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1. Introduction

Pterostilbene alleviated cerebral ischemia/
reperfusion-induced blood-brain barrier
dysfunction via inhibiting early endothelial
cytoskeleton reorganization and late basement
membrane degradationt

Zhi-hong Yang,1? Ye-ju Liu,1® Wei-kang Ban, (2 @ Hai-bo Liu,? Ling-juan Lv,?
Bao-yue Zhang,© Ai-lin Liu,® Zi-yu Hou,? Juan Lu,® Xi Chen® and Yu-yang You*®

Pterostilbene, an important analogue of the star molecule resveratrol and a novel compound naturally
occurring in blueberries and grapes, exerts a significant neuroprotective effect on cerebral ischemia/
reperfusion (I/R), but its mechanism is still unclear. This study aimed to follow the molecular mechanisms
behind the potential protective effect of pterostilbene against I/R induced injury. For fulfilment of our aim,
we investigated the protective effects of pterostilbene on I/R injury caused by middle cerebral artery
occlusion (MCAQ) in vivo and oxygen-glucose deprivation (OGD) in vitro. Machine learning models and
molecular docking were used for target exploration and validated by western blotting. Pterostilbene sig-
nificantly reduced the cerebral infarction volume, improved neurological deficits, increased cerebral
microcirculation and improved blood—brain barrier (BBB) leakage. Machine learning models confirmed
that the stroke target MMP-9 bound to pterostilbene, and molecular docking demonstrated the strong
binding activity. We further found that pterostilbene could depolymerize stress fibers and maintain the
cytoskeleton by effectively increasing the expression of the non-phosphorylated actin depolymerizing
factor (ADF) in the early stage of I/R. In the late stage of I/R, pterostilbene could activate the Wnt pathway
and inhibit the expression of MMP-9 to decrease the degradation of the extracellular basement mem-
brane (BM) and increase the expression of junction proteins. In this study, we explored the protective
mechanisms of pterostilbene in terms of both endothelial cytoskeleton and extracellular matrix. The early
and late protective effects jointly maintain BBB stability and attenuate I/R injury, showing its potential to
be a promising drug candidate for the treatment of ischemic stroke.

cases.” Recombinant tissue plasminogen activator (tPA) is the
only drug approved by the FDA for thrombolytic therapy in the

Stroke has become the second leading cause of death in the
world." It is characterized by high incidence, recurrence rate,
disability rate and mortality rate, which has brought a heavy
burden to society and families. Ischemic stroke is the most
common type of stroke, accounting for about 87% of all stroke
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treatment of ischemic stroke, but only a few patients can
benefit from this treatment due to the risks of hemorrhage
transformation (HT)® and a narrow time window.” In recent
years, the development of safe and effective drugs with mul-
tiple targets and clear mechanisms has become a research
focus due to the difficulty in ischemic stroke treatment.’

The series of neurochemical processes involved in cerebral
ischemia is called the ischemic cascade. In the ischemic
cascade, blood-brain barrier (BBB) dysfunction can persist
from hours up to weeks.® Early BBB permeability may be par-
tially reversible,” making it a reasonable target for therapeutic
intervention. Brain microvascular endothelial cells (BMECs),
as the basic structure and main component of the BBB, are
important for maintaining the integrity and permeability of
the BBB. There are continuous intercellular junctions between
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BMECs, including tight junctions (TJs) and adherens junctions
(AJs). The TJ proteins (occludin and claudin) and the AJ
protein (VE-cadherin) are in turn anchored to the intracellular
actin cytoskeleton by multiple accessory proteins (e.g., zonula
occludens) to maintain dynamic structures.® Previous studies
have shown that BMEC actin polymerizes into linear stress
fibers under hypoxic conditions. This formation of stress
fibers accompanied by actomyosin contraction and increased
cytoskeletal tension, leading to cell morphology contraction
and TJ damage, ultimately results in hyperpermeability.” " In
addition, the specialized extracellular matrix (ECM) of the
basement membrane (BM) connects endothelial cells to neigh-
boring cells, such as astrocytes and pericytes, and the mole-
cular components of ECM secreted by them provide important
clues to the TJ assembly that maintains mature BBB func-
tion."” The cytoskeleton of BMECs and intercellular junction
proteins, as well as the extracellular BM and ECM jointly main-
tain the integrity of the BBB and play an irreplaceable role.
Therefore, specific interventions based on the above character-
istics of BMECs may provide an innovative therapeutic strategy
for brain protection against cerebral ischemic injury. As a
highly conserved intracellular communication system," the
Wwnt signaling pathway plays a crucial role in cerebrovascular
development and BBB formation."*™® Specifically, the classic
Wnt/B-catenin pathway is responsible for inducing and main-
taining BBB properties throughout an organism’s lifespan.'”
Dysregulation of this pathway has been linked to BBB disrup-
tion during ischemia-reperfusion events,'® while activation of
the same pathway can protect against such dysfunction."®
DI-3-n-butylphthalide (NBP) was first discovered in the
seeds of Apium graveolens Linn. and was approved as an anti-
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ischemic stroke drug by the National Medical Products
Administration of China in 2002.%° Several studies have con-
firmed that NBP can reduce cerebral ischemic injury through a
variety of mechanisms, the most important of which is to
improve cerebral microcirculatory blood flow in the acute
phase.>** As the anti-ischemic mechanisms of marketed
drugs became clearer, researchers have further explored more
compounds with similar effects. In recent years, the study of
resveratrol as the primary active ingredient of Resina Draconis for
cerebral ischemia has been a hot topic, and significant break-
throughs have been achieved.”® > However, resveratrol does not
easily cross the BBB and has low oral bioavailability, which are
the main limiting factors for its potential clinical application.”®
Pterostilbene (3,5-dimethoxy-4"-hydroxystilbene), an analogue of
resveratrol (3,4',5-trihydroxystilbene), is the primary active ingredi-
ent of Resina Draconis, as well as a naturally novel component
found in blueberries and grapes in the early 21st century
(Fig. 1A).*?*® The pterostilbene content varies from different
types of berries, with 99 ng g~ dry sample in Vaccinium ashei
(rabbiteye blueberry) and 560 ng g~ dry sample in Vaccinium sta-
mineum (deerberry).**>° It became a star molecule due to its anti-
inflammatory,*'~*> antioxidant,*** anti-tumor, >’
neuroprotective,’**° lipid-lowering,""** and hypoglycemic
pharmacological activities, and is called next generation resvera-
trol. As a structural analog, pterostilbene has better BBB per-
meability because the substitution of the methoxy group for the
hydroxyl group increases its lipid solubility.*® Several studies have
also shown that pterostilbene is more easily absorbed and has
good bioavailability and metabolic stability compared with
resveratrol.”*® It is concluded that pterostilbene may also have a
good therapeutic effect on cerebral ischemia.

44,45
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Fig. 1 Chemical structure of pterostilbene and resveratrol and the schematic diagram of the experimental protocols. (A) Chemical structure of pter-
ostilbene and resveratrol. (B and C) Schematic diagram of the experimental protocols in vivo (B) and in vitro (C).
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In the present study, middle cerebral artery occlusion
(MCAO) and oxygen-glucose deprivation (OGD) models were
used to evaluate the protective effect of pterostilbene on cer-
ebral ischemia in vivo and in vitro, respectively. Combined with
computer-aided methods, we took BMECs as a starting point
to explore the potential mechanism of pterostilbene protection
against the BBB in terms of the cytoskeleton and extracellular
matrix.

2. Materials and methods
2.1 Experimental animals

Male Sprague-Dawley rats (280-300 g) were purchased from
Beijing Vital River Experimental Animal Co., Ltd (Beijing,
China; certificate No. SCXK2019-0008). The animal care and
experimental procedures were approved by the Ethics
Committees of the Institute of Medicinal Plant Development,
Chinese Academy of Medical Sciences and Peking Union
Medical College. Before experimentation, the rats were allowed
to acclimatize to the experimental conditions (temperature of
23 + 1 °C, relative humidity of 55% + 5%, and a 12 h light-
dark cycle) for 3 days and randomly assigned to different
groups. Laboratory chow and tap water were provided
ad libitum.

2.2 Rat MCAO model

In this study, an experimental model of cerebral I/R injury was
induced in rats by middle cerebral artery occlusion (MCAO).
The surgical procedure was performed according to a previous
study.*® At the beginning of the surgery, it was ensured that
the animals in each group were of the same age and of similar
weight. In brief, after anesthetization with 10% urethane (i.p.,
10 mL kg™"), the right common carotid artery (CCA), external
carotid artery (ECA), and internal carotid artery (ICA) were fully
exposed. A monofilament with a silicon-coated tip (diameter of
0.38 mm) was inserted into the ICA, advanced to the origin of
the middle cerebral artery (MCA) and left in place for 1.5 h.
The monofilament was pulled out after 1.5 h of occlusion for
reperfusion, and the treatment groups were gavaged accord-
ingly after 1 h of reperfusion. The rats in the sham group
underwent the same surgical procedure except for the inser-
tion of the monofilament. The post-operative animals were
further housed in groups of 3-4 animals in one cage, and pro-
vided with chow and tap water ad libitum.

2.3 Experimental groups and drugs

Pterostilbene (purity > 98% by HPLC) and resveratrol (purity >
99% by HPLC) were purchased from Shanghai Bide
Pharmaceutical Technology Co., Ltd (Shanghai, China) and
dissolved in normal saline containing ten-fold hydroxypropyl-
B-cyclodextrin (HP-B-CD). The positive drug NBP was obtained
from CSPC-NBP Pharmaceutical Co., Ltd (Hebei, China), and
dissolved in normal saline. The animals were randomly
divided into the following groups: the sham operation group,
model group, pterostilbene + model group, resveratrol + model

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

group, and NBP + model group. The pterostilbene groups were
treated with pterostilbene at the dose of 15, 30 and 60 mg kg™*
and the resveratrol and NBP groups with 60 mg kg™ pterostil-
bene were administered by gavage once a day after reperfusion
for 1, 3, 7 and 14 days, while the animals in the sham and
model groups received the same volume of normal saline con-
taining HP-B-CD. A schematic diagram of the experimental
protocols is shown in Fig. 1B.

2.4 Laser speckle imaging technique

Cerebral microcirculatory blood flow (CBF) was monitored
using the laser speckle technique. Briefly, a CCD camera
(PeriCam PSI System, Perimed, Sweden) was positioned 10 cm
above the head, and a laser diode (785 nm) illuminated the
intact skull surface, allowing penetration of the laser in a
diffuse manner through the brain. The speckle contrast which
was derived from the speckle visibility relative to the velocity of
the light-scattering particles (blood) was used to measure CBF.
Laser speckle images were obtained before MCAO, after block-
ing MCA and after reperfusion.

2.5 Modified neurological severity score (mNSS) test

Neurological functions, including motor and sensory abilities,
were measured by the mNSS test with scores ranging from 0 to
14 (1-4: mild injury, 5-9: moderate injury and 10-14: severe
injury) (see ESI Table 11).°° Higher scores indicated greater
severity of injury. Rat with scores in the range of 5-14 at 24 h
after cerebral I/R injury were used for further experiments.
Rats in each group were scored at 3, 7 and 14 days after cer-
ebral I/R injury, respectively.

2.6 2,3,5-Triphenyltetrazolium chloride staining

To assess the infarct volume, we performed 2,3,5-triphenylte-
trazolium chloride (TTC; Solarbio, Beijing, China) staining.
Brains were sliced into five coronal sections and incubated in
2% TTC for 15 min at 37 °C in the dark, and fixed in 4% paraf-
ormaldehyde (PFA; Biosharp, Beijing, China) overnight. The
area of infarction was quantified, and the infarct volume was
calculated using Image] software.

2.7 Evans blue leakage assay

At 24 h after cerebral I/R injury, 2% Evans blue dye (EB;
Macklin, Shanghai, China) dissolved in normal saline was
intravenously injected (0.4 mL per 100 g) into the tail vein and
allowed to circulate for 3 h. The left ventricles of the rats were
then perfused with heparinized saline until a colorless perfu-
sate was obtained from the right atrium. The brains were iso-
lated, sliced, photographed, weighed and homogenized in di-
methylformamide (100 mg per 1 mL). After 24 h in a 60 °C
water bath, the samples were centrifuged at 4000 rpm for
20 min. 200 pL of the supernatant was collected, and the
absorbance was measured at 620 nm.

2.8 Machine learning model

In this study, we established a machine learning model to
predict the potential targets of pterostilbene in the treatment
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of cerebral ischemia. Phase 3 and marketed stroke drugs were
searched in Thomson Reuters Integrity and TTD databases,
and drug targets were further scanned to identify stroke-
related targets.>’® Then, the known active compounds of the
target were searched in the Binding Database. Then, naive
Bayes®* and recursive separation®® algorithms were used to
build the model on a Discovery Studio 2018 platform based on
ECFP_6°° and MACCS®” molecular fingerprints and descrip-
tors. We carried out five-fold cross-validation of the training
set>® to evaluate the predictive ability of the constructed
model.

Pterostilbene, a stilbene compound with two methoxy and
one hydroxyl groups, was inputted into the established
machine learning model to predict its potential targets for the
treatment of stroke. For the machine learning model, the pre-
diction was TRUE or FALSE, with TRUE indicating that the
compound can interact with the target and FALSE the
opposite.

2.9 Molecular docking

In this study, we performed molecular docking to validate the
predicted potential target of pterostilbene. The 2D structure of
the small molecule pterostilbene was first drawn using Marvin
Sketch software, and the low-energy 3D conformation of the
small molecule was obtained by protonation and energy
optimization in MOE V2020.09011 to function as the ligand
for molecular butt.

The crystal structure of the MMP-9 protein was screened
from the protein structure PDB database (https://www.rcsb.org/
) to determine the receptor for molecular docking, and metal
ions in the receptor structure were retained.’ A suitable mole-
cular butt of pterostilbene to the receptor 6ESM was performed
using MOE software for dehydration, structural correction,
partial charge calculation, protonation, and energy minimiz-
ation prior to the formal butt. Subsequently, molecular
docking verification of the ligand pterostilbene to the receptor
6ESM was performed using two software programs, MOE and
Autodock 4.2.6, respectively.

2.10 Human brain microvascular endothelial cell (hBMEC)
culture

hBMECs (purchased from the Cell Center of Peking Union
Medical College) were cultured in DMEM:F12 medium
(Biological Industries, USA) supplemented with 10% FBS
(PAN-Biotech, Germany), 100 U mL™" penicillin and 0.1 mg
mL ™" streptomycin (Solarbio, Beijing, China). The cell culture
conditions were maintained in 95% air and 5% CO, under a
humidified atmosphere in a 37 °C incubator (Panasonic,

Japan).
2.11 Oxygen-glucose deprivation model

An hBMEC model of oxygen-glucose deprivation (OGD) was
established after plating for 24 h. Briefly, in the experiment of
actin staining and mechanism exploration, the cells were ran-
domly divided into the control, OGD, pterostilbene (7.5, 15,
and 30 pM) + OGD and NBP (20 pM) + OGD groups. The cells
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were randomly allocated into four groups for the validation
experiment of the Wnt pathway inhibitors: control group, OGD
group, pterostilbene (30 pM) + OGD group, and XAV-939 (1 uM;
APEXBIO, Houston, USA) + pterostilbene (30 pM) + OGD group.
The medium was replaced with Earle’s balanced salt solution,
and the cells were placed in an anaerobic incubator (COY
Laboratory, USA) to deprive of sugar and oxygen for 1 h (see
ESI Fig. 47 for the exploration of hypoxia time). At the end of
OGD, cells were replaced with a standard medium containing
1% FBS and returned to a normoxic incubator (37 °C, 5%
CO,). The control cells were incubated under normal con-
ditions and were not exposed to OGD. A schematic diagram of
the experimental protocols is shown in Fig. 1C.

2.12 MTT assay

hBMECs were seeded in 96-well culture plates at a density of
3000 cells per well. After the cells were exposed to OGD as
mentioned above and incubated with pterostilbene/NBP for
12 h, the MTT cell proliferation and cytotoxicity assay kit
(Beyotime Biotech, Shanghai, China) was used to evaluate cell
viability according to the manufacturer’s manual. Briefly,
10 pL of MTT solution was added to a 96-well plate and incu-
bated for 4 h at 37 °C followed by the addition of a formazan
solvent for another 3 h of incubation. The absorbance at
570 nm was measured using a microplate reader (Tecan,
Switzerland).

Relative cell viability (%) = (Aexperiment — Ablank)/ (Acontrol
*Ablank) X 100%

2.13 hBMEC actin staining

hBMECs were seeded in 6-well culture plates at a density of 2 x
10° cells per well. After the exposure to OGD as mentioned
above and the incubation with pterostilbene/NBP for 12 h, the
cells were fixed in 4% PFA for 10 min at room temperature fol-
lowed by washing the fixed cells with PBS three times. Actin
staining was done using 488 conjugated Phalloidin-ifluor™
(AAT Bioquest, USA) for 20 min at room temperature. Cells
were then stained with Hoechst 33258 (Beyotime Biotech,
Shanghai, China) for nuclear labelling at 37 °C for 5 min. After
staining, laser confocal microscopy (TCS-SP8 STED 3X, Leica,
USA) was performed for observation and imaging purposes.

2.14 Western blotting

Brain tissues or hBMECs were lysed in RIPA buffer containing
protease inhibitors and phosphatase inhibitors (100:1:1) (all
purchased from Cowin Biotech Co., Ltd, Jiangsu, China) for
40 min on ice and centrifuged at 14 000g for 10 min at 4 °C.
The protein concentration was determined based on the BCA
method using a protein quantitative analysis kit (Cowin
Biotech, Jiangsu, China). The proteins were resolved using
SDS-polyacrylamide gel electrophoresis and electrotransferred
to PVDF membranes. The membranes were blocked in 5%
skim milk (BD, USA) for 2 h at room temperature and then
incubated overnight at 4 °C with the primary antibodies
shown in Table 1. After the membranes were washed, they

This journal is © The Royal Society of Chemistry 2023
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Table 1 Primary antibodies used for western blotting
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Source
Primary antibody species Dilution Company
Phospho-ADF/cofilin (3313) Rabbit 1:1000 Cell Signaling Technology (Beverly, MA, USA)
Total-ADF/cofilin (5175) Rabbit 1:1000 Cell Signaling Technology (Beverly, MA, USA)
Phospho-MLC (3671) Rabbit 1:1000 Cell Signaling Technology (Beverly, MA, USA)
Occludin (91 131) Rabbit 1:1000 Cell Signaling Technology (Beverly, MA, USA)
VE-cadherin (2500) Rabbit 1:1000 Cell Signaling Technology (Beverly, MA, USA)
f-Tubulin (2128) Rabbit 1:1000 Cell Signaling Technology (Beverly, MA, USA)
MMP-9 (ab76003) Rabbit 1:1000 Abcam (Cambridge, UK)
Wnt/beta catenin signaling Rabbit Cyclin D1 1:10 000; Abcam (Cambridge, UK)
pathway (ab228526) the other - 1:1000
ROCK1/2 (ab45171) Rabbit 1:2000 Abcam (Cambridge, UK)
F-actin (ab130935) Mouse 1:500 Abcam (Cambridge, UK)
G-actin (ab200046) Rabbit 1:1000 Abcam (Cambridge, UK)
Claudin-5 (ab131259) Rabbit 1:1000 Abcam (Cambridge, UK)
Z0-1 (21773-1-AP) Rabbit 1:1000 Proteintech (Rosemont, IL, USA)
Laminin (NB300-144SS) Rabbit 1:1000 Novus (Colorado, USA)
B-Actin (abs119600) Rabbit 1:5000 Absin (Shanghai, China)

were incubated with a HRP-conjugated secondary antibody for
2 h at room temperature. The immunoblots were scanned and
analyzed using a chemiluminescence imager (Bio-Rad, USA)
and quantified using Image] software.

2.15 Statistical analysis

Data were presented as the mean + standard deviation (SD).
One-way ANOVA and two-tailed unpaired T test were used for
comparison between groups, and P < 0.05 was considered stat-
istically significant. Statistical analysis was performed with
GraphPad Prism software.

3. Results

3.1 Pterostilbene treatment improved neurological
dysfunction and increased the survival rate in MCAO rats

The modified neurological severity score (mNSS) was assessed
3, 7, and 14 days after the MCAO surgery, respectively. As
shown in Fig. 2A, neurological function was impaired after cer-
ebral I/R injury. Treatment of NBP significantly improved the
neurological function 3 days after the MCAO surgery with a
56% reduction in the mNSS score (P < 0.05). Treatment of pter-
ostilbene did not show significant improvement. 7 days after
surgery, groups with the treatment of NBP and pterostilbene
(30 and 60 mg kg™') showed significantly improved neurologi-
cal function, with 63%, 38% and 63% reduction in the mNSS
score compared with the model group, respectively (P < 0.05).
At this time, the high-dose pterostilbene group showed com-
parable effects with the group treated with the positive drug
NBP. 14 days after surgery, all drug groups showed significant
improvement in neurological function (P < 0.05). At this time,
the improvement of neurological dysfunction in MCAO rats
resulted by high-dose pterostilbene was superior to that of the
positive drug NBP, while the medium-dose pterostilbene group
was comparable to the NBP group.

For 14 days after surgery, drugs were administered daily,
and survival rates were recorded, as shown in Fig. 2B-1. In

This journal is © The Royal Society of Chemistry 2023

terms of increasing survival rate, the effects of all treatments
were similar in the acute phase (the first 3 days), but in the
recovery phase, the efficacy of the pterostilbene groups was
better than that of the resveratrol and NBP groups, and
showed a good dose dependence.

Taken together, these results suggested that the adminis-
tration of pterostilbene significantly improved neurological
deficits and increased the survival rate of MCAO rats.

3.2 Pterostilbene treatment reduced cerebral infarction
volume in MCAO rats

TTC staining showed that the infarction volume of NBP (13.86 +
7.40%), resveratrol (15.98 + 4.87%) and high-dose pterostilbene
treatments (16.10 + 10.31%) were reduced compared with the
model group (32.15 + 9.50%) 3 days after cerebral I/R injury
(Fig. 3A and B). 7 days after reperfusion, pterostilbene reduced
infarction volume in a dose-dependent manner, and the effects
of low, medium and high-dose treatments were stronger than
those of the positive drugs resveratrol and NBP. Pterostilbene
(60 mg kg™") (7.80 + 2.92%) had the best effect on reducing the
infarction volume, which was only 30% of the infarct volume in
the model group (26.19 + 16.32%) (Fig. 3C and D). 14 days after
reperfusion, the cerebral infarction volume in the high-dose pter-
ostilbene treatment group (7.24 * 4.17%) was significantly
reduced compared with the model group (19.08 + 7.94%), and
the effect was stronger than those of the resveratrol and NBP
groups (Fig. 3E and F). These results indicated that pterostilbene
had a good effect on the reduction of cerebral infarction volume
in the subacute and recovery stages.

3.3 Pterostilbene treatment promoted CBF recovery and
reduced BBB leakage in MCAO rats

Cerebral microvascular status is closely related to BBB func-
tion, and microcirculatory blood flow can serve as a potential
demonstration of BBB function. To determine the potential
therapeutic benefits of promoting the recovery of cerebral
microcirculation, we used a laser speckle imaging technique to

Food Funct, 2023, 14, 8291-8308 | 8295
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Fig. 2 Pterostilbene and positive drug treatments improved neurological dysfunction and survival rate in MCAO rats. (A) The mNSS scores of MCAO
rats 3, 7, 14 days after MCAO surgery in each group. n = 6, mean + SD.*P < 0.05 vs. the model group. (B) Overview of the survival rate of rats in each
group that lasted until 14 days. (C—I) The survival rate of rats in each group that lasted until 14 days.

evaluate CBF changes during ischemia and reperfusion
(Fig. 4A and B). After cerebral I/R injury, the CBF of the
ischemic side decreased to 60%, indicating successful model-
ing. 3 days after reperfusion, NBP treatment (86.87 + 3.33% of
the baseline) led to better recovery of CBF than the model
group (69.43 + 14.47% of the baseline), showing an advantage
in the recovery of CBF in the acute phase. In contrast, the
recovery of CBF in the other treatment groups was better than
that in the model group, but there was no significant differ-
ence. 7 days after reperfusion, the high-dose pterostilbene
treatment (90.62 = 10.55% of the baseline) and resveratrol
treatment (92.36% = 6.94% of the baseline) basically recovered
to the level of NBP (94.15 + 10.80% of the baseline) compared
with the model group (68.52 + 5.02% of the baseline). 14 days
after reperfusion, the high-dose pterostilbene treatment and
resveratrol treatment still maintained the same recovery effect
as NBP, while the medium-dose pterostilbene and low-dose
pterostilbene treatments also resulted in some recovery,
showing a certain level of dose dependence. These results indi-
cated that the pterostilbene treatment promoted the recovery
of CBF on the ischemic side mainly in the subacute and recov-
ery phases of cerebral I/R rats, showing good time-dependence
and dose-dependence.

To assess the permeability of the BBB, EB leakage was
measured 1 day after reperfusion. Representative images of the
EB dye in the brain tissue, as shown in Fig. 5A, showed signifi-
cant EB extravasation in the ischemic hemisphere of the

8296 | Food Funct, 2023, 14, 8291-8308

model group, and extravasation was slightly reduced in each
treatment group (with pterostilbene selected at the high dose
of 60 mg kg™ in the treatment group). Quantitative results
showed that the content of EB in the pterostilbene treatment
group (0.97 + 0.16 ug g~ pro) was significantly lower than that
in the model group (4.23 = 0.33 pg ¢~ ' pro), and was similar to
that in the positive drug NBP (1.17 + 0.35 pg g pro) and
resveratrol (1.99 + 0.55 pg ¢~ " pro) treatment groups (Fig. 5B).
The results showed that pterostilbene had a good protective
effect on the BBB in the early stage.

To further investigate the impact of pterostilbene on the
BBB structure, we evaluated the expression of intercellular
junctions and the extracellular matrix following treatment with
pterostilbene (60 mg kg™'). The representative western blot
images of the ischemic brain tissue are presented in Fig. 5C.
After I/R injury, the expressions of junctional (ZO-1, occludin,
claudin-5 and VE-cadherin) and basal membrane (BM-
laminin) proteins were significantly reduced, while that of
pterostilbene was increased after the treatment, indicating its
contribution to the restoration of the BBB. The quantitative
results at each time point shown in Fig. 5D revealed that pter-
ostilbene significantly enhanced the expressions of BBB struc-
tural proteins during the acute (1 day), subacute (3 days) and
recovery stages (7 and 14 days) following I/R injury, with par-
ticularly notable effects observed during the recovery stage.

The above results indicated that pterostilbene significantly
restored cerebral microcirculatory blood flow, improved BBB per-

This journal is © The Royal Society of Chemistry 2023
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meability and increased the expression of structure-related pro-
teins, thereby providing further protection to the BBB and pro-
moting its function. Additionally, the protective effect of pterostil-
bene on the BBB was observed throughout all phases after I/R
injury, including the acute, subacute and recovery phases, with
the most significant effect during the recovery phase.

3.4 Pterostilbene may target MMP-9 for the therapeutic
effects on stroke

A total of 10 stroke-related targets were identified using the
Thomson Reuters Integrity and TTD databases and literature

Pterostilbene (mg/kg)

Resveratrol NBP

(60 mg/kg) (60 mglkg) 15

-

d

View Article Online

Paper

analysis,”® namely, F3, F10, F11, MMP-9, P2RY1, TBXA2R,
VEGFA, SERPINE1, THBD, and P2RY12. Four coagulation
system-related targets, three platelet-related targets, two vascu-
lar endothelial protection targets, one fibrinolytic system
target, the specific names, UniProt serial numbers and func-
tions are shown in Table 2.

3.5 Pterostilbene bound to MMP-9 and had strong binding
activity

Molecular docking analysis was applied to confirm whether
pterostilbene binds to the MMP-9 proteins. The docking score
was used as a criterion for judging the ligand-receptor
binding activity, with some binding activity when the docking
score was less than —4.25 kcal mol™, good binding activity
when it was less than —5.50 kcal mol™, and strong binding
activity when it was less than —8.00 kcal mol™. The docking
score of —7.35 keal mol™" for MOE and —8.53 keal mol™" for
AutoDock 4.2.6 both indicate that pterostilbene can interact
with the receptor 6ESM directly with strong binding activity.
ALA-189 was the key amino acid residue of 6ESM (Fig. 6). The
findings further indicated that pterostilbene exhibits a strong
binding activity towards MMP-9, which may be attributed to
the amino acid residue ALA-189.

3.6 Pterostilbene treatment alleviated glucose deficiency and
hypoxic injury on hBMECs and repaired the morphology of
actin

The efficacy results of pterostilbene were further validated by
inducing OGD injury of hBMECs in vitro. After OGD injury,
hBMECs obviously shrunk and rounded, and the adherence
was weakened, accompanied by the loss of cell viability (P <
0.05). Pterostilbene incubation (12 h) inhibited the loss of cell
viability caused by OGD injury in a concentration-dependent
manner, showing a protective effect against glucose deficiency
and hypoxic injury in vitro (Fig. 7A).

Actin staining was performed to visualize the changes in
the actin structure. 3 h and 12 h after OGD injury, actin
showed a blurred morphology and decreased density, while
pterostilbene repaired the damage of actin morphology
(Fig. 7B-M). Quantitative analysis of the fluorescence intensity
showed that the repair effect of pterostilbene was significantly
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Fig. 4 Pterostilbene and positive drug treatments promoted CBF recovery in MCAQ rats. (A) Representative images of CBF in each group at 3, 7, and
14 days after reperfusion. (B) CBF was quantified and expressed as percentage change from the baseline.
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Table 2 Names and classification of stroke-related targets

Target symbol Target name UniProt accession number Function

Tissue factor F3 P13726 Coagulation system
Coagulation factor X F10 P00742 Coagulation system
Coagulation factor XI F11 P03951 Coagulation system
Matrix metalloproteinase-9 MMP9 P14780 Vascular endothelium
P2Y purinoceptor 1 P2RY1 P47900 Platelet-related target
Thromboxane A2 receptor TBXA2R P21731 Platelet-related target
Vascular endothelial growth factor A VEGFA P15692 Vascular endothelium
Plasminogen activator inhibitor I SERPINEI P05121 Fibrinolytic system
Thrombomodulin THBD P07204 Coagulation system
P2Y purinoceptor 12 P2RY 12 Q9H244 Platelet-related target

Based on the established machine learning model, reverse targeting was used to predict the potential target of pterostilbene for stroke treatment.
The only positive “TRUE” result obtained was for MMP-9, indicating that pterostilbene may act on this target.

dose-dependent and stronger than that of positive drug NBP
(Table 3).

3.7 Pterostilbene inhibited OGD-induced early stress fiber
formation and junction protein reorganization by
overexpressing ADF

Stress fibers are contractile bundles of cross-linked F-actin
formed by stress-induced actin polymerization, generating
tension against cell-cell and cell-matrix junctions and increas-
ing endothelial paracellular permeability.®®> Our results

8298 | food Funct, 2023, 14, 8291-8308

demonstrated that pterostilbene had a significant distribution
on the cytoskeleton of hBMECs (see ESI Fig. 5BT). To investi-
gate the protective effect of pterostilbene on the cytoskeleton
and the underlying mechanisms, we evaluated the formation
of stress fibers in the cytoskeleton induced by OGD and the
expression of corresponding proteins in its regulatory path-
ways by western blot analysis. OGD-induced hBMEC actin cyto-
skeletal rearrangement occurred by promoting the formation
of F-actin from G-actin, a sign of stress fiber formation
(Fig. 8A). The ratio of F/G-actin in hBMECs increased signifi-

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo02639f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 21 August 2023. Downloaded on 10/30/2025 7:25:05 PM.

(cc)

Food & Function

View Article Online

Paper

Fig. 6 Molecular docking of the ligand pterostilbene to the receptor 6ESM. (A) 3D interaction diagram of the MOE docking results. The ligand struc-
ture is shown in blue, and the nearby residues are shown in green. The skeleton of the receptor is shown in light purple. (B) 2D interaction diagram
of the MOE docking results. (C) 3D interaction diagram of the AutoDock 4.2.6 docking results. The ligand structure is shown in blue, and the nearby
residues are shown in green. The skeleton of the receptor is shown in light purple. (D) 2D interaction diagram of the AutoDock 4.2.6 docking results.
(E) Comparison of the docking results between MOE software and AutoDock 4.2.6 software. The ligand structure in blue is the docking result of the
MOE software, and the ligand structure in green is the result of AutoDock 4.2.6.

cantly as early as 3 h after OGD (0.44 + 0.04 vs. the control
(0.19 + 0.02), P < 0.01), while pterostilbene dose-dependently
inhibited the formation of stress fibers (0.37 + 0.07; 0.030
0.07; 0.23 + 0.07, P < 0.01) (Fig. 8B and C).

Phosphorylation of myosin light chain (MLC) promotes the
formation of dense stress fibers from short F-actins, whereas
Rho-associated protein kinase (ROCK) enhances MLC phos-
phorylation by inhibiting MLC phosphatase activity. As verified
by the western blot analysis, there were no significant differ-

This journal is © The Royal Society of Chemistry 2023

ences in ROCK and pMLC proteins between the OGD group
and the treated group (Fig. 8D), so it was judged that pterostil-
bene may not regulate stress fiber formation through this
pathway.

The actin depolymerization factor (ADF)/cofilin family regu-
lated the balance between actin filament assembly and disas-
sembly, and was active upon dephosphorylation and caused
actin depolymerization. To further confirm the pathway by
which pterostilbene inhibited stress fiber formation, the

Food Funct, 2023, 14, 8291-8308 | 8299
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Table 3 Fluorescence intensity analysis of actin staining

Control OGD Pterostilbene 7.5 pM Pterostilbene 15 pM Pterostilbene 30 pM NBP 20 pM
3h 100.00% 56.30%"" 81.85%** 87.22%** 94.04%** 88.38%**
12h 100.00% 50.10%" 54.00% 60.39%** 81.87%** 52.97%
#p < 0.01 vs. the control group, **P < 0.01 vs. the OGD group.
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Fig. 8 Pterostilbene inhibited OGD-induced early stress fiber formation. (A) Schematic diagram of the pathway to regulate stress fibers. (B)
Representative western blot images showing p-actin, F-actin and G-actin expressions. (C) Pterostilbene decreased the F/G-actin value. (D)
Representative western blot images showing tADF, pADF, ROCK and pMLC expressions. (E) Pterostilbene increased the tADF/cofilin expression. n >
3, mean + SD. #*#P < 0.01 vs. the control group. **P < 0.01 vs. the model group.

expressions of phosphorylation of ADF/cofilin (pADF/cofilin)
and total ADF/cofilin (tADF/cofilin) were analyzed. The
expression of pADF was significantly higher in the OGD group
than in the control group, indicating that oxygen-glucose
deprivation promoted stress fiber formation, while there was
no significant change in the other treatment groups.
Pterostilbene increased the expression of tADF in a dose-
dependent manner (1.14 + 0.19; 1.69 + 0.18; 2.03 + 0.07, P <
0.01), while pADF showed no change, indicating that pterostil-
bene inhibited actin polymerization to stress fibers by increas-

8300 | Food Funct., 2023, 14, 8291-8308

ing the expression of non-phosphorylated ADF (Fig. 8D and E).
ADF overexpression of pterostilbene blocked the deterioration
of BBB disruption by targeting early cytoskeletal structural
changes in hBMECs. Sustained ADF activity provides long-
term improvement in function by reducing early BBB damage
and subsequent tissue damage through overexpression of non-
phosphorylated ADF.

In endothelial cells, early actin polymerization and stress
fiber formation lead to cell contraction and redistribution/dis-
assembly of junction proteins (JPs). We further verified the

This journal is © The Royal Society of Chemistry 2023
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effect of pterostilbene treatment on JP rearrangement using
western blotting. 3 h after OGD, the distribution of occludin,
claudin-5, and VE-cadherin shifted from the membrane frac-
tion to the actin cytoskeleton fraction (ACF) at the hBMEC
extracellular cell-cell contact site (Fig. 9B-E), whereas their
total expression in whole cell lysates remained unchanged.
After pterostilbene incubation, the redistribution of JPs was
significantly inhibited.

The redistribution of occludin, claudin-5 and VE-cadherin
may be related to the tension generated by stress fibers and
cell contraction. Together, these results suggested that OGD-
induced hBMEC structural changes, including actin polymeriz-
ation and JP redistribution, occurred at an early phase after
I/R, and led to BBB disruption. Pterostilbene had a good
inhibitory effect on the above two aspects by overexpressing
ADF, so as to improve the early BBB destruction and lay the
foundation for long-term BBB protection.

3.8 Pterostilbene inhibited OGD-induced BBB damage by
regulating the Wnt pathway and MMP-9 expression

MMP-9 is an enzyme that degrades the main components of
BM during cerebral I/R. Its degradation of JPs and BM occurs
after structural changes of the endothelial cytoskeleton. Based
on the above results, our western blot analysis confirmed that
pterostilbene increased the expression of the TJ key proteins
Z0-1, occludin, and claudin-5, the AJ key protein VE-cadherin
and the basement membrane component BM-laminin after
OGD injury (12 h) (Fig. 10A-F). At the same time, pterostilbene
reduced the expression of MMP-9 induced by OGD, and the
effect was better than that of NBP. MMP-9 is a direct transcrip-
tional target of the Wnt/p-catenin signaling pathway.
Continuous activation of the Wnt signaling pathway can

View Article Online

Paper

reduce the expression of MMP-9 and repair BBB damage.
Pterostilbene upregulated the expressions of c-Met, c-Jun and
c-Myc proteins in the Wnt pathway in a dose-dependent
manner (Fig. 10G-K), and showed its protective effect on the
BBB.

To further validate the role of pterostilbene in the Wnt
pathway, we added a Wnt pathway inhibitor XAV-939 (1 uM) to
investigate the expression of key proteins in the Wnt pathway
and BBB junction. As depicted in Fig. 11, XAV-939 significantly
suppressed pterostilbene-induced upregulation of junction
proteins after 12 h of OGD/R. Moreover, pterostilbene’s inhibi-
tory effect on MMP-9 production and the activation of key pro-
teins in the Wnt pathway was also markedly attenuated.

These findings demonstrate that pterostilbene modulated
the expression of MMP-9 and key BBB junction proteins via
the Wnt pathway during the late stage of ischemia-reperfusion

injury.

4. Discussion

In the present study, pterostilbene had a good therapeutic
effect on cerebral I/R injury, embodied in the following
aspects: pterostilbene markedly improved neurological func-
tion, increased the survival rate, decreased the cerebral infarc-
tion volume and promoted weight gain (see ESI Fig. 1f). In
addition, pterostilbene improved the recovery of cerebral
microcirculation and reduced BBB leakage, promoting the
function and structural integrity of the BBB. We also demon-
strated that pterostilbene protected hBMECs from OGD-
induced cell viability loss and actin damage in vitro, indicating
that the anti-cerebral I/R effect of pterostilbene may be exerted
by protecting BMECs, the major component of the BBB. It was
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Fig. 9 Pterostilbene inhibited junction protein redistribution. (A) Schematic diagram of the JPs of the BBB. (B) Representative western blot images
showing occludin, claudin-5 and VE-cadherin expressions. (C—E) Effects of pterostilbene on occludin, claudin-5 and VE-cadherin protein
expressions of total, membrane, and actin cytoskeleton fraction (ADF) proteins of hBMECs after OGD 3 h. n > 3, mean + SD. *P < 0.05 and #*#P <

0.01 vs. the control group. *P < 0.05 and **P < 0.01 vs. the model group.
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Fig. 10 Pterostilbene inhibited BBB damage. (A) Representative western blot images showing ZO-1, occludin, claudin-5, BM-laminin and VE-cad-
herin expressions. (B—F) Effects of pterostilbene on TJ (ZO-1, occludin and claudin-5), BM component (BM-laminin) and AJ (VE-cadherin) protein
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of pterostilbene on MMP-9 and the key proteins in the Wnt signaling of hBMECs after OGD 12 h. n > 3, mean + SD. #P < 0.05 and ##P < 0.01 vs. the
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Fig. 11 XAV-939 effectively attenuated the regulatory impact of pterostilbene on MMP-9 expression, Wnt pathway proteins and junction proteins.
(A) Representative western blot images showing ZO-1, occludin, claudin-5, BM-laminin and VE-cadherin expressions. (B) Effects of pterostilbene and
XAV-939 on TJ (ZO-1, occludin and claudin-5), BM component (BM-laminin) and AJ (VE-cadherin) protein expression of hBMECs after OGD 12 h. (C)
Representative western blot images showing MMP-9, c-Met, c-Jun and c-Myc expressions. (D) Effects of pterostilbene and XAV-939 on MMP-9 and
the key proteins in the Wnt signaling of hBMECs after OGD 12 h. n > 3, mean + SD. #P < 0.05 and ##P < 0.01 vs. the control group. *P < 0.05 and **P
< 0.01 vs. the corresponding group.

further confirmed that pterostilbene protected against OGD- pathway. The dual action stages jointly protected the BBB, and
induced BBB injury by targeting early endothelial structural promoted long-term functional improvement after cerebral I/R
changes, such as stress fiber formation and JP rearrangement, (Fig. 12). This is the first study to reveal that pterostilbene has
and then inhibited the degradation of BM components by a protective effect against BBB injury during ischemic stroke,
inhibiting the activity of MMP-9 through the Wnt signaling and its protective mechanism has been elucidated. Our results
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suggest that protection of BMECs, the main components of
the BBB, is of great significance for the subsequent treatment
of ischemic stroke and provide a theoretical basis for the treat-
ment of ischemic cerebrovascular diseases.

4.1 Evaluation of the anti-cerebral ischemia effect of
pterostilbene

In this study, we used a classical rat MCAO model to evaluate
the cerebrovascular protective effect of pterostilbene. Since
MCA and its branches are most commonly affected by stroke,**
MCAO models have been widely used in the field of preclinical
stroke. Rat cerebral arteries are highly similar to those of
humans in terms of structural and morphological changes in
the vessel wall related to cerebrovascular diseases®® and are
widely used (approximately 66% of in vivo models®).
Therefore, the rat MCAO model is one of the closest models to
human ischemic stroke®® and is highly justified for pharmaco-
dynamic validation of ischemic stroke. The occlusion of MCA
blood flow causes focal blood supply disorder of the brain
tissue, resulting in hypoxic-ischemic lesions, forming cerebral
infarction areas, and further causing neurological deficits.
Cerebral microvasculature makes up 85% of the vasculature of
the brain and is the principal contributor to BBB function.®®
Therefore, changes in cerebral microcirculation can also be a
key indicator to evaluate BBB function. After cerebral I/R
injury, restoring microcirculation reperfusion is essential to
rescue the penumbra, which is conducive to the overall recov-
ery of ischemia. Our results demonstrated that pterostilbene
had a prominent effect on the recovery of neurological func-
tion, the reduction of cerebral infarction volume and the res-
toration of microcirculation blood flow, and resulted in a sig-
nificant improvement in the survival rate of the experimental
rats. In the process of cerebral I/R, oxidative stress, inflam-
mation and BBB dysfunction begin to occur a few hours after

This journal is © The Royal Society of Chemistry 2023

Improved effect of pterostilbene on the underlying mechanism of BBB disruption following stroke.

ischemia,® which will cause many adverse secondary injuries.
According to our results, pterostilbene had a good effect on
the recovery of cerebral microcirculation and reduction of BBB
leakage and structural damage, indicating the potential role in
the regulation of BBB function and structure. In this process,
we also observed that NBP, as a drug used in the clinical acute
phase of cerebral ischemia, had the best effect on the
reduction of cerebral infarction volume, the recovery of cer-
ebral circulation and the improvement of neurological func-
tion after 3 days of administration, which was consistent with
its application scope.*® Pterostilbene is superior to or equi-
valent to NBP in the subacute and recovery phases. In the
acute phase, pterostilbene is inferior to NBP, but still has sig-
nificant effects. Pterostilbene was more effective than NBP and
resveratrol in reducing EB leakage in the acute phase due to its
higher lipid solubility, which allowed pterostilbene to easily
penetrate the BBB. Such results give us a reasonable prediction
that pterostilbene combined with the positive drug NBP can be
used simultaneously in the acute, subacute and recovery
phases of cerebral ischemia and cover all pathological process
after cerebral I/R.

Under physiological conditions, the BBB is a dynamic
exchange interface with selective permeability between blood
and brain parenchyma, which strictly controls the entry of
harmful substances. During and after cerebral ischemia, high
permeability caused by the structural changes of the BBB can
cause disabling of sequelae, such as vasogenic edema and HT
and inflammatory reactions, causing incalculable secondary
damage.®® Endothelial cells are the central units and the basic
structures of the BBB,%” which are important for maintaining
the integrity of the BBB. Their dysfunction is a sign of
ischemic cerebrovascular disease,’® and may also aggravate the
disease of acute ischemic stroke and affect the ultimate degree
of tissue damage. In this study, hBMECs were used to investi-
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gate the ability of pterostilbene to protect against OGD injury
in vitro. The results showed that when induced by appropriate
hypoxia time (see ESI Fig. 31), pterostilbene (20-30 uM) effec-
tively promoted the survival of hBMECs and reversed the loss
of cell viability. At the same time, we also found that pterostil-
bene was able to promote the repair of actin in hBMECs to
maintain better support. These results laid a foundation for
the subsequent study of the mechanism of endothelial cell
protection.

4.2 Prediction of the potential target for the anti-cerebral
ischemia effect of pterostilbene

In this study, we utilized two computer-aided tools to validate
each other, machine learning model starting with the stroke
disease and the available active drugs, and molecular docking
starting with the molecular structure of the compound. After
deducing the binding receptor MMP-9, we performed the same
pattern of molecular docking for resveratrol and pterostilbene,
respectively. The semi-flexible docking of resveratrol to the
MMP-9 receptor yielded a docking score of —6.69 kcal mol ™" (see
ESI Fig. 27), exhibiting a good binding activity. As a structural
analogue of resveratrol, pterostilbene exhibited superior binding
ability to MMP-9 with a docking score of —7.35 kcal mol ™. This
binding difference may be closely related to the structure of the
compound. The two substituted methoxy groups of pterostilbene
may have an enhanced effect on the binding ability of the com-
pound to the receptor compared to the three phenolic hydroxyl
substitutions of resveratrol. This inference may contribute to the
structural modification of active compounds, but further experi-
mental confirmation is needed.

MMP-9, as the major matrix metalloproteinase, directly
degrades the basement membrane and other components of
the BBB after cerebral ischemia and is closely associated with
the destruction of the BBB. Guo et al.®® used a combination of
immunohistochemistry and gelatin zymography to demon-
strate that MMP-9 positive cells were present in large numbers
in the brain tissue of rats in the MCAO group, and that MMP-9
activity was significantly enhanced. Liu et al”® also found a
significant increase in MMP-9 expression in the cortex and
striatum of the rat brain tissue in the MCAO group. Such
results were consistent with the changes in BBB permeability
and brain water content. In recent studies, MMP-9 activation
induced by delayed t-PA treatment is a key factor in causing
BBB injury and HT in stroke models.”* All of the above recent
findings can confirm that BBB injury during cerebral ischemia
is closely related to MMP-9. In order to reduce the damage of
the BBB during cerebral ischemia and avoid more serious sec-
ondary damage, drug therapy may also focus on this target for
inhibition and treatment.

4.3 Possible mechanisms for pterostilbene treatment to
improve BBB disruption after I/R injury

Matrix metalloproteinases (MMPs) are a group of zinc-depen-
dent enzymes that degrade ECM components in the basement
membrane, of which MMP-9 is thought to be responsible for
cerebral I/R-induced BBB breakdown.®* Studies have shown
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that early structural changes in endothelial cells can damage
the BBB before the onset of junctional and ECM degradation
by MMP-9.”? Early BBB dysfunction leads to the following pro-
gression of subsequent injuries: hypoxia induces the for-
mation of stress fibers in endothelial cells, which is also a sign
of endothelial cytoskeletal rearrangement under pathological
conditions.”” Stress fiber contraction anchors the generated
tension to the cellular junctions of the actin cytoskeleton and
disassembles JPs,”* facilitating their internalization,”> and
thus destabilizing intercellular junctions and BBB per-
meability. This disassembly and rearrangement may make
ECM more accessible and degradable by MMP-9. At the same
time, the accompanied widening of junctions between endo-
thelial cells largely promotes the entry of substances in the
blood and the infiltration of circulating immune cells, which
leads to secondary tissue damage.

Under physiological conditions, the balance between actin
polymerization and depolymerization is precisely regulated.
Actin forms adhesion complexes with cell-cell or cell-matrix
and maintains paracellular permeability by regulating the
dynamic balance between them.”® When actin is disrupted, it
leads to imbalance and high permeability of the BBB. BMECs
are constantly subjected to mechanical stress at the interface
with blood by hydrostatic pressure and fluid shear, which
stimulate stress fiber formation when the pressure is exces-
sive.”> The ADF/cofilin family, ROCK and MLC are three
crucial pathways involved in regulating actin polymerization
and stress fiber formation.””””® After I/R, ADF/cofilin is phos-
phorylated and rapidly inactivated, leading to stress fiber for-
mation and barrier destruction. The activation of ROCK and
MLC allows actin in BMECs to interact with the non-muscle
myosin to form stress fibers, causing contraction of the cytos-
keleton, which leads to BBB disruption during the early stage
of cerebral I/R."® Both providing sustained ADF activity and
inhibiting ROCK/MLC signaling could halt the progression of
injury, thereby providing long-term protection against BBB dis-
ruption and neurological deficits. In our study, pterostilbene
inhibited F-actin polymerization but not ROCK/MLC signaling
through ADF overexpression, suggesting that pterostilbene pro-
tects the BBB by providing sustained ADF activity to inhibit
stress fiber formation. This was accompanied by a reduction in
the disassembly and redistribution of JPs in BMECs. After the
exposure to OGD-induced injury, TJs and AJs were distributed
from the membrane to the actin cytoskeleton, and this
outcome was improved by pterostilbene incubation. Thus,
pterostilbene plays an important role in the maintenance of
the structural integrity of the BBB by providing sustained ADF
activity, while inhibiting stress fiber formation and also redu-
cing subsequent JP disassembly and redistribution. Studies of
NBP, the acute ischemic stroke therapeutic drug, have shown
that its action in the acute phase is related to anti-inflamma-
tory, antioxidant, and anti-apoptotic mechanisms.”*®*! Our
study showed that NBP had an effect on the regulation of the
endothelial cytoskeleton, but the effect was not as effective as
that of pterostilbene, showing the difference between the two
drugs in the treatment of the acute phase mechanism.

This journal is © The Royal Society of Chemistry 2023
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Molecular docking verified that resveratrol and pterostil-
bene could bind to the MMP-9 receptor and exert their biologi-
cal activities. Pterostilbene was found to down-regulate MMP-9
transcription in studies, which was a part of its anticancer
activity against breast cancer cells (MCF-7) and prostate cancer
cells (PC3).** Disruption of BM by hypoxia occurs after struc-
tural changes in endothelial cells. As a direct transcriptional
target of the Wnt/B-catenin signaling pathway, MMP-9 is a
major protein that maintains the integrity and permeability of
BBB tight junctions.’® Continuous activation of the classical
Wnt/p-catenin pathway in endothelial cells can decrease
MMP-9 expression and restore the damaged BBB under patho-
logical conditions.®® Ji et al. evaluated the protective effect of
lithium on the BBB of adult MCAO mice and found that
lithium increased the activity of the Wnt/p-catenin signaling
pathway in endothelial cells, increased claudin-5 and ZO-1
protein levels, and decreased MMP-9 expression.®* In vitro, Yu
et al. established the OGD model of the mouse brain microvas-
cular endothelial cell line bEnd.3 and concluded that oxyma-
trine could reduce BBB damage caused by I/R, and this neuro-
protective effect was at least partially dependent on the protein
expression levels of CAV1 and MMP-9.*° In our study, during
the late phase after hypoxic injury, pterostilbene activated key
proteins in Wnt signaling and promoted the recovery of TJs,
AJs and the BM component in hBMECs, improving the integ-
rity of the BBB. In contrast, NBP was less protective against the
key proteins of the BBB than pterostilbene, showing differ-
ences in the mechanism of action. The results and comparison
of the above mechanisms also provide experimental basis for
the further combination of the two drugs with different
mechanisms to protect ischemic brain tissue.

In previous studies, the research on stroke focused on
neurons and brain parenchyma, whereas the direct protection
of the BBB has received little attention. However, the use of
tPA thrombolytic therapy in the clinic is severely limited
because of the risk of hemorrhage transformation when used
beyond the therapeutic time window. This also suggests that
stroke research in the future must focus on the BBB to
improve the safety and efficacy of tPA treatment. In addition, a
long-term response to cerebral I/R should also be emphasized
to extend the time window for potential treatments.®®

5. Conclusions

In conclusion, our present study revealed that pterostilbene
has an in vivo effect of attenuating cerebral I/R injury, and an
in vitro effect on anti-hypoglycemic hypoxic injury and protect-
ing actin by reducing stress fiber formation and JP redistribu-
tion through overexpression of ADF. After that, pterostilbene
effectively inhibited the expression of MMP-9 and the degra-
dation of BM components by activating the Wnt pathway,
thereby further protecting the BBB and contributing to its
long-term protective effect. Pterostilbene treatment co-protects
the BBB by regulating cytoskeletal rearrangement and BM
degradation in BMECs.

This journal is © The Royal Society of Chemistry 2023
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