discrimination index was significantly increased in the Olaparib group compared with the vehicle group
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(Fig. 21, 2J), reflecting greater exploratory interest in the novel object and indicating alleviation of
recognition memory impairment.

Collectively, these findings demonstrate that Olaparib treatment effectively ameliorates both working
memory and recognition memory deficits induced by CCH in mice at 28 d post-BCAS.

3.3 Olaparib attenuates neuroinflammatory infiltration and
white matter demyelination after CCH.

The observed cognitive improvements suggest that Olaparib may exert its therapeutic effects by
alleviating pathological damage in brain tissue. Under CCH conditions, sustained microglial activation
serves as a central driver of neuroinflammation: activated microglia secrete matrix-degrading enzymes
such as MMPs[27], and persistent pathological stress further promotes their transition to a harmful
phenotype with increased release of pro-inflammatory cytokines[28]. In turn, elevated inflammatory
cytokines upregulate MMP expression, forming a positive feedback loop[29]. Notably, preclinical
evidence has strongly implicated IL-1B as a key driver of the inflammatory response in VaD[30, 31], which
upregulates MMP-9 expression; the synergistic action of IL-18 and MMP-9 perpetuates
neuroinflammation and contributes to myelin damage[32]. Given the established association between
PARP1 and neuroinflammation[33, 34], the effects of Olaparib on white matter integrity and inflammatory
responses following CCH were evaluated, using IL-18 and MMP-9 as inflammatory markers in
conjunction with assessment of microglial infiltration. IL-18 and MMP-9 protein levels in the cerebral
cortex were further examined at 28 d post-BCAS using WB. Compared with the Sham group, BCAS-
induced CCH mice exhibited significantly elevated cortical expression of IL-18 and MMP-9, which was
markedly reversed by Olaparib treatment (Fig. 3A-C).

To further investigate the cellular effects of PARP1 inhibition by Olaparib on neuroinflammation following
CCH, glial cell activation in the cerebral cortex was assessed using immunofluorescence staining.
Compared with the vehicle group, the number of activated microglia/macrophages (Iba-1*) was
significantly increased in the cerebral cortex of BCAS-induced CCH mice, whereas Olaparib treatment
significantly reversed this increase (Fig. 3D, 3E). Moreover, Olaparib treatment significantly attenuated
CCH-induced white matter demyelination (Fig. 3F, 3G).

Collectively, these findings demonstrate that Olaparib effectively alleviates CCH-induced
neuroinflammation and white matter injury, suggesting that PARP1 inhibition represents a promising
therapeutic strategy for CCH that warrants further investigation.

3.4 Olaparib alleviates BBB disruption after CCH.

Given the close association between PARP1 activation and BBB permeability[33, 34], together with our
observation of significantly elevated MMP-9 levels following CCH, a key enzyme responsible for
degrading TJ proteins, the effects of PARP1 inhibition by Olaparib on BBB integrity following CCH
became of interest. To further elucidate the effects of PARP1 inhibition by Olaparib on BBB integrity
following CCH, transcriptomic sequencing was performed to analyze the expression profiles of BBB TJ-
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related genes and cell adhesion molecules in the cerebral cortex of Sham, BCAS + Vehicle, and Olaparib
groups. Heatmap analysis revealed that, compared with the Sham group, the expression of TJ-related
genes, including Tjp1, Ocln, and Cldn5, was downregulated at 28 d post-CCH, whereas the expression of
the cell adhesion molecules CD44 and ICAM1 was upregulated; these changes were partially reversed by
Olaparib treatment (Fig. 4A, 4B).

To validate the transcriptomic findings, we next examined the protein levels of Zo-1 and Occludin in the
cerebral cortex of mice at 28 d post-BCAS using WB. Compared with the Sham group, Zo-1 and Occludin
protein levels were significantly reduced following CCH, whereas Olaparib treatment partially reversed
this reduction (Fig. 4C—E), a finding highly consistent with the transcriptomic data and further supporting
the reliability of the RNA-seq results.

To further verify the functional impact of Olaparib on BBB permeability, IgG extravasation in the cerebral
cortex was assessed by immunofluorescence staining. Compared with the Sham group, I1gG leakage was
markedly increased at 28 d post-CCH, whereas Olaparib treatment partially attenuated this increase

(Fig. 4F-G).

Collectively, these findings demonstrate that Olaparib effectively alleviates CCH-induced BBB disruption
in mice at 28 d post-BCAS.

3.5 Global transcriptomic changes following PARP1
inhibition by Olaparib.

To systematically elucidate the potential molecular mechanisms underlying the multifaceted protective
effects of the PARP1 inhibitor Olaparib, enhance the translational relevance of these findings, and
identify novel regulatory targets for CCH therapy, RNA sequencing was performed on cerebral cortex
samples from the Sham, vehicle, and Olaparib groups. Differential expression analysis revealed that 275
genes were significantly differentially expressed (= 1.5-fold) between the BCAS 28 d group and the Sham
group, and 188 genes between the Olaparib group and the BCAS 28 d group, with 88 genes overlapping
between the two comparisons (Fig. 5A). Principal component analysis (PCA) based on these
differentially expressed genes (DEGs) showed that PC1 and PC2 accounted for 77.4% and 9.66% of the
total variance, respectively (Fig. 5B). The Sham group was clearly separated from the bcas28d group,
indicating that BCAS surgery induced widespread transcriptomic remodeling; notably, the bcas28d_ola
group shifted partially toward the Sham group relative to the bcas28d group, suggesting that Olaparib
treatment partially reversed BCAS-induced transcriptional alterations.

GO and KEGG enrichment analyses of the 88 DEGs revealed significant enrichment in biological process
categories including "metabolic processes,' "response to stress," "immune system processes,’
"developmental processes," and "regulation of biological processes" (Fig. 5C), indicating that the BCAS
model and Olaparib intervention primarily affected biological processes related to inflammatory
responses, metabolic adaptation, cellular stress, and neuroplasticity. These transcriptomic findings
provide molecular corroboration for the phenotypic results described above, including elevated
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inflammatory markers (IL-1B8, MMP-9, Iba-1) and white matter injury. Moreover, KEGG pathway analysis
revealed enrichment in the p53 signaling, MAPK signaling, FOXO signaling, and HIF-1 signaling pathways,
as well as inflammation-mediated regulation of TRP channels, apoptosis, neuroactive ligand—receptor
interactions, and the complement and coagulation cascades (Fig. 5D), suggesting that the BCAS model
induces inflammation, apoptosis, hypoxic stress, and neurovascular dysfunction, whereas Olaparib may
exert its protective effects through modulation of these pathways.

Among these, the significant enrichment of the FOXO signaling pathway attracted our particular
attention. Previous studies have shown that the FOXO transcription factor family, especially FOX03a,
serves as a key upstream regulator of autophagy initiation, and emerging evidence suggests that
excessive autophagy activation can compromise BBB integrity[35—37]. This enrichment result raises the
possibility that Olaparib's protective effect on the BBB may be partially mediated through FOX03a-
regulated autophagy. Accordingly, attention was next focused on the dynamic changes in autophagy
following CCH and its specific contribution to BBB damage.

3.6 PARP1 inhibition by Olaparib alleviates BBB injury by
attenuating excessive autophagy initiation after CCH.

The dynamics of autophagy following CCH, the effect of Olaparib intervention on autophagic activity, and
the role of autophagy in BBB TJ protein regulation were next evaluated. To characterize the changes in
autophagy at different time points after CCH, the protein levels of the autophagic markers LC3-1l and
p62/SQSTM1 in the cerebral cortex at 3 d, 14 d, and 28 d post-BCAS was examined using WB. LC3 is a
critical molecule in the autophagy pathway: during autophagy initiation and autophagosome formation,
cytosolic LC3-l undergoes lipidation to generate the membrane-bound form LC3-Il, which is incorporated
into the expanding autophagosomal membrane. Thus, LC3-Il levels are positively correlated with
autophagosome abundance and serve as a reliable indicator of autophagosome formation[38, 39].
p62/SQSTM1 binds to LC3 on the autophagosomal membrane and is subsequently degraded via the
autophagosome-lysosomal pathway[40, 41]. Our results showed that, compared with the Sham group,
LC3-II protein levels remained unchanged at 3 d post-BCAS (Fig. 6A, 6B), whereas p62 levels were
significantly reduced (Fig. 6A, 6C), suggesting that autophagic flux was normal or compensatorily
enhanced at this stage—autophagic substrates were effectively cleared and lysosomal function
remained intact, consistent with adaptive protective autophagy during the early phase of acute ischemia.
By 14 d, LC3-Il levels remained unaltered (Fig. 6A, 6B), whereas p62 levels had slightly rebounded

(Fig. 6A, 6C), indicating that autophagic clearance capacity was beginning to decline. By 28 d, both LC3-II
and p62 levels were markedly elevated in parallel (Fig. 6A-C), suggesting that autophagosome
formation had far exceeded lysosomal processing capacity, resulting in profound disruption of
autophagic flux and massive accumulation of autophagic substrates.

Given the accumulation of autophagic substrates at 28 d post-BCAS, the underlying mechanisms and the
effect of PARP1 inhibition by Olaparib on this process were further investigated. Previous studies have
shown that PARP1 can activate autophagy. Accordingly, Olaparib, the autophagy inhibitor chloroquine
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(CQ), or Olaparib in combination with the autophagy activator rapamycin (RAPA) were administered via
intraperitoneal injection, and LC3-ll and p62 protein levels in the cerebral cortex were assessed at 28 d
post-BCAS using WB.

Compared with the BCAS + Vehicle group, the BCAS + CQ group exhibited significantly increased p62
accumulation, with a slight but non-significant elevation in LC3-II levels (Fig. 6D, 6E). Given that CQ
blocks autophagosome-lysosome fusion rather than autophagy initiation, the further accumulation of
p62 upon CQ treatment indicates that autophagic substrates were already being generated at an
accelerated rate prior to lysosomal blockade, providing indirect evidence that autophagy initiation is
enhanced following CCH. Compared with the BCAS + Vehicle group, both LC3-ll and p62 levels were
significantly reduced following Olaparib treatment (Fig. 6D, 6F), indicating that Olaparib alleviates
autophagosome accumulation after CCH. Moreover, co-administration of RAPA attenuated the effect of
Olaparib in reducing autophagosome accumulation compared with Olaparib monotherapy, further
supporting that autophagy initiation is enhanced at 28 d post-CCH and that Olaparib counteracts this
process, thereby mitigating autophagic dysregulation.

To further explore the impact of autophagy on BBB TJ proteins, Zo-1 and Occludin protein levels in the
cerebral cortex of each group was examined using WB. Compared with the Olaparib group, the BCAS +
Olaparib + RAPA group exhibited significantly reduced Zo-1 and Occludin levels, which were comparable
to those observed in the BCAS + Vehicle group (Fig. 6G-1), indicating that the autophagy activator RAPA
reversed the protective effect of Olaparib on BBB TJ proteins. Conversely, compared with the BCAS +
Vehicle group, Zo-1 and Occludin levels were significantly elevated in the BCAS + CQ group (Fig. 6G-I),
suggesting that pharmacological blockade of autophagosome-lysosome fusion with CQ similarly
attenuated the loss of Zo-1 and Occludin following CCH.

Collectively, these data demonstrate that autophagy is enhanced at 28 d post-CCH, and that Olaparib
inhibits this excessive autophagic response, alleviates autophagic dysregulation, and thereby exerts a
protective effect on BBB TJ proteins.

3.7 PARP1 inhibition by Olaparib suppresses the
FOXO03a/Depp1 axis after CCH.

To explore the potential mechanisms by which PARP1 regulates autophagy in BCAS-induced CCH, a total
of 88 genes were identified as significantly differentially expressed in both BCAS 28 d versus Sham and
Olaparib versus BCAS 28 d comparisons. Among these, six autophagy-related genes were selected for
further analysis. Notably, Depp1, a key regulator of autophagy, was significantly upregulated at 28 d post-
BCAS, whereas its expression was markedly reduced following Olaparib treatment. Among the six target
genes ranked by the magnitude of transcriptional changes, Depp1 was the most significantly
upregulated gene in the BCAS 28 d group and ranked second in terms of downregulation following
Olaparib treatment (Fig. 7A-D).
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In addition, transcriptomic analysis revealed that the FoxO signaling pathway was significantly altered
following Olaparib treatment in CCH (Fig. 5D). Given that Depp1 has been identified as a downstream
target gene of FOX03a, we selected Depp1 for in-depth investigation. FOX0O3a and Depp1 protein levels
in the cerebral cortex of mice at 28 d post-BCAS were next examined using WB. Compared with the
Sham group, both FOX0O3a and Depp1 expression were significantly elevated at 28 d post-BCAS, whereas
Olaparib treatment reversed these changes (Fig. 7E-G).

3.8 Dynamic changes in PARP1, the FOXO3a-Depp1 axis, and autophagy levels in OGD/R-treated
endothelial cells at different time points.

Open-access single-cell sequencing data from the Betsholtz
laboratory(http://betsholtzlab.org/VascularSingleCells/Database.html) was first obtained to verify
PARP1 expression in cerebral vascular cells[42, 43]. The results showed that PARP1 is widely expressed
in various vascular cell types, including smooth muscle cells, endothelial cells, pericytes, microglia, and
fibroblasts (Fig. 8A). Given that the structural basis of the BBB is BMVECs, and that in vivo experiments
are confounded by multiple systemic factors that complicate precise dissection of the direct effects of
the PARP1-FOX03a-Depp1 axis in vascular endothelial cells, bEnd.3 cells was utilized as an in vitro
endothelial cell model and first determined the optimal parameters for OGD. bEnd.3 cells were subjected
to hypoxia for 4, 6, or 8 h, followed by reoxygenation for 12 or 24 h, and PARP1 protein levels under
different OGD/R conditions were assessed via WB. The results showed that, compared with the control
group, PARP1 expression in bEnd.3 cells was significantly elevated after 4, 6, and 8 h of hypoxia followed
by 24 h of reoxygenation (Fig. 8B, 8C). To further investigate changes in autophagy levels under different
OGD/R conditions, The protein levels of Depp1 and the autophagic markers LC3-ll and p62/SQSTM1
were examined using WB. Compared with the control group, Depp1, LC3-ll, and p62/SQSTM1 protein
levels in bEnd.3 cells were significantly elevated after 4, 6, and 8 h of hypoxia followed by 24 h of
reoxygenation (Fig. 8D-G). Notably, the expression trend of Depp1 was highly consistent with those of
PARP1 and the autophagic markers LC3-Il and p62/SQSTM1. In conjunction with the transcriptomic data
(Fig. 5), the elevation of Depp1 was hypothesized may represent a key intermediate step in PARP1-
mediated autophagy regulation under hypoxic conditions. Given that 4 h of hypoxia was sufficient to
stably induce activation of this pathological autophagic pathway, and to avoid non-specific cellular
damage that might be introduced by prolonged hypoxia, 4 h of oxygen—glucose deprivation (OGD)
followed by 24 h of reoxygenation was selected as the standard condition for subsequent experiments.

3.9 PARP1 regulates autophagy via the FOXO3a-Depp1
axis.

To determine the safe dosage of Olaparib in bEnd.3 cells, OGD/R-treated bEnd.3 cells was exposed to
various concentrations of exogenous Olaparib and monitored cell viability using the CCK-8 assay. The
results showed that Olaparib did not significantly affect bEnd.3 cell viability within a concentration range
of up to 50 uM (Fig. 9A). To further determine the optimal concentration, PARP1 protein levels following
treatment with different concentrations of Olaparib was assessed using WB. Compared with the control
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group, PARP1 expression was significantly reduced in OGD/R-treated bEnd.3 cells following exposure to
100 nM, 1 uM, and 10 uM Olaparib (Fig. 9B, 9C). Moreover, FOX03a, Depp1, and p62 levels were also
significantly downregulated after Olaparib treatment (Fig. 9B, 9D-F), further suggesting that exogenous
Olaparib may modulate the FOXO3a-Depp1-autophagy axis through regulation of PARP1 expression.
Considering both cell viability and pathway inhibition, and based on the principle of minimal effective
concentration, 100 nM was selected as the Olaparib concentration for subsequent experiments.

To validate the role of Depp1 in PARP1-regulated autophagy, the experimental design is depicted in

Fig. 9G: Depp1 was overexpressed in bEnd.3 cells prior to OGD establishment, and cells were then
subjected to OGD 4 h/reoxygenation 24 h in the presence of 100 nM Olaparib. The efficacy of plasmid-
mediated Depp1 overexpression was verified by WB, which showed that Depp1 protein levels were
significantly elevated in the Olaparib + OE-Depp1 group (Fig. 9H, 9J), confirming the effectiveness of the
overexpression system. Autophagic activity was next assessed in this context. Compared with the
OGD/R group, Olaparib treatment attenuated OGD/R-induced enhancement of autophagy initiation
(Fig. 91, 9K, 9L). Notably, compared with the Olaparib-treated group, both LC3-Il and p62 levels were
significantly increased in the Olaparib + OE-Depp1 group, with no significant differences compared with
the OGD/R group, indicating that the inhibitory effect of Olaparib on autophagy was reversed by Depp1
overexpression (Fig. 91, 9K, 9L).

Collectively, these findings demonstrate that PARP1 mediates dynamic changes in autophagy through
regulation of the FOXO3a—-Depp1 axis.

4. Discussion

BBB regulates the exchange of substances between the central nervous system (CNS) and the periphery
[44], and protects the CNS from harmful substances [45], playing a pivotal role in maintaining healthy
brain function. Previous studies have demonstrated that, following CCH, BBB leakage occurs earlier than
other pathological events, including oligodendrocyte precursor cell (OPC) activation, loss of mature
oligodendrocytes, astrocyte activation, and microglial activation [46]. However, the upstream molecular
regulatory mechanisms driving early BBB leakage following CCH have not been systematically
elucidated. Using a CCH model and an in vitro OGD/R endothelial cell model, the present study has, for
the first time, revealed a previously uncharacterized mechanism whereby PARP1 drives BBB damage
through the excessive activation of pathological autophagy following CCH. Inhibiting autophagy-
mediated degradation of the TJ proteins ZO-1 and Occludin preserved the structural and functional
integrity of the BBB, alleviated neuroinflammatory responses, and improved white matter damage and
cognitive function. This excessive autophagic activation was closely associated with the FOX0O3a-
Depp1 signaling axis. Crucially, Depp1 overexpression significantly attenuated the inhibitory effect of
Olaparib on excessive autophagy initiation following OGD/R, providing strong functional evidence for the
role of Depp1 in mediating these protective effects. Given that Olaparib has already secured FDA
approval for cancer therapy [47, 48], our findings not only reveal a previously unidentified regulatory
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mechanism of BBB injury under CCH, but also provide a strong rationale for its immediate translational
evaluation in VCI.

Post-BCAS cerebral blood flow had compensatorily recovered to approximately 77-80% of baseline by
14 d and 28 d via collateral circulation; however, cognitive impairment did not diminish with CBF
restoration but instead progressively worsened with prolonged hypoperfusion, culminating in a
comprehensive deficit pattern by 28 d. Notably, neither PARP1 expression nor autophagic flux markers
(LC3-lI, p62) showed significant changes at 14 d; however, by 28 d, concurrent PARP1 overactivation and
disrupted autophagy initiation emerged, coinciding precisely with the onset of comprehensive cognitive
impairment. This temporal alignment suggests that the PARP1-autophagy axis may specifically drive
this critical pathological inflection point in CCH-induced cognitive deterioration. Accordingly, subsequent
experiments focused on the 28 d post-CCH time window to systematically investigate the regulatory
mechanisms of the PARP1—-autophagy axis in BBB damage.

PARP1 is the most abundant member of the PARP family and is primarily localized in the nucleus and
mitochondria, where it serves as the first line of cellular defense against DNA damage by initiating repair
responses. Its roles in [49, 50], apoptosis [51, 52], inflammatory signaling [33, 34], and gene transcription
[53, 54] have been extensively characterized. Notably, PARP1 exerts dose-dependent, context-dependent
effects on cell fate: under physiological or mild stress conditions, controlled PARP1 activation promotes
DNA repair and confers cytoprotection; under severe pathological conditions, however, excessive PARP1
activation drives neurodegeneration through multiple converging mechanisms, including dysregulation
of the autophagy—-lysosomal pathway, induction of neuroinflammation, mitochondrial dysfunction, and
disruption of BBB integrity [55]. In animal models of stroke, traumatic brain injury, meningitis, and
multiple sclerosis, PARP inhibitors have been shown to reduce cerebral edema, preserve endothelial TJ
proteins and Occludin expression, suppress ICAM-1 upregulation [22, 56, 57], and attenuate leukocyte
infiltration and neuroinflammation [56, 58]. Nevertheless, how PARP1 contributes to pathological BBB
disruption under CCH has not been systematically investigated. The present study demonstrates for the
first time in a CCH model that cortical PARP1 protein levels were not significantly elevated at 3d or 14 d
post-BCAS, but were markedly upregulated by 28 d. This spatiotemporal pattern indicates that sustained
PARP1 overactivation is not an immediate stress response to acute ischemia but rather a delayed
pathological event accumulating under prolonged chronic hypoperfusion. The absence of significant
changes at earlier time points may reflect acute-phase cellular compensatory mechanisms: PARP1 can
limit its own excessive accumulation through rapid PAR polymer turnover to prevent apoptosis, and
proteasomal degradation mediated by E3 ubiquitin ligases such as RNF146 may further restrain PARP1
protein levels during the acute phase [20]. However, cumulative DNA damage accruing by 28 d may
ultimately overwhelm these compensatory mechanisms, leading to marked PARP1 upregulation.
Strikingly, this time point coincides with the emergence of BBB leakage and cognitive impairment, a
spatiotemporal parallel that strongly implicates chronic PARP1 overactivation as a core upstream driver
of BBB disruption during the progressive phase of CCH. At both the transcriptomic and protein levels,
Z0-1 and Occluding were significantly downregulated at 28 d post-CCH, and Olaparib treatment partially

Page 15/42



reversed these changes. Functional IgG extravasation assays further confirmed that Olaparib attenuated
BBB permeability, providing convergent structural and functional evidence.

Disruption and redistribution of TJ proteins leads to subtle BBB hyperpermeability, allowing fluid and
molecules to extravasate from the bloodstream into the CNS, weakened BBB is further susceptible to
MMP-9-mediated TJ degradation, which perpetuates structural damage and ultimately permits large-
molecule leakage [59, 60]. In the present study, Olaparib reduced microglial activation and suppressed
the expression of MMP-9 and IL-1 following CCH, and attenuated CCH-induced white matter injury,
these findings are consistent with those reported in models of metachromatic [61]. Transcriptomic
analysis further revealed upregulation of the adhesion molecules CD44 and ICAM1 following CCH,
indicating that BBB inflammatory remodeling also contributes to post-CCH pathology. This is consistent
with prior reports that PARP1 inhibition in systemic inflammatory models downregulates adhesion
molecule expression and thereby suppresses immune cell-endothelial interactions [23]. In addition,
Olaparib treatment improved neurological function, further extending the breadth of its protective
effects.

Autophagy is an essential intracellular degradation system that plays critical roles under both
physiological and pathological conditions [62]. Under physiological or metabolic stress conditions, such
as starvation or hypoxia, autophagy clears damaged macromolecules and organelles to sustain cellular
homeostasis. However, when cells are subjected to sustained, severe pathological stress, this tightly
regulated process becomes dysregulated, and excessive autophagy leads to the over-digestion of
essential cellular components and autophagic cell death [62, 63]. The regulation of autophagy in CCH
has attracted increasing attention. CCH upregulates autophagy-related proteins, increasing
autophagosome formation; elevated levels of Beclin-1, LC3B, and p62 have been observed in the cortex
and hippocampus during CCH, correlating with neuronal injury, white matter damage, and amyloid-
deposition, collectively suggesting a close link between autophagy and the major pathological features
of CCH [64]. Moderate inhibition of autophagy has been shown to confer significant neuroprotection in
chronic cerebral ischemia [16, 64]. For example, the FAAH inhibitor URB597 attenuated cognitive
impairment by suppressing autophagy via the mTOR signaling pathway [65], inhibited excessive
mitophagy [66], and blocked NLRP3 inflammasome activation [67], thereby promoting neuronal survival
in CCH models. Similarly, nimodipine reduced excessive autophagy and provided neuroprotection by
inhibiting AMPK phosphorylation [68]. Conversely, resveratrol activated autophagy via the AKT/mTOR
pathway to improve cognitive function in CCH rats [69], and environmental enrichment protected
synaptic integrity and improved cognitive outcomes through autophagy pathway activation [70],
indicating that controlled autophagy induction can also be neuroprotective. These findings collectively
establish a "double-edged sword" role for autophagy in CCH, with divergent outcomes likely dependent
on the degree of activation, temporal context, and cell type involved.

Although the beneficial and detrimental roles of autophagy in neuronal injury, inflammatory responses,
and cognitive dysfunction have been reported in both in vivo CCH models and in vitro OGD/R systems, its
specific contribution to chronic hypoperfusion-mediated BBB endothelial barrier disruption remained
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unclear. Most prior studies of BBB disruption focused on MMP-mediated TJ degradation; however,
autophagy has recently emerged as an additional regulatory mechanism. Silencing of histone
deacetylase 9 (HDAC9) in the ischemic hemisphere has been reported to activate autophagy and protect
against increased BBB permeability [71], and miRNA-mediated promotion of autophagy has been shown
to protect BMVECs subjected to OGD/R injury [17], suggesting that moderate autophagy confers BBB
protection. In contrast, OGD-induced autophagy and autophagosome-lysosome activation in brain
endothelial cells have been shown to degrade claudin-5 and Occludin [35, 36], and enhanced autophagy
during cerebral ischemia in diabetic mice has been identified as a contributor to excessive BBB
disruption that can be ameliorated by autophagy inhibition [37], indicating that, under specific conditions,
autophagy plays a detrimental role in BBB integrity. Previous studies have demonstrated that PARP1
activation upregulates the expression of autophagy-related genes [25]. However, given the dual roles of
autophagy and the fact that research on its involvement in BBB dysfunction is still in its infancy, how
PARP1 modulates autophagy to influence BBB integrity in the CCH model remains elusive.

In the present study, dynamic profiling of autophagy markers at multiple post-CCH time points revealed
that p62 was significantly reduced at 3 d with no change in LC3-ll, suggesting that autophagic flux was
normal or compensatorily enhanced at this early stage, consistent with adaptive protective autophagy
during acute ischemia. By 28 d, however, LC3-ll and p62 were both significantly elevated in parallel,
indicating profound disruption of autophagic flux and a transition from early compensatory protection to
pathological excessive initiation. This time-dependent dynamic shift provides direct evidence supporting
the selection of the chronic phase (28 d) as the therapeutic intervention window. Further mechanistic
dissection using CQ demonstrated that lysosomal blockade further aggravated p62 accumulation rather
than alleviating it, indirectly suggesting that excessive autophagosome generation rather than lysosomal
dysfunction, is the primary driver of autophagic flux dysregulation. Co-administration of RAPA reversed
the protective effect of Olaparib on BBB TJ proteins, functionally establishing a causal relationship
between enhanced autophagy initiation and BBB TJ protein degradation, rather than mere correlation.
These findings precisely delineate the "initiation phase" of autophagy as the critical intervention window
for BBB protection following CCH, and provide target-specific translational evidence for precision
modulation of autophagic rate in the clinical setting. Integrating this temporal framework, we propose
that chronic, delayed PARP1 activation at 28 d disrupts the autophagic homeostasis established at 3 d,
converting the early protective autophagy into a pathologically excessive initiation in the late phase,
ultimately driving TJ protein degradation.

Guided by RNA-seq results highlighting significant enrichment of the FOXO signaling pathway, we
focused on FOX03a as a candidate downstream effector of PARP1. Previous studies in cardiac ischemic
injury models have demonstrated that PARP1 activation promotes FOX03a dephosphorylation and
nuclear translocation, thereby enhancing transcriptional activation of autophagy-related genes [25].
Among the differentially expressed genes identified by transcriptomic screening, Depp1 emerged as a
candidate of particular interest owing to its established roles in autophagy regulation and its identity as a
direct transcriptional target of FOX03a, which directly binds the Depp1promoter at transcription initiation
to regulate its expression [72]. Depp1 is also a recognized intermediary in autophagy regulation. In
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neuroblastoma models, H,0, treatment triggered autophagy induction through FOXO3a-mediated Depp1
expression, and Depp1 knockdown effectively suppressed this process, identifying Depp1 as a functional
mediator between FOXO3a and autophagy initiation under oxidative stress [73]. Depp1 expression is also
markedly increased in endothelial cells cultured under hypoxic conditions [72], and elevated Depp1
expression has also been observed in malignant glioma cell lines [74], suggesting a role for Depp1 in
cellular stress responses. This stress-induced upregulation of Depp1 under hypoxia is highly consistent
with the chronic hypoxic microenvironment generated by CCH, providing a plausible pathological basis
for the sustained Depp1 upregulation observed in the present study. Importantly, autophagy induction by
mTOR inhibition is unaffected by Depp1 loss, indicating that Depp1-mediated autophagy regulation
operates independently of the canonical mTOR pathway and represents a non-canonical autophagy
initiation route, potentially involving mitochondrial permeability transition pore (MPTP) opening and
coordinated mitophagy [75], mechanisms that warrant further investigation. Through transcriptomic
profiling and WB validation, Depp1 exhibited a spatiotemporal expression pattern closely paralleling that
of PARP1, with significant upregulation at 28 d post-CCH and marked reduction following Olaparib
treatment, providing strong correlative evidence for the existence of the PARP1-FOX03a-Depp1 signaling
axis. Crucially, Depp1 overexpression in vitro reversed the inhibitory effect of Olaparib on autophagy
initiation, functionally establishing the necessity of Depp1 within this regulatory axis rather than
representing a merely passive transcriptional change. This functional evidence corroborates the Depp1-
mediated autophagy regulation described above [75]. Nevertheless, the precise mechanism by which
PARP1 activates FOX03a in the context of CCH, specifically whether PARylation influences FOX0O3a
nuclear localization or transcriptional activity, remains to be elucidated in future studies.

Olaparib is an FDA-approved PARP inhibitor with an established clinical safety and pharmacokinetic
profile across multiple oncological indications [47, 48], which substantially lowers the translational
barrier for repurposing in neurological disease. This is particularly relevant given that current clinical
management of VCI focuses predominantly on vascular risk factor control, with no evidence-based
molecular targeted therapies directed at BBB injury. The present findings suggest that the PARP1-
FOX03a-Depp1—autophagy axis represents a novel therapeutic target for VCl intervention, providing a
mechanistic rationale for developing precision strategies to protect the BBB. Furthermore, single-cell
sequencing data confirming broad PARP1 expression in BMVECs strengthens the rationale for targeting
endothelial PARP1 specifically. Future studies should examine this autophagy axis within the multi-
cellular microenvironment of the neurovascular unit (NVU), including endothelial cells, pericytes, and glial
cells, to fully resolve the coupling between vascular and neural injury under chronic hypoperfusion.

Despite systematically elucidating the regulatory role of PARP1 in autophagy-mediated BBB injury
following CCH, the present study has several limitations. Although in vivo and in vitro intervention
experiments established the functional necessity of Depp1, the direct influence of PARP1 activation on
FOXO3a nuclear localization and Depp1 promoter binding at the transcriptional level remains to be
confirmed by chromatin immunoprecipitation (ChIP) assays or dual-luciferase reporter experiments. The
in vitro model relied on the bEnd.3 cell line, whose barrier properties—including transendothelial
electrical resistance (TEER)—differ from those of primary human BMVECs; replication of these findings
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in primary cells or iPSC-derived cerebrovascular organoids would provide greater clinical relevance. To
ensure surgical standardization and consistency, only male mice were used in this study; given the
potential modulatory effects of estrogen on autophagic activity and BBB stability, the influence of
biological sex on the applicability of this pathway warrants future evaluation. Finally, the systemic
administration of Olaparib cannot entirely exclude indirect confounding effects arising from off-target
biological activity in peripheral tissues, such as the hematopoietic or gastrointestinal systems. Future
studies employing endothelial cell-specific conditional PARP1 knockout mice (TIE2-Cre or Cdh5-Cre)
would provide more precise and definitive evidence for vascular endothelial-targeted protection.

5.Conclusion

The present study demonstrates that PARP1 is a critical regulator of BBB disruption following CCH.
Sustained PARP1 upregulation in the cerebral cortex after CCH is associated with BBB breakdown, tight
junction protein loss, and cognitive impairment. Pharmacological inhibition of PARP1 with Olaparib
attenuates neuroinflammatory responses, white matter injury, BBB hyperpermeability, and cognitive
deficits. Mechanistically, PARP1 promotes BBB dysfunction through a FOXO3a—-Depp1-dependent
mechanism, in which enhanced Depp1 expression drives excessive autophagy initiation and subsequent
degradation of tight junction proteins, establishing a PARP1-FOX03a—-Depp1—-autophagy axis
underlying CCH-induced BBB injury.

These findings identify a previously unrecognized upstream regulatory mechanism of CCH-induced BBB
disruption and provide preclinical evidence supporting the potential repurposing of the clinically
approved PARP inhibitor Olaparib as a therapeutic strategy for vascular cognitive impairment.
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BCAS induces cerebral hypoperfusion and cognitive decline in mice

(A-B) Representative cerebral blood flow (CBF) images obtained by laser speckle contrast imaging and
quantitative analysis of relative CBF. One-way ANOVA with Tukey's post hoc test; n = 4 mice/group.

(C-E) Representative heatmaps showing exploratory trajectories of mice in the Y-maze, with quantitative
analysis of total arm entries and spontaneous alternation rate. One-way ANOVA with Tukey's post hoc
test; n = 8 mice/group.

(F-H) Schematic illustration of the novel object recognition (NOR) test paradigm, with representative
trajectory plots showing exploratory paths and quantitative analysis of exploration frequency toward the
novel object. One-way ANOVA with Tukey's post hoc test; n = 8 mice/group. *P < 0.05, **P < 0.01, ***P <
0.001.
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Figure 2

Pharmacological inhibition of PARP1 by Olaparib alleviates cognitive impairment in chronic cerebral
hypoperfusion (CCH) mice.

(A-B) Western blot analysis of PARP1 expression in the cerebral cortex of CCH mice at different time
points post-BCAS, normalized to B-actin. One-way ANOVA with Tukey's post hoc test; n = 6/group.
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(C-D) Western blot analysis of PARP1 expression in the cerebral cortex of CCH mice following Ola
treatment, normalized to B-actin. Kruskal-Wallis test; n = 6/group.

(E-G) Representative heatmaps showing exploratory trajectories in the Y-maze, with quantitative analysis
of spontaneous alternation rate and total arm entries. Unpaired t-test; n = 8 mice/group.

(H-J) Schematic illustration of the NOR test paradigm, with representative trajectory plots and
quantitative analysis of exploration frequency toward the novel object. Unpaired t-test; n = 8 mice/group.
*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3

Olaparib attenuates neuroinflammatory infiltration and white matter demyelination after CCH.

(A-C) Western blot analysis of IL-18 and MMP-9 expression in the cerebral cortex following Ola
treatment, normalized to B-actin. One-way ANOVA with Tukey's post hoc test; n = 6/group.
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(D-E) Representative immunofluorescence images and quantitative analysis of microglial numbers in the
cortex. One-way ANOVA with Tukey's post hoc test; n = 3 mice/group. Scale bar = 100 um.

(F-G) Representative Luxol fast blue (LFB)-stained images of the corpus callosum with magnified insets,
and quantification of LFB staining scores in the Sham, Vehicle (Veh), and Ola groups. Scale bar = 100 pm
(insets, 100 pm). One-way ANOVA with Tukey's post hoc test; n = 4 mice/group. *P < 0.05, **P < 0.01,
***P < 0.001.
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Figure 4

Olaparib alleviates blood-brain barrier (BBB) disruption after CCH.

(A) Heatmap showing expression profiles of genes related to BBB tight junctions and adhesion
molecules in the Sham, BCAS 28d, and Ola groups.

(B) Fragments per kilobase of transcript per million mapped reads (FPKM) of TJP1 transcripts. One-way
ANOVA with Tukey's post hoc test; n = 3/group.

(C-E) Western blot analysis of Zo-1 and Occludin expression in the cerebral cortex following Ola
treatment, normalized to B-actin. One-way ANOVA with Tukey's post hoc test; n = 6/group.

(F-G) Representative immunofluorescence images and quantitative analysis of IgG-positive area in the
cortex. One-way ANOVA with Tukey's post hoc test; n = 3 mice/group. Scale bar = 100 ym. *P < 0.05, **P
< 0.01, ***P < 0.001.
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Figure 5

Global transcriptomic changes following PARP1 inhibition by Olaparib

(A) Venn diagram showing the overlap between genes upregulated in the Sham vs. BCAS 28d
comparison (275 genes) and genes downregulated in the BCAS 28d vs. BCAS 28d + Ola comparison
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(188 genes), with a fold change > 1.5. The overlapping region indicates 88 shared differentially
expressed genes (DEGSs).

(B) Principal component analysis (PCA) plot based on the 88 shared DEGs identified in (A). PC1 and PC2
accounted for 77.4% and 9.66% of total variance, respectively.

(C) Bar plot of Gene Ontology (GO) enrichment analysis of the 88 shared DEGs, showing enriched terms
across Biological Process (BP), Molecular Function (MF), and Cellular Component (CC) categories. The
x-axis represents the number of enriched genes.

(D) Bubble plot of the top 20 KEGG pathway enrichment terms based on the 88 shared DEGs (human
disease-related pathways excluded). Bubble size indicates the number of enriched genes; color intensity
represents the Q value.
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Figure 6

PARP1 inhibition by Olaparib alleviates BBB injury by attenuating excessive autophagy initiation after
CCH.

(A-C) Western blot analysis of LC3 and P62 expression in the cerebral cortex of CCH mice at different
time points, normalized to B-actin. One-way ANOVA with Tukey's post hoc test; n = 6/group.
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(D-F) Western blot analysis of LC3 and P62 expression in the cerebral cortex of mice from the Sham,
Veh, Ola, Chloroquine (CQ), and Ola + Rapamycin (Ola+RAPA) groups, normalized to B-actin. One-way
ANOVA with Tukey's post hoc test; n = 6/group.

(G-1) Western blot analysis of Zo-1 and Occludin expression in the cerebral cortex of mice from the
Sham, Veh, Ola, CQ, and Ola+RAPA groups, normalized to B-actin. One-way ANOVA with Tukey's post hoc
test; n = 6/group. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7

PARP1 inhibition by Olaparib suppresses the FOX03a/Depp1 axis after CCH.

(A) Hierarchical clustering heatmap of differentially expressed genes between the Sham and CCH 28d
groups.

(B) Hierarchical clustering heatmap of differentially expressed genes between the BCAS 28d and Ola
groups.

(C) Volcano plot showing transcriptomic differential expression profiles between the Sham and CCH 28d
groups.

(D) Volcano plot showing transcriptomic differential expression profiles between the BCAS 28d and Ola
groups.

(E-G) Western blot analysis of Depp1 and FOX03a expression in the cerebral cortex following Ola
treatment, normalized to B-actin. One-way ANOVA with Tukey's post hoc test; n = 6/group. *P < 0.05, **P
< 0.01, ***P < 0.001.
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Figure 8

Dynamic changes in the PARP1-FOX03a-Depp1 axis in OGD/R endothelial cells.

(A) Histogram showing PARP1 read counts derived from single-cell RNA-sequencing of mouse brain.
AEC, arterial endothelial cell; AS, astrocyte; CAEC, capillary endothelial cell; EC, endothelial cell; FB,
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fibroblast; MG, microglia; OL, oligodendrocyte; PC, pericyte; SMC, smooth muscle cell; VEC, venous
endothelial cell.

(B-G) Western blot analysis of PARP1, Depp1, FOX03a, LC3, and P62 expression in bEnd.3 endothelial
cells following OGD/R at different time points, normalized to B-actin. One-way ANOVA with Tukey's post
hoc test; n = 3/group. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 9

PARP1 regulates autophagy via the FOX0O3a-Depp1 axis.

(A) CCK-8 assay showing the effect of different concentrations of Ola on the viability of OGD/R-treated
endothelial cells.

(B-F) Western blot analysis of PARP1, Depp1, FOX03a, and P62 expression in OGD/R-treated endothelial
cells following treatment with different concentrations of Ola, normalized to B-actin. One-way ANOVA
with Tukey's post hoc test; n = 3/group.

(G) Schematic illustration of the experimental treatment protocol for hCMEC/D3 cells across different
groups.

(H-L) Western blot analysis of Depp1, P62, and LC3 expression in OGD/R-treated endothelial cells
following different treatments, normalized to B-actin. One-way ANOVA with Tukey's post hoc test; n =
3/group. *P < 0.05, **P < 0.01, ***P < 0.001.
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