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Ischemic stroke causes severe neurological damage, and promoting angiogenesis in the ischemic penumbra is
critical for neurovascular reconstruction and functional recovery. Astragaloside IV (AS-1V) and Tetramethylpyrazine
(TMP) are a classic Chinese medicine combination for treating ischemic stroke, yet their synergistic mecha-
nisms are unclear. This study aimed to investigate the enhanced effects of AS-IV combined with TMP on cere-
bral microvascular endothelial cells following ischemia-reperfusion injury and to explore the regulatory role of
the IncRNA MALAT1-CXCL12/CXCR4 signaling axis.

An oxygen-glucose deprivation/reperfusion (OGD/R) model was established using the bEnd.3 mouse brain mi-
crovascular endothelial cell line. Cells were treated with AS-IV, TMP, or their combination to evaluate thera-
peutic efficacy. Cell viability and migration capacity were assessed using CCK-8, wound healing, and Transwell
assays. The expression levels of MALAT1 and angiogenesis-related markers (VEGFA, Angl, Ang2, CXCL12, and
CXCR4) were analyzed via qPCR, western blot, and immunofluorescence. To verify the mechanism, a stable
MALAT1 knockdown model was constructed using lentiviral-mediated shRNA transduction.

OGD/R insult significantly reduced cell viability and migration, downregulated MALAT1 expression, and disrupt-
ed the Ang1/Ang2 balance. While AS-IV or TMP monotherapy partially mitigated these injuries, the combined
treatment demonstrated a greater protective effect than either monotherapy. This enhancement was charac-
terized by upregulation of MALAT1, activation of the CXCL12/CXCR4 pathway, and restoration of VEGFA and
Ang1 protein expression. Furthermore, lentiviral-mediated MALAT1 silencing (shMALAT1) markedly impaired
cell migration and angiogenic marker expression, effects that were partially rescued by the combined AS-IV
and TMP intervention.

The combination of AS-IV and TMP exhibits an enhanced effect compared to either monotherapy in promoting
endothelial migration and marker expression in vitro. These findings suggest that the protective mechanism is
consistent with the involvement of the MALAT1-CXCL12/CXCR4 signaling axis. This study provides a prelimi-
nary cellular rationale for further in vivo validation of this combination therapy in rodent stroke models.
Angiogenesis ¢ Cerebral Infarction ¢ Stroke ¢ Neurology ¢ Stroke, Ischemic ¢ Angiogenesis ¢
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Introduction

Cerebral infarction is the most common type of ischemic stroke
and is characterized by a complex pathogenesis, high disabil-
ity rate, and high recurrence rate, posing a serious threat to
global health. According to the latest Global Burden of Disease
(GBD) 2021 estimates, stroke causes over 7 million deaths an-
nually, with ischemic strokes accounting for approximately 65%
of cases [1]. The global economic burden of stroke is estimat-
ed to exceed USD 890 billion annually, accounting for 0.66%
of global GDP—a figure projected to nearly double by 2050
[2]. Despite advances in thrombolysis and vascular recanaliza-
tion, clinical outcomes remain limited by narrow therapeutic
windows and reperfusion injury [3]. Consequently, promoting
ischemic brain tissue repair and enhancing functional recov-
ery through neurovascular reconstruction have become criti-
cal research priorities.

In recent years, increasing evidence has highlighted the es-
sential role of angiogenesis in post-stroke repair. By promot-
ing microvessel regeneration in the ischemic penumbra, an-
giogenesis improves local perfusion and provides a structural
foundation for neuroregeneration. During the reconstruction of
the neurovascular unit (NVU), coordinated interactions among
neurons, astrocytes, and endothelial cells are crucial for restor-
ing brain function [4-6]. In addition, the formation of collateral
circulation complements angiogenesis by enhancing cerebral
reperfusion, together forming the core of vascular remodel-
ing following stroke [7-9].

Long non-coding RNA MALAT1 plays a pivotal regulatory role in
these processes. Highly expressed in brain microvascular en-
dothelial cells, MALAT1 influences cell proliferation and migra-
tion through various epigenetic mechanisms [10]. Specifically,
the CXCL12/CXCR4 signaling axis—a key chemotactic pathway
independent of the classical VEGF pathway—is critical for the
recruitment of endothelial cells and vascular integrity [11,12].
Emerging evidence suggests that MALAT1 can enhance cere-
bral microvascular angiogenesis by regulating this axis [13].
Thus, the MALAT1-CXCL12/CXCR4 pathway is a promising tar-
get for promoting vascular repair.

In traditional Chinese medicine (TCM), astragaloside IV (AS-
IV) and tetramethylpyrazine (TMP) constitute a classical
“Qi-invigorating and blood-activating” combination [14,15].
Astragaloside IV (AS-1V), one of the major active constituents
of astragalus, has been reported to exert multiple pharma-
cological activities, including immunomodulation, antioxida-
tion, anti-inflammation, protection of the blood-brain barri-
er (BBB), vascular repair, and neuroprotection [16-18]. Recent
studies have further suggested that AS-IV can inhibit apop-
tosis and regulate IncRNA expression, suggesting its involve-
ment in cerebrovascular repair via epigenetic mechanisms [19].
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Tetramethylpyrazine (also known as Ligustrazine, TMP), a ma-
jor bioactive compound derived from the plant Ligusticum ch-
uanxiong, is recognized for its vasodilatory, antiplatelet ag-
gregation, and microcirculation-enhancing properties. TMP
has been widely used in TCM-based therapies for ischemic
cerebrovascular diseases, including cerebral infarction [20-22].

However, whether their combined application provides en-
hanced benefits via the MALAT1-CXCL12/CXCR4 signaling
pathway remains largely unexplored.

Given their complementary pharmacological profiles, we hy-
pothesize that the combination of AS-IV and TMP can exert a
greater protective effect than either monotherapy by co-reg-
ulating MALAT1 expression and activating the downstream
CXCL12/CXCR4 axis. To test this, we utilized an in vitro oxy-
gen-glucose deprivation/reperfusion (OGD/R) model in bEnd.3
mouse brain microvascular endothelial cells. Through lentiviral-
mediated shRNA knockdown of MALAT1, we aimed to investi-
gate whether the vascular protective effects of this combina-
tion are mediated through this signaling axis. By elucidating
these mechanisms, this study aims to provide a preliminary
cellular rationale for the application of TCM-based combina-
tion therapies in post-stroke vascular regeneration.

Material and Methods

Reagents and Instruments
Drugs and Reagents

Astragaloside IV (MedChemExpress, Cat. No: HY-N0431);
Tetramethylpyrazine (MedChemExpress, Cat. No: HY-N0264);
Cell Counting Kit-8 (APExBIO, Cat. No: K1018); RIPA Lysis
Buffer (Beyotime, Cat. No: P0013K); Protease Inhibitor Cocktail
(Beyotime, Cat. No: P1005); Phosphatase Inhibitor Cocktail
(Beyotime, Cat. No: P1081); PMSF (Phenylmethylsulfonyl fluo-
ride, Beyotime, Cat. No: ST507); Enhanced Chemiluminescence
(ECL) Substrate (Abbkine, Cat. No: BMU102-CN); 0.5% Trypsin-
EDTA (Gibco, Cat. No: 25200-056); DMEM Basic Medium
(Gibco, Cat. No: 6125132); PBS (Phosphate-Buffered Saline,
BioSharp, Cat. No: BL302A); BCA Protein Assay Kit (Beyotime,
Cat. No: P0012); Precast Gel (GenScript, Cat. No: M00657);
PVDF Membrane (Merck, Cat. No: ISEQ00010); and Non-fat
Milk Powder (Beyotime, Cat No: P0216).

Antibodies

Angiopoietin 1 Polyclonal Antibody (Proteintech, Rabbit-derived,
Cat. No: 27093-1-AP, RRID: AB_3085925, Dilution: 1: 1000);
Angiopoietin 2 Polyclonal Antibody (Proteintech, Rabbit-derived,
Cat. No: 24613-1-AP, RRID: AB_2879639, Dilution: 1: 1000);
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CXCL12/SDF-1 Polyclonal Antibody (Proteintech, Rabbit-derived,
Cat. No: 17402-1-AP, RRID: AB_2878404, Dilution: 1: 500);
CXCR4 Polyclonal Antibody (Proteintech, Rabbit-derived, Cat.
No: 11073-2-AP, RRID: AB_2091813, Dilution: 1: 1000); VEGFA
Polyclonal Antibody (Proteintech, Rabbit-derived, Cat. No:
19003-1-AP, RRID: AB_2212657, Dilution: 1: 5000); and B-ac-
tin Monoclonal Antibody (Proteintech, Mouse-derived, Cat. No:
66009-1-Ig, RRID: AB_2687938, Dilution: 1: 60000).

Instruments

Mini-PROTEAN® Tetra Electrophoresis System (Bio-Rad,
Serial No: 041BR321249); Transwell Inserts (Corning, Cat.
No: 353097); Hypoxic Incubator (Billups-Rothenberg, Model:
MIC-101); Microplate Reader (BioTek, Model: Synergy H1M);
Chemiluminescence Imaging System (Bio-Rad, Model:
ChemiDoc); Fluorescence Microscope (ZEISS, Model: Axio
Imager M2).

Cell Line

bEnd.3 Cell Line (SUNNCELL, Mouse, Catalogue No: SNL-158,
RRID: CVCL_0170).

Cell Culture

The bEnd.3 cell line (mouse brain microvascular endothelial
cells) is a stable endothelial cell line derived from brain tissue
of mice with hemangioendothelioma. These cells were trans-
formed using the TKmT retroviral vector encoding the middle
T antigen of polyomavirus. The endothelial identity of bEnd.3
cells was confirmed by the expression of von Willebrand fac-
tor and uptake of fluorescently labeled acetylated low-densi-
ty lipoprotein.

Cells were cultured under standard conditions in high-glucose
Dulbecco’s modified Eagle medium (DMEM; Gibco), supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S). Cultures were maintained in a humidified
incubator at 37 °C with 5% CO,. The culture medium was re-
placed every 2 to 3 days.

Establishment of OGD/R Model

bEnd.3 cells were seeded into 96-well plates at a density of
5000 cells per well and cultured for 24 hours. For the OGD/R
experiment, the culture medium was replaced with glucose-free
DMEM. The plates were then transferred to a hypoxia chamber
and flushed with a gas mixture of 95% N, and 5% CO, at a low
flow rate of 20 L/min for 10 minutes. Subsequently, the cham-
ber inlet and outlet were sealed, and the cells were maintained
at 37 °C for 8 hours to induce oxygen-glucose deprivation.
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After deprivation, the glucose-free medium was discarded and
replaced with complete culture medium. The cells were in-
cubated under normoxic conditions (37 °C, 95% air, 5% CO,)
for 24 hours to allow reoxygenation and glucose restoration.
Following this, 10 pL of CCK-8 solution was added to each
well, and cells were further incubated for 1.5 hours. Cell via-
bility was then assessed by measuring the absorbance at 450
nm using a microplate reader, and the survival rate was cal-
culated accordingly.

Establishment of MALAT1 Knockdown Model

To establish the MALAT1 knockdown model in bEnd.3 cells,
a lentiviral vector system (General Bio [Anhui] Co., Ltd., virus
batch number: V1342539, titer: 1.0 x 102 TU/mL) was used.
According to the manufacturer’s instructions, bEnd.3 cells
were seeded into 6-well plates and cultured until reaching
70% to 90% confluency on the day of transduction. Lentiviral
suspension was added at a multiplicity of infection (MOI) of
10, along with Polybrene at a final concentration of 8 pg/mL.
After thorough mixing, cells were incubated at 37 °C with 5%
CO, for 24 hours. Following transduction, the medium was
replaced with complete culture medium containing 10 pg/mL
puromycin for selection, and cells were further cultured for
72 hours. Transduction efficiency was then confirmed by flu-
orescence microscopy.

Drug Concentration Screening and Grouping
Screening of Safe Concentration Ranges of Drugs

To determine the safe concentration ranges of AS-IV and TMP
in bEnd.3 cells, the effects of various drug concentrations on
cell viability were assessed using the CCK-8 assay. AS-IV was
tested at concentrations of 0, 10, 20, 40, 60, 80, and 100 UM,
while TMP concentrations ranged from 0, 10, 50, 100, 150, 200,
250, to 300 pM. Cells were seeded into 96-well plates and al-
lowed to adhere before being treated with different concentra-
tions of the drugs for 24 hours. Subsequently, CCK-8 reagent
was added, and the cells were incubated for an additional 1.5
hours. Absorbance (OD) values at 450 nm were measured to
evaluate cell viability and determine the safe concentration
ranges of the drugs.

Screening of Effective Drug Concentrations in the OGD/R
Model

Based on the previously determined safe concentration rang-
es, effective intervention concentrations of the drugs were
further screened in bEnd.3 cells subjected to OGD/R treat-
ment. AS-IV was tested at concentrations of 20, 60, and 100
UM, while TMP was tested at 50, 100, 150, and 300 pM. After
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treating the model cells for 24 hours, cell viability was as-
sessed using the CCK-8 assay to identify the most appropri-
ate intervention doses.

Experimental Grouping

Based on the preliminary screening results, AS-IV at 100 pM
and TMP at 300 pM were selected as the intervention con-
centrations for subsequent experiments. The cell experiments
were divided into the following 5 groups:

Control group: bEnd.3 cells cultured under normal conditions;
OGD/R group: OGD/R model established on the Control group;
AS-IV group: OGD/R model treated with AS-IV (100 pM);
TMP group: OGD/R model treated with TMP (300 pM);
AS-IV + TMP group: OGD/R model treated with a combination
of AS-IV (100 uM) and TMP (300 pM).

Construction of MALAT1 Knockdown Model and
Experimental Grouping

To further investigate the role of MALAT1 in the protective ef-
fects of the AS-IV and TMP combination, a stable MALAT1 knock-
down model was established using lentiviral-mediated shRNA
transduction. The experimental groups were defined as follows:
shCon group: bEnd.3 cells transduced with a scrambled con-
trol shRNA lentiviral vector, serving as the negative control.
shMALAT1 group: bEnd.3 cells transduced with a MALAT1-
targeting shRNA lentiviral vector to silence MALAT1 expression.
ShMALAT1 + AS-IV group: shMALAT1 cells treated with AS-IV
(100 pM).

ShMALAT1 + TMP group: shMALAT1 cells treated with TMP
(300 pM).

ShMALAT1 +AS-IV + TMP group: shMALAT1 cells treated with a
combination of AS-IV (100 pM) and TMP (300 pM).

Cell Viability Assay

bEnd.3 cells in the logarithmic growth phase were seeded into
96-well plates at a density of 5000 cells per well. According to
the experimental grouping, the respective models were estab-
lished, and culture media containing varying concentrations
of the test drugs were added. After 24 hours of incubation, 10
pL of CCK-8 solution was added to each well, followed by in-
cubation in the dark for 1.5 hours. The absorbance (OD) was
measured at 450 nm using a microplate reader, and cell via-
bility was calculated accordingly.

Cell Scratch Assay

bEnd.3 cells were seeded into 6-well plates at a density of
200000 cells per well and cultured until reaching over 90%
confluence. A sterile 200 pL pipette tip was used to create
a straight scratch vertically across the center of each well,
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producing a uniform wound area. The wells were gently washed
twice with PBS to remove detached cells and debris. The me-
dium was then replaced with culture medium containing 1%
FBS, and the appropriate treatments were applied according
to the experimental groups. Cells were incubated at 37 °Cin a
5% CO, atmosphere. Images of the scratched areas were cap-
tured at 0 and 24 hours using an inverted microscope. Scratch
widths were measured using Image) software, and cell mi-
gration rate was calculated using the following formula: Cell
migration rate (%) =[(Initial scratch area - Scratch area at 24
h) / Initial scratch area] x 100%.

Transwell Cell Migration Assay

bEnd.3 cells from each treatment group were resuspended in
serum-free medium and seeded into the upper chambers of
24-well Transwell inserts at a density of 50 000 cells per well.
The lower chambers were filled with 600 pL of complete me-
dium containing 10% FBS as a chemoattractant. Cells were in-
cubated at 37 °Ciin a humidified atmosphere with 5% CO, for
24 hours. After incubation, Transwell inserts were carefully re-
moved and washed twice with PBS. Non-migrated cells on the
upper surface of the membrane were gently wiped off with
a cotton swab. Cells that migrated to the lower surface were
fixed with 4% paraformaldehyde for 15 minutes and stained
with 0.1% crystal violet for 20 minutes. Following thorough
washing with PBS, the membranes were air-dried. Five random
fields per insert were photographed under an inverted micro-
scope, and the average number of migrated cells was calculated.

Quantitative PCR (qPCR)

Total RNA was extracted from cells using TRIzol reagent. RNA
concentration and purity were measured using a NanoDrop
spectrophotometer. One microgram of RNA was reverse-tran-
scribed into cDNA using the PrimeScript™ RT reagent kit. gPCR
reactions were performed on a QuantStudio 5 system using
TB Green Premix (Takara). Each 20 pL reaction mixture con-
tained 10 pL of TB Green Premix, 0.4 pL of each primer (10
UM), 2 pL of cDNA, and nuclease-free water. The thermal cy-
cling program consisted of an initial denaturation at 95 °C for
30 seconds, followed by 40 cycles of 95 °C for 5 seconds and
60 °C for 30 seconds. Melt curve analysis was conducted to
verify amplification specificity. Primers for the target genes
and sequences were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China), with B-actin used as the internal control.
All samples were run in triplicate, and relative gene expression
levels were calculated using the 224t method.

Western Blot Analysis

Treated cells were collected and lysed on ice for 20 minutes
using lysis buffer. The lysates were sonicated 3 times for 15
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seconds each at 4 °C, followed by centrifugation at 12000 rpm
for 20 minutes at 4 °C. The supernatant containing total cel-
lular protein was collected. Protein concentration was deter-
mined using a BCA assay kit. Protein samples were mixed with
loading buffer and denatured by heating at 100 °C for 10 min-
utes. Proteins were separated by 4% to 20% SDS-PAGE and
transferred onto PVDF membranes. Membranes were blocked
at room temperature for 60 minutes with 5% non-fat milk or
rapid western blot blocking solution. Membranes were incu-
bated overnight at 4 °C with primary antibodies against CXCR4,
Angl, Ang2, and VEGFA. After 3 washes with TBST, membranes
were incubated with secondary antibodies at room tempera-
ture for 60 minutes. Following 3 additional TBST washes, pro-
tein bands were visualized using enhanced chemiluminescence
(ECL) reagents. Band intensities were quantified using Image
Lab software, and relative protein expression levels were nor-
malized to B-actin.

Immunofluorescence (IF) Staining

bEnd.3 cells were seeded at 50 000 cells per well onto cover-
slips placed in 12-well plates. After reaching an appropriate
confluence, experimental models were established, and cul-
ture media containing various concentrations of drugs were
added according to the grouping. Upon completion of treat-
ment, cells were gently washed 3 times with PBS and fixed
with 4% paraformaldehyde for 15 minutes. After fixation,
cells were washed 3 times with PBS for 5 minutes each. Cells
were then permeabilized with 0.3% Triton X-100 (dissolved in
PBS) at room temperature for 20 minutes, followed by 3 ad-
ditional PBS washes. To block nonspecific binding, cells were
incubated with 5% BSA at room temperature for 60 minutes.
Primary antibodies against CXCL12, CXCR4, Angl, and Ang2
were applied, and samples were incubated overnight at 4 °C.
The following day, cells were washed 3 times with PBS (5 min-
utes each) and incubated with fluorescently labeled second-
ary antibodies for 1 hour in the dark. After staining, cells were
washed 3 times with PBS. Nuclear staining was performed us-
ing DAPI and incubated for 5 minutes at room temperature in
the dark, followed by a final PBS wash. Coverslips were mount-
ed onto glass slides and observed under a fluorescence mi-
croscope for imaging.

Statistical Analysis

Statistical analyses were conducted using SPSS version 19.0.
Data are presented as mean + SD from 3 independent biolog-
ical replicates. Post hoc comparisons were performed using
Tukey’s HSD test following one-way ANOVA. If these assump-
tions were violated, Welch’s ANOVA was applied, followed by
Games—Howell post hoc tests for multiple comparisons. A P
value less than 0.05 was considered statistically significant.
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Results

Screening of OGD/R Model Duration and Drug
Concentrations

Optimal OGD/R Treatment Duration for bEnd.3 Cells

CCK-8 assay results showed that cell viability gradually de-
creased with prolonged OGD exposure (Figure 1A). Considering
the extent of cellular injury and the practicality of the model,
8 hours of OGD treatment resulted in approximately 85% cell
viability, effectively simulating a moderate ischemic state. This
duration induced significant ischemic injury responses while
maintaining sufficient cell viability for subsequent functional
studies, such as angiogenesis. Therefore, we selected 8 hours
of OGD followed by 24 hours of reoxygenation and glucose
reperfusion as the optimal treatment duration for establish-
ing the bEnd.3 OGD/R model.

Safety Concentration Ranges of Astragaloside 1V and
Tetramethylpyrazine in bEnd. 3 Cells

CCK-8 assay results demonstrated that astragaloside IV (AS-
IV) exhibited no significant cytotoxicity toward bEnd.3 cells
within the concentration range of 0 to 100 pM, with cell via-
bility at all concentrations remaining comparable to the con-
trol group (Figure 1B). Similarly, Tetramethylpyrazine (TMP)
showed no notable cytotoxic effects within the 0 to 300 pM
concentration range (Figure 1C), indicating good biocompati-
bility of both compounds at the tested concentrations.

Effective Concentration Screening of Drugs in the OGD/R
Model

Within the OGD/R model, AS-IV significantly enhanced cell vi-
ability in a concentration-dependent manner, with the most
pronounced protective effect observed at 100 uM (Figure 1D).
TMP also demonstrated a dose-dependent cytoprotective ef-
fect, showing the greatest efficacy at 300 uM (Figure 1E).
Consequently, AS-IV at 100 yM and TMP at 300 uM were
selected as the intervention concentrations for subsequent
experiments.

OGD/R Model Results
Protective Effects of Drugs on Cell Injury in the OGD/R Model

The effects of AS-IV and TMP on cell viability in the bEnd.3
OGD/R model were evaluated using the CCK-8 assay. Compared
with the Control group, cell viability in the OGD/R group signifi-
cantly decreased (P<0.001), confirming the successful establish-
ment of the ischemia-reperfusion injury model. Treatment with
AS-IV (100 pM) or TMP (300 uM) following OGD/R significantly
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Figure 1. Determination of optimal OGD/R modeling conditions and drug concentrations in bEnd.3 cells. (A) Cell viability of bEnd.3
cells subjected to different durations of oxygen-glucose deprivation (OGD), assessed via CCK-8 assay. Cell viability
progressively declined with increasing OGD exposure durations compared to the Control group (P<0.001). An 8-hour OGD
treatment followed by 24-hour reoxygenation resulted in approximately 85% viability, representing a stable and reproducible
ischemic injury model suitable for downstream experiments. (B) Effect of various concentrations of AS-IV (0-100 uM) on
bEnd.3 cell viability. No significant cytotoxicity was observed across the tested range under physiological conditions. (C)
Effect of various concentrations of TMP (0-300 pM) on bEnd.3 cell viability. Cell viability remained comparable to the Control
group, indicating favorable biocompatibility of TMP within this concentration range. (D) Evaluation of AS-IV at different
concentrations (20, 60, 100 uM) in the OGD/R model. AS-IV at 100 pM produced the most significant increase in cell viability
compared to the OGD/R group (P<0.001). (E) Evaluation of TMP at different concentrations (50, 100, 150, 300 pM) in the
OGD/R model. TMP at 300 pM showed the most potent protective effect compared to the OGD/R group (P<0.001). Data are
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Figure 2. AS-1IV and TMP promote bEnd.3 cell viability and migration under OGD/R conditions. (A) Cell viability assessed by CCK-8
assay. OGD/R significantly reduced cell viability compared to the Control group (P< 0.001). Treatment with AS-IV (100 pM)
or TMP (300 pM) significantly improved cell viability compared to the OGD/R group (P<0.001), and the combined treatment
(AS-IV + TMP) exhibited a significantly more pronounced protective effect compared to either monotherapy (P < 0.001).

(B) Wound healing assay to evaluate the migration capacity of bEnd.3 cells. Cell migration was significantly reduced in the
OGD/R group compared to the Control group (P<0.001). Treatment with AS-IV (100 pM) or TMP (300 pM) significantly
accelerated wound closure (P<0.001), with the combined treatment showing the most significant enhancement (P<0.001).
(€) Transwell migration assay. OGD/R insult markedly reduced the number of migrated cells (P<0.001). Both AS-IV and TMP
treatments significantly enhanced cell migration (P<0.05), and the combined treatment exhibited an enhanced combined
effect (P<0.001). Data are presented as mean + SD from 3 independent experiments. ## P<0.001 vs Control group; * P< 0.05,
**P<0.01, *** P<0.001 vs OGD/R group, as indicated.
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Table 1. Primer sequences used for qPCR analysis of target genes.

Primer direction

CXCL12 Forward
oz Reverse
CocRe Foward
CocRe Reverse
CInRNAMAATI Foward
CInRNAMAATL Reverse
Cpacn Foward
Cpacn Reverse
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Sequence (5’—3’)

Product size (bp)

GCACGGCTGAAGAACAA
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 249
AAGAGGGAGGAGCGAGT
CTGTGACCGCCTTTACC
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 265
TCCTTGCTTGATGACCC
TGACTCAAGGGAACCAG
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 151
AAGAGTAAACTACCAGCAA
TCGTGCGTGACATCAAAGA
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 184
CATACCCAAGAAGGAAGGCT

The nucleotide sequences of forward and reverse primers used for quantitative real-time PCR (qPCR) analysis of mRNA expression
levels of MALAT1, CXCL12, CXCR4, and housekeeping gene B-actin. All primers were synthesized by Sangon Biotech (Shanghai)

Co., Ltd., China.

improved cell viability (P< 0.001). Notably, the combined treat-
ment with AS-IV and TMP resulted in a significantly great-
er increase in cell viability compared to either monotherapy
(P<0.001), suggesting an enhanced protective effect under
these experimental conditions (Figure 2A).

Effects of AS-1V and TMP on Migration Ability of bEnd.3 Cells

In the wound healing assay, the migration capacity of cells
in the OGD/R group was significantly reduced compared to
the Control group (P<0.001), indicating that ischemia-reper-
fusion injury markedly impaired endothelial cell migration.
Treatment with AS-IV (100 pM) or TMP (300 pM) significant-
ly accelerated wound closure compared to the OGD/R group
(P<0.001). Notably, the combined treatment further enhanced
the cell migration rate to a level significantly higher than that
of either monotherapy (P<0.001). In the Transwell migra-
tion assay, the number of cells migrating through the mem-
brane was significantly decreased following OGD/R treatment
(P<0.001). Both AS-IV and TMP alone significantly promoted
cell migration (P<0.05). The combined intervention showed
the most pronounced effect (P< 0.001), demonstrating an en-
hanced pro-migratory effect compared to single-drug treat-
ments (Figure 2B, 2C).

Changes in MALAT1 and Related Gene Expression in the
OGD/R Model

To investigate whether the protective effects of AS-IV and TMP
on OGD/R-treated bEnd.3 cells are mediated through MALAT1,
gPCR was performed to assess MALAT1 expression levels.
The primers and target genes were synthesized by Sangon
Biotech (Shanghai) Co., Ltd., China (detailed in Table 1). Results
showed that MALAT1 expression was significantly decreased

in the OGD/R group compared to the Control group (P<0.01).
Treatment with AS-IV (100 pM) or TMP (300 uM) after OGD/R
significantly upregulated MALAT1 expression compared to
the OGD/R group (P<0.05). Notably, the combined treatment
(AS-IV+ TMP) resulted in a significantly higher upregulation of
MALAT1 compared to either monotherapy (P<0.05), demon-
strating an enhanced effect of the combination in modulat-
ing MALAT1 gene expression (Figure 3A).

Expression of Angiogenesis-Related Proteins in the OGD/R
Model

Western blot analysis showed that the expression levels of
CXCR4 and VEGFA were significantly increased in the OGD/R
group compared to the Control group (P<0.01). Treatment with
AS-IV (100 pM) or TMP (300 pM) alone further increased the
expression of these 2 proteins, although the differences were
not statistically significant. In contrast, the combined treatment
(AS-IV + TMP) resulted in a significantly more pronounced up-
regulation of CXCR4 and VEGFA (P<0.01) compared to either
monotherapy, demonstrating an enhanced combined effect.

Regarding vascular stability markers, Ang1l expression was sig-
nificantly downregulated in the OGD/R group (P<0.01), while
Ang2 was upregulated (P < 0.05), leading to a marked increase
in the Ang2/Ang1 ratio (P<0.01). Treatment with either AS-
IV or TMP reversed these changes by increasing Ang1 and de-
creasing Ang2 expression, thereby significantly reducing the
Ang2/Angl ratio. Notably, the combined treatment showed
the most prominent effect in restoring the Ang2/Angl bal-
ance. These results are consistent with the hypothesis that
AS-IV and TMP can promote vascular stability and potential-
ly reduce vascular leakage by restoring the balance between
Ang2 and Ang1 in this in vitro model (Figure 3B).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




LiG. etal:
AS-IV and TMP enhance angiogenesis
© Med Sci Monit, 2026; 32: €953474

Immunofluorescence Staining Results

Immunofluorescence analysis revealed that Angl expression
was significantly decreased in the OGD/R group (P<0.001).
Following drug treatment, both AS-IV and TMP monotherapy
partially restored Angl expression, while the combined treat-
ment (AS-IV + TMP) led to a significantly more pronounced up-
regulation compared to either monotherapy (P< 0.001). In con-
trast, Ang2 expression was elevated in the OGD/R group; drug
interventions reduced Ang2 levels, with the most substantial re-
duction observed in the combined treatment group (P< 0.001).

LAB/IN VITRO RESEARCH

Regarding the chemotactic signaling axis, OGD/R stimulation
led to a slight increase in CXCL12 and CXCR4 expression, al-
though the upregulation of CXCL12 did not reach statistical
significance. Monotherapy with AS-IV or TMP showed an up-
ward trend in the expression of these markers without sta-
tistical significance compared to the OGD/R group. Notably,
combined treatment significantly enhanced the expression of
both CXCL12 and CXCR4 (P<0.001). These findings are consis-
tent with the hypothesis that AS-IV and TMP can exert an en-
hanced combined effect in activating the CXCL12/CXCR4 sig-
naling pathway, which is critical for endothelial migration and
vascular repair in this in vitro model (Figure 3C).
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Figure 3. Effects of AS-IV and TMP on MALAT1 expression and angiogenesis-related proteins in bEnd.3 cells under OGD/R

conditions. (A) gPCR analysis of MALAT1 expression. OGD/R injury significantly suppressed MALAT1 transcription (P<0.01).
Monotherapies partially restored its levels (P < 0.05), while combined treatment (AS-IV + TMP) led to a significantly more
pronounced upregulation compared to either monotherapy. (B) Western blot analysis of CXCR4, VEGFA, Angl, and Ang?2.
OGD/R significantly upregulated CXCR4 and VEGFA (p < 0.01), downregulated Angl (p < 0.01), and upregulated Ang2
(P<0.05), increasing the Ang2/Ang1 ratio (P<0.01). Combined treatment significantly enhanced CXCR4 and VEGFA
expression (P<0.01) and uniquely optimized the Ang1/Ang2 balance compared to the OGD/R group. (C) Immunofluorescence
staining of Angl, Ang2, CXCL12, and CXCR4. Combined treatment significantly reversed the OGD/R-induced decrease in
Angl and increase in Ang2 (P<0.001). Marked elevations in CXCL12 and CXCR4 levels were observed predominantly in the
combination group (P<0.001), showing an enhanced combined effect. Data are presented as mean + SD from 3 independent
experiments. # P<0.05, # P<0.01, ## P<0.001 vs Control group; * P<0.05, ** P<0.01, *** P<0.001 vs OGD/R group, as
indicated.
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Figure 4. Effects of MALAT1 silencing on cell viability and migration, and the protective role of AS-IV and TMP in bEnd.3 cells. (A) CCK-
8 assay for cell viability. Cells were transduced with lentiviral ShRNA (shMALAT1 or shCon) prior to OGD/R. MALAT1 silencing
markedly reduced cell viability (P < 0.001). Monotherapies partially rescued this decline, whereas the combined treatment
exhibited a significantly greater protective effect (P<0.001). (B) Wound healing assay. Knockdown of MALAT1 significantly
impaired scratch closure (P<0.001). Combined treatment demonstrated a significantly enhanced recovery in migration
capacity compared to monotherapies (P<0.001). (C) Transwell migration assay. The shMALAT1 group showed a profound
reduction in migrated cell counts (P<0.001), which was most effectively counteracted by the combination of AS-IV and TMP
(P<0.001). Data are expressed as mean + SD from 3 independent experiments. ## P<0.001 vs shCon group; ** P<0.01,

*** P<0.001 vs ShMALAT1 group, as indicated.
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Validation of MALAT1 Knockdown Model

Effects of MALAT1 Silencing on Cell Viability and Drug
Intervention

Following the construction of the MALAT1 knockdown mod-
el via lentiviral-mediated shRNA transduction, cell viability in
the shMALAT1 group was significantly lower than in the shCon
group (P<0.001). This indicates that MALAT1 plays a critical
role in maintaining the viability of bEnd.3 cells. Treatment
with AS-IV or TMP partially reversed the reduction in viability
caused by MALAT1 silencing (P< 0.001). Notably, the combined
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treatment (shMALAT1 + AS-IV + TMP) resulted in a significant-
ly greater enhancement of cell viability compared to either
monotherapy (P<0.001), suggesting an enhanced combined
effect even under conditions of MALAT1 deficiency (Figure 4A).

Effects of MALAT1 Silencing on Cell Migration and Drug
Intervention

Compared with the shCon group, the sShMALAT1 group exhib-
ited significantly less wound healing and Transwell migration
capacity (P<0.001), confirming that MALAT1 plays a critical
regulatory role in endothelial cell migration. Under conditions
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Figure 5.
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Regulation of the CXCL12/CXCR4 axis and angiogenesis-related proteins by MALAT1 and drug interventions in bEnd.3 cells.
(A) gPCR analysis of MALAT1, CXCL12, and CXCR4 mRNA. MALAT1 knockdown drastically reduced the transcription of all

3 genes (P<0.05). Combined drug treatment significantly upregulated CXCL12 and CXCR4 expression compared to the
shMALAT1 group (P<0.001), indicating positive regulation by MALAT1. (B) Western blot analysis of CXCR4, VEGFA, Angl,
and Ang2. Protein levels were significantly suppressed following MALAT1 silencing (P < 0.05). Combined treatment produced
a significantly more pronounced recovery compared to either monotherapy (P<0.01), showing that the effects are partially
mediated via MALAT1. (C) Immunofluorescence staining of CXCL12, CXCR4, Ang1, and Ang2. Expression of all 4 proteins
collapsed after MALAT1 silencing. Combination therapy significantly restored their levels (P<0.001), supporting MALAT1

as a crucial upstream regulator associated with vascular repair. Data are presented as mean + SD from 3 independent
experiments. ¥ P<0.05, # P<0.01, ## P<0.001 vs shCon group; * P<0.05, ** P<0.01, *** P<0.001 vs shMALAT1 group, as
indicated.
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of MALAT1 silencing, treatment with AS-IV or TMP partially re-
stored cell migration ability compared to the ShMALAT1 group
(P<0.01). Notably, the combined treatment (ShMALAT1 +AS-
IV +TMP) resulted in a significantly more pronounced improve-
ment compared to either monotherapy (P<0.001). These find-
ings suggest that while the pro-migratory effects of AS-IV and
TMP are partially dependent on MALAT1, the combination ex-
erts an enhanced combined effect that can also involve addi-
tional pathways (Figure 4B, 4C).

Regulation of CXCL12/CXCR4 and Related Gene Expression
by MALAT1 Silencing

Following lentiviral-mediated transduction, mRNA expres-
sion levels of MALAT1, CXCL12, and CXCR4 in the shMALAT1
group were significantly lower compared to the shCon group
(P<0.05). This confirmed that MALAT1 silencing led to a coor-
dinated downregulation of the CXCL12/CXCR4 signaling axis.
Treatment with AS-IV or TMP partially reversed the down-
regulation of these genes. Notably, the combined treatment
(ShMALAT1 +AS-IV + TMP) resulted in a significantly greater
enhancement of CXCL12 and CXCR4 expression compared to
either monotherapy (P<0.001). These results are consistent
with the hypothesis that the AS-IV and TMP combination ex-
erts its regulatory effects on the CXCL12/CXCR4 axis at least
in part through the modulation of MALAT1 (Figure 5A).

Effects of MALAT1 Silencing on the Expression of
Angiogenesis-Related Proteins

Western blot analysis demonstrated that in the shMALAT1
group, the protein expression levels of CXCR4, VEGFA, Angl,
and Ang2 were significantly lower than in the shCon group
(P<0.05). Treatment with AS-IV or TMP partially restored the
expression of these proteins even under conditions of MALAT1
silencing. Notably, the combined treatment (shMALAT1 + AS-
IV+TMP) resulted in a significantly more pronounced upregula-
tion compared to either monotherapy (P<0.01). These findings
are consistent with the hypothesis that AS-IV and TMP exert
an enhanced combined effect in promoting the expression of
angiogenic and vascular stability markers. This effect appears
to be partially mediated by the upregulation of MALAT1 and
the subsequent activation of downstream targets, including
CXCR4, VEGFA, Ang1, and Ang2 (Figure 5B).

Immunofluorescence Results Under MALAT1 Silencing

In the MALAT1 knockdown model, the immunofluorescence
intensity of CXCL12, CXCR4, Ang1, and Ang2 was significantly
downregulated compared to the shCon group, indicating that
MALAT1 positively influences both the CXCL12/CXCR4 axis and
the Angl1/Ang2 balance. Following drug treatment, AS-IV or
TMP partially restored the expression of these proteins even
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in the presence of MALAT1 deficiency. Notably, the combined
treatment (shMALAT1 + AS-IV + TMP) resulted in a significant-
ly more pronounced recovery compared to either monothera-
py (P<0.001). These findings are consistent with the hypoth-
esis that MALAT1 acts as a key regulatory factor associated
with the pro-angiogenic and vascular repair effects of AS-IV
and TMP, although the partial rescue suggests that addition-
al pathways may also contribute to the observed benefits of
the combination therapy (Figure 5C).

Discussion

In our Ischemic stroke remains one of the leading causes of
disability and mortality worldwide, and the development of
effective therapeutic strategies to promote vascular regener-
ation and repair of the neurovascular unit is of great clinical
importance. The neuroprotective effects of the active compo-
nents of traditional Chinese medicine, such as AS-1V and TMP,
have been extensively reported in models of cerebral infarc-
tion. AS-IV has demonstrated significant neuroprotective prop-
erties in various animal models of cerebral ischemia, exerting
its effects through multiple mechanisms, including antioxida-
tive, anti-inflammatory, and anti-apoptotic pathways, ultimate-
ly reducing brain tissue damage and improving neurological
function [23]. Its mechanisms of action have been shown to
involve regulation of the JAK2/STAT3 signaling pathway, en-
hancement of mitochondrial function, activation of PINK1/
Parkin-mediated mitophagy, and inhibition of CaSR-induced
neuronal apoptosis [24-26]. In addition, AS-IV promotes endo-
thelial cell proliferation and neovascularization [18], and has
been shown to exert immunomodulatory effects by inhibiting
histone deacetylase activity and modulating natural killer cell
infiltration and cytokine expression [25].TMP, a widely used
clinical vasodilator for cerebrovascular diseases, also exhibits
broad neurovascular protective effects. Studies have shown
that TMP can attenuate ischemia-induced neuronal damage
by enhancing axonal plasticity and synaptic remodeling, pro-
moting neurovascular unit repair, improving microcirculatory
function, and activating the FGF2/PI3K/Akt signaling pathway
[27,28]. Furthermore, TMP has been demonstrated to reduce
BBB permeability, alleviate neuroinflammation, and inhibit
the NogoA/RhoA/ROCK signaling pathway, thereby contribut-
ing to the improvement of motor function recovery [29,30].
study, AS-IV and TMP, particularly in combination, produced
a more pronounced protective effect in bEnd.3 cells subject-
ed to OGD/R. The combination significantly enhanced cell vi-
ability, migration, and the expression of angiogenesis-related
proteins. While AS-IV or TMP alone partially mitigated OGD/
R-induced damage, their combined application yielded supe-
rior efficacy compared to either monotherapy, demonstrating
an enhanced combined effect. These findings are in line with
previous reports that emphasize the neurovascular benefits of
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these compounds, further supporting their potential in treat-
ing ischemic stroke-related endothelial dysfunction [31,32].

At the molecular level, our results highlight the MALAT1-
CXCL12/CXCR4 signaling axis as a potential central pathway
mediating the observed effects. MALAT1 is a long non-cod-
ing RNA known to regulate endothelial proliferation, migra-
tion, and angiogenesis. Previous studies have shown that si-
lencing MALAT1 significantly inhibits endothelial cell functions
and downregulates the expression of angiogenesis-related
factors [33,34]. Furthermore, the CXCL12/CXCR4 axis is a crit-
ical chemotactic pathway that facilitates the recruitment of
endothelial cells and the formation of new blood vessels in-
dependent of the classical VEGF pathway [35]. In this study,
gPCR and western blot analyses revealed that OGD/R treat-
ment significantly downregulated the expression of MALAT1.
This was accompanied by a compensatory upregulation of
CXCR4 and VEGFA protein levels, alongside the downregula-
tion of Angl and upregulation of Ang2. These alterations sug-
gest that OGD/R induces a profound dysregulation of the neu-
rovascular unit, thereby compromising microvascular stability.
Notably, intervention with AS-IV and TMP, particularly in com-
bination, significantly reversed these molecular disturbances.
The combination yielded a more pronounced effect than either
monotherapy, suggesting an enhanced combined effect in re-
storing the balance of angiogenesis-related factors and acti-
vating the CXCL12/CXCR4 signaling axis in this in vitro model.

Notably, the pathophysiological cascade of cerebral ischemia-
reperfusion injury involves highly interconnected networks,
where endothelial dysregulation often coexists with controlled
cell death pathways. Emerging evidence suggests that ferrop-
tosis, an iron-dependent form of regulated cell death driven by
lipid peroxidation, plays a critical role in microvascular dam-
age and blood-brain barrier disruption after stroke. Recent
studies have demonstrated that AS-IV can mitigate cerebral
ischemia-reperfusion injury by inhibiting the P62/Keap1/Nrf2
pathway-mediated ferroptosis [36], while TMP has also been
shown to attenuate ischemic damage by suppressing ferrop-
tosis via the AMPK/Nrf2 signaling pathways [37].

Although our current study primarily delineates the regulatory
effects of the AS-IV and TMP combination through the lens of
the MALAT1-CXCL12/CXCR4 angiogenesis axis, the cross-talk
between IncRNA-mediated endothelial repair and the inhibi-
tion of ferroptosis warrants further investigation. Given that
Nrf2 activation plays a pivotal role in maintaining mitochon-
drial quality control and mitigating oxidative stress—both of
which are critical upstream events influencing MALAT1 expres-
sion—it is highly plausible that the enhanced combined ef-
fect of AS-IV and TMP observed in this study can be partially
attributed to a coordinated regulation involving both pro-an-
giogenic pathways and Nrf2-mediated ferroptosis resistance.
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Future studies utilizing pathway-specific inhibitors are required
to fully elucidate this potential molecular interplay within the
neurovascular unit.

Immunofluorescence results were consistent with western blot
findings, further confirming the regulatory effects of the drug
interventions. Specifically, Angl expression was markedly re-
duced following OGD/R treatment, suggesting that ischemia-
reperfusion injury can impair vascular structural integrity and
functional stability. Treatment with either AS-IV or TMP alone
partially restored Angl expression, while the combined treat-
ment group exhibited a significantly more pronounced upreg-
ulation compared to either monotherapy, demonstrating an
enhanced combined effect in promoting the expression of vas-
cular stabilizing factors. Conversely, Ang2 expression was sig-
nificantly higher in the OGD/R group, potentially contributing
to vascular instability and endothelial injury. Drug interven-
tions downregulated Ang2 expression, with the combination
therapy showing the most substantial reduction, suggesting
that the combination can improve the ischemic microenviron-
ment by inhibiting factors associated with vascular regres-
sion. Regarding the CXCL12/CXCR4 axis, both markers showed
a slight increase in expression after OGD/R treatment, indi-
cating a possible compensatory endogenous stress response.
Although AS-IV or TMP monotherapy showed an upward trend
in expression, these changes did not reach statistical signifi-
cance. Notably, the combined treatment significantly elevat-
ed CXCL12 and CXCR4 levels, supporting the hypothesis that
this drug combination can promote angiogenesis-related pro-
cesses by activating the MALAT1-CXCL12/CXCR4 signaling axis
in this in vitro model.

Previous studies have demonstrated that in a co-culture mod-
el of neural stem cells and microglia, MALAT1 regulates CXCR4
expression and influences the secretion of CXCL12 [38]. To fur-
ther validate the regulatory role of MALAT1 in the intervention
effects of AS-IV and TMP, they established a stable MALAT1-
silenced cell model via lentiviral-mediated shRNA transduction.
The results showed that MALAT1 silencing significantly atten-
uated, but did not completely abolish, the promotive effects
of AS-IV and TMP on cell viability and migration. Moreover, it
suppressed the expression of CXCL12 and CXCR4, and down-
regulated angiogenesis-related proteins, including VEGFA,
Angl, and Ang2. These findings suggest that activation of the
CXCL12/CXCR4 pathway by AS-IV and TMP is at least partial-
ly dependent on the presence of MALAT1.

Immunofluorescence staining results supported this molecu-
lar mechanism, revealing that the expression levels of CXCL12,
CXCR4, Angl, and Ang2 were markedly reduced in the MALAT1-
silenced model. This indicates that MALAT1 positively regu-
lates the CXCL12/CXCR4 pathway and the expression of Angl
and Ang2 in bEnd.3 cells. Following drug intervention, AS-IV
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or TMP partially restored the expression of these molecules.
Notably, the combined treatment group showed a significant-
ly more pronounced recovery compared to either monother-
apy, demonstrating an enhanced combined effect. These re-
sults further support MALAT1 as a crucial upstream regulator
associated with the vascular repair effects of AS-IV and TMP,
potentially through the activation of the CXCL12/CXCR4 sig-
naling pathway to promote angiogenesis-related processes in
this in vitro model.

Notably, Ang2 expression exhibited an upregulation trend in
the OGD/R model, reflecting vascular stress and inflammatory
responses induced by ischemia-reperfusion injury. In contrast,
Ang?2 expression was downregulated in the MALAT1-silenced
model, suggesting a positive regulatory role of MALAT1 on
Ang?2. The differing expression patterns of Ang2 between the
2 models indicate that the OGD/R-induced increase in Ang2
is primarily driven by pathological stimuli, whereas the down-
regulation of Ang2 following MALAT1 depletion highlights its
critical role at the transcriptional regulatory level. These find-
ings suggest that Ang2 expression is subject to complex reg-
ulation by both pathological stimuli and specific transcription-
al control mechanisms.

In summary, our study demonstrates the enhanced protective
effects of AS-IV and TMP combination on cerebral microvascu-
lar endothelial cells in the OGD/R model. The combination al-
leviates ischemia-reperfusion injury by promoting cell viability,
migration, and the expression of angiogenesis-related factors.
Further mechanistic investigations revealed that MALAT1 plays
a regulatory role in this process, contributing to the pro-angio-
genic and vascular repair effects of AS-IV and TMP, likely as-
sociated with activation of the CXCL12/CXCR4 signaling path-
way. While our results are consistent with the involvement of
the MALAT1-mediated CXCL12/CXCR4 axis, the necessity of
this pathway requires further validation using specific inhibi-
tors or downstream gene-silencing approaches.

This study has several limitations. First, the use of the bEnd.3
cell line and the OGD/R model provides a simplified in vitro en-
vironment that does not fully replicate the physiological com-
plexity of clinical ischemic stroke. Second, while we identified
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the role of MALATY, further in vivo studies using rodent mod-
els are necessary to confirm the translational potential of the
AS-IV and TMP combination.

Conclusions

This study demonstrated that the active components AS-IV
and TMP exert enhanced protective effects compared to ei-
ther monotherapy on cerebral microvasculature in the bEnd.3
cell OGD/R model. The combination significantly promotes the
proliferation, migration, and expression of angiogenesis-relat-
ed proteins in brain endothelial cells. The underlying mecha-
nism is consistent with the upregulation of MALAT1 expres-
sion, activation of the CXCL12/CXCR4 signaling pathway, and
modulation of the Ang1/Ang2 balance, which collectively con-
tribute to improved vascular stability and regenerative capac-
ity under ischemic-like injury in vitro. These findings provide
new experimental evidence supporting the potential therapeu-
tic benefits of combined AS-IV and TMP for ischemic stroke.
Furthermore, this study highlights the potential of the AS-IV
and TMP combination as a candidate strategy for promoting
vascular regeneration and repair, warranting further valida-
tion in in vivo models.
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