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Abstract

Background: Stroke remains a leading cause of death and disability worldwide. Endothelial dysfunction plays a central role in both
acute ischemic injury and subsequent recovery. In this study, we investigated the protective effects and underlying mechanisms of DI1-3-
n-butylphthalide (NBP) on human brain microvascular endothelial cells (HBMECs) subjected to oxygen-glucose deprivation (OGD), an
in vitro model of ischemic stroke. Methods: HBMECs were divided into three groups: control (normoxia), OGD (10 h hypoxia, followed
by reoxygenation for different durations (0—24 h), and then a subsequent 24 h incubation), and NBP-treated OGD (10 umol/L NBP during
reoxygenation). Cell viability and apoptosis were assessed by Cell Counting Kit 8 (CCKS), lactate dehydrogenase (LDH) release, and
flow cytometry. Mitochondrial function was evaluated using MitoTracker fluorescence. Molecular mechanisms were examined using
Western blot, quantitative real-time PCR (qRT-PCR), immunofluorescence, and enzyme-linked immunosorbent assay (ELISA), focus-
ing on the hypoxia-inducible factor-1a (HIF1a)/vascular endothelial growth factor (VEGF) angiogenic pathway and cyclooxygenase-2
(COX2)-mediated inflammatory response. Results: NBP at 10 pmol/L significantly improved HBMEC viability (37.5% increase, p
< 0.01), reduced apoptosis (p < 0.01), and restored mitochondrial membrane potential (p < 0.05) following OGD injury. Mechanisti-
cally, NBP demonstrated dual pathway modulation by: (1) promoting angiogenesis-related gene expression through HIF 1o upregulation
and subsequent increase in vascular endothelial growth factor receptor 2 (VEGFR2) and endothelial nitric oxide synthase (eNOS) ex-
pression (p < 0.05); and (2) suppressing inflammation via COX2 downregulation with concurrent reduction of downstream mediators
including inducible nitric oxide synthase (iNOS), tumor necrosis factor-a (TNFa), interleukin-1 (IL-1p), and Thromboxane B, (TXB,
p <0.05). This coordinated regulation created a favorable microenvironment balancing pro-angiogenic signals with anti-inflammatory
effects. Conclusion: NBP exerts multi-targeted protection on HBMECs after ischemic injury through associated with the activation
of HIF1a/VEGF-mediated angiogenesis and suppression of COX2-driven inflammation. This dual modulation strategy, targeting both
vascular repair and inflammatory control, provides preliminary in vitro mechanistic insights that warrant further validation in vivo and
in clinical settings.
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1. Introduction chanical thrombectomy, which do not address the underly-
ing mechanisms of stroke-related brain injury [2,3].

Stroke is recognized as the second leading cause of

death worldwide and a major contributor to disability, cre-
ating a significant economic burden on individuals, fam-
ilies, and healthcare systems [1]. Given the high inci-
dence and severe consequences of stroke, there is an ur-
gent need for cost-effective post-stroke interventions to im-
prove recovery outcomes. Currently, treatment strategies
for acute stroke are primarily limited to reperfusion ther-
apies, such as tissue plasminogen activator (tPA) and me-

Recent advances in stroke research have highlighted
the importance of the neurovascular unit (NVU), which
consists of neurons, endothelial cells, astrocytes, and per-
icytes, in understanding stroke pathology [4,5]. This con-
cept emphasizes that ischemic injury does not solely affect
neurons but also disrupts vascular integrity and glial cell
function. Endothelial cells (ECs) are crucial components
of the NVU, playing a pivotal role in maintaining cerebral
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blood flow and metabolic homeostasis. Atherosclerosis, a
primary risk factor for stroke, is associated with increased
EC apoptosis, highlighting the need for therapies that pre-
serve endothelial health [6].

Among them, promoting angiogenesis (i.e., the for-
mation of new blood vessels) and eliminating inflam-
matory responses have been proven to be associated
with improved functional recovery and reduced recur-
rence rate after a stroke. The hypoxia-inducible factor-1a
(HIF1a)/vascular endothelial growth factor (VEGF) path-
way and the cyclooxygenase-2 (COX2)/inducible nitric ox-
ide synthase (iNOS) pathway are key regulators of angio-
genesis and inflammation, respectively. Notably, these two
pathways often interact under ischemic conditions, where
excessive inflammation can impair HIFla signaling and
VEGF-mediated vascular repair [7,8]. Therefore, simulta-
neously targeting both pathways may represent a more ef-
fective therapeutic strategy. By stimulating the activity of
HIF1la, it can increase the expression of vascular growth
factors, stimulate the formation of new blood vessels, en-
hance cerebral blood flow and prevent ischemic damage.
COX2, as a central factor influencing inflammation, its in-
hibition will affect the expression of iNOS, thereby elimi-
nating inflammation [9,10].

Traditional treatment approaches for stroke, which of-
ten follow a “one-size-fits-all” model, may not fully ad-
dress the complex nature of stroke and its effects on the
NVU. In contrast, traditional Chinese medicine, known
for its multi-targeted strategies, presents promising alter-
natives for managing stroke. One such agent is DI-3-n-
butylphthalide (NBP), a synthetic compound derived from
natural sources that has emerged as a novel therapeutic op-
tion for cerebrovascular diseases by targeting various path-
ways and mechanisms [11]. Research has shown that NBP
can enhance cerebral microvascular function, improve re-
gional blood flow, and promote angiogenesis, indicating its
potential role in stroke prevention and recovery [12,13].

However, despite these encouraging findings, the spe-
cific effects of NBP on endothelial cells, especially in the
context of ischemic injury, have not been thoroughly in-
vestigated. Therefore, this study aims to explore the direct
effects of NBP on human brain microvascular endothelial
cells (HBMECs) subjected to oxygen-glucose deprivation
(OGD), a widely used in vitro model for ischemic stroke.
We will evaluate how NBP influences HBMEC viability,
apoptosis rates, and mitochondrial function, along with the
signaling pathways involved in these protective effects. By
clarifying the mechanisms through which NBP operates,
this research aspires to enhance the development of more ef-
fective therapeutic strategies for managing ischemic stroke.

In conclusion, the ongoing investigation into the
NVU, endothelial cell health, and the diverse approaches
offered by traditional Chinese medicine, such as NBP,
holds significant potential for improving stroke treatment.
This study aims to investigate the protective effects of

NBP on HBMECs following ischemic injury and to elu-
cidate the underlying molecular mechanisms involving
HIF10/VEGF-mediated angiogenesis and COX2-mediated
inflammation.

2. Experimental Methods
2.1 Cell Culture

HBMECs (Cat. HTX1843, Otwo Biotech, Shen-
zhen, Guangdong, China; RRID: CVCL_U985) were main-
tained in high-glucose DMEM supplemented with 10% fe-
tal bovine serum (FBS, Cat. 10099141C, Gibco, Grand
Island, NY, USA) and 1% penicillin-streptomycin (Cat.
15140122, Gibco) at 37 °C in a 5% CO; humidified incu-
bator. The medium was refreshed every 48 hours. Upon
reaching >80% confluency, cultures were rinsed with 0.01
M phosphate-buffered saline (PBS) and detached using
0.25% trypsin-EDTA (Cat. C0201, Beyotime, Shanghai,
China). Prior to experimental use, all cells tested nega-
tive for mycoplasma contamination (Mycoplasma Detec-
tion Kit, Cat. Myco-P-20, Biothrive Sci. & Tech., Shang-
hai, China), authenticated by STR profiling, and were re-
stricted to passages 2—8.

2.2 Oxygen-Glucose Deprivation (OGD) Model

The OGD model was used to simulate cerebral
ischemia-reperfusion injury. Briefly, cells were cultured in
a DMEM glucose-free medium (Gibco) planted in a plate.
Cells were sealed in anaerobic culture bags (Cat. R686010,
distributed by Thermo Fisher Scientific, Eugene, OR, USA;
manufactured by Mitsubishi Gas Chemical, Tokyo, Japan)
containing an anaerobic gas-generating pouch (95% N, 5%
CO;) and an oxygen indicator and incubated at 37 °C for
10 h. The indicator remained colorless, confirming suc-
cessful anaerobic conditions. Following this, the bags with
plates were transferred to a 5% CO, incubator for varying
durations (0, 6, 8, 10, 12, or 24 h). After combined glu-
cose deprivation and hypoxia treatment, the anaerobic de-
vices were removed, and cells were switched to complete
medium and cultured under standard conditions (37 °C, 5%
CO,) for an additional 24 h.

2.3 NBP Treatment and Cell Viability Assay

NBP active pharmaceutical ingredients (API) were
provided by Shijiazhuang Pharmaceutical Group NBP
Pharmaceutical Co., Ltd (Cat. 518190403, Shijiazhuang,
Hebei, China). Firstly, it was completely dissolved with
dimethyl sulfoxide (DMSO) (Cat. ST038; Beyotime) to a
concentration of 1 mM solution for use. The standby solu-
tion was diluted with DMEM at different concentrations of
1000 pM, 100 uM, 10 uM, 1 uM, and 0.1 pM. Interventions
with different concentrations of NBP were performed for 24
h followed by HBMEC OGD treatment. Besides, the final
concentration of DMSO was less than 0.2%. Cell viability
was evaluated using Cell Counting Kit 8 (CCKS8) (Dojindo,
Kumamoto, Japan) according to the manufacturer’s recom-
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mendations. Cells were cultured in a medium containing
10% CCKS for 2.5 h. Finally, absorbance was measured at
a wavelength of 450 nm using a microplate reader to select
the most appropriate concentration for subsequent experi-
ments based on cell viability.

Lactate dehydrogenase (LDH) activity was assessed
in both intracellular and extracellular (cell culture medium)
samples using a commercial LDH assay kit (Cat.D799207,
Sangon Biotech, Shanghai, China) following the manufac-
turer’s protocol. Results were calculated by reference to
standard curves.

2.4 Detection of Apoptosis by Flow Cytometry

Apoptosis was assessed using the PE Annexin V
Apoptosis Detection Kit I (Cat. 559763, BD Pharmingen,
San Diego, CA, USA). Cells were harvested, resuspended
in 100 pL of 1x annexin-binding buffer, and incubated with
5 pL of PE Annexin V and 5 pL of 7-AAD for 15 min at
room temperature in the dark. The reaction was terminated
by adding 400 pL of 1x annexin-binding buffer. Flow cyto-
metric analysis was performed on a CytoFLEX LX (Beck-
man Coulter, Brea, CA, USA), and data were processed
using CytExpert software (v 2.3, Beckman Coulter, Brea,
CA, USA). A minimum of 10,000 cells per sample was an-
alyzed.

2.5 Mitochondrial Probe Assay

Glass coverslips were used to hold the cells in 6-well
cell culture plates. And after OGD and NBP treatments, dif-
ferent groups of the cell coverslips were stained with Mito-
Tracker (Cat. M22425, Thermo Fisher Scientific) (stock so-
lution ImM) 1:5000 dilution at 37 °C for 30 min. Cells were
washed with PBS and fixed with 3.2% cold paraformalde-
hyde (PFA), (Cat. 80096618, Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) at room temperature for 20
min. After washing, the glass coverslips were placed up-
side down on the slides. The slides were sealed and stored
away from light in a 4 °C refrigerator. Finally, we ob-
served the slides under a laser-scanning confocal micro-
scope (Olympus FV1200, Olympus Corporation, Tokyo,
Japan). Five non-overlapping fields per coverslip were ran-
domly selected under 200x magnification. Fluorescence
intensity was measured using ImageJ software (v1.53, Na-
tional Institutes of Health, Bethesda, MD, USA) by quan-
tifying the mean pixel intensity per field after background
subtraction. Results are expressed as relative fluorescence
units (RFU) normalized to the control group. The number
of samples is n = 3.

2.6 Western Blot Analysis

The total proteins of the cells in each group were
extracted by adding 0.5 mL of frozen radioimmunopre-
cipitation assay (RIPA) (Cat. No. PO0013B; Beyotime)
buffer with a cocktail of protease (Cat. 04693159001) and
phosphatase inhibitors (Cat. 04906837001, Roche, Basel,
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Switzerland) to the culture dish. After centrifugation at
12,000 rpm for 30 min at 4 °C, protein concentrations were
determined using the bicinchoninic acid (BCA) Protein As-
say Kit (Cat. P0O009; Beyotime). Equal amounts of protein
(20 pg per lane) were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). We pre-
pared 2 g/L proteins in PBS in each tube, and then added 5x
SDS loading buffer (Cat. PO015; Beyotime) to each sam-
ple. Then, each tube was boiled at 100 °C for 5 min. Elec-
trophoresis (200 V) was performed with 10%—15% SDS-
PAGE gels (Cat. FD2001, Fude Biotech, Hangzhou, Zhe-
jiang, China). Electrophoresis was terminated when the
loading dye reached the bottom of the gel, and then the load-
ing dye was transferred to polyvinylidene fluoride (PVDF)
membranes (Cat. [PVHO00010, Millipore, Billerica, MA,
USA) on a Bio-Rad transfer device at 300 mA for 60 min.
After sealing the cell membranes with 5% skim milk pow-
der at room temperature for 3 h, the PVDF membranes
were incubated with primary antibodies at 4 °C overnight.
The primary antibodies included COX2 antibody (1:1000,
Cat. ab15191, Abcam, Cambridge, UK), HIF1a antibody
(1:1000, Cat. 36169, CST, Danvers, MA, USA), vascu-
lar endothelial growth factor receptor 2 (VEGFR2) anti-
body (1:1000, Cat. 9698,CST), iNOS antibody (1:500,
Cat. AF6007; Affinity Biosciences, Cincinnati, OH, USA),
interleukin-13 (IL-1B, 1:1000, Cat. 31202, CST), tumor
necrosis factor-a (TNFa, 1:1000, Cat.11948, CST, Dan-
vers, MA, USA) and GAPDH antibody (1:1000, Cat. 2118,
CST). After incubation time, PVDF membranes were rinsed
with tris-buffered saline with Tween 20 (TBST) for 4 x
5 min and incubated with horseradish peroxidase-coupled
secondary antibodies for 2.5 h at room temperature. Sec-
ondary antibodies were goat anti-rabbit antibody (1:5000,
Cat.BK-R050, Bioker, Oviedo, Asturias, Spain) and goat
anti-mouse antibody (1:5000, Cat.BK-MO050, Bioker). Pro-
tein bands were visualized using the ChemiDoc Touch
Imaging System (Bio-Rad, Hercules, CA, USA) after en-
hanced chemiluminescence (ECL) incubation. Band inten-
sities were quantified with Image Lab software (v6.1, Bio-
Rad). All experiments were conducted in triplicate.

2.7 Enzyme Linked Immunosorbent Assay

Following OGD/reperfusion (OGD/R) treatment with
or without NBP exposure, cells were collected and cul-
ture supernatants were harvested. Thromboxane B, (TXB,,
Cat# D711360) and nitric oxide (NO, Cat# D799310) lev-
els were measured using commercial assay kits (Sangon
Biotech) according to manufacturer protocols. Data were
quantified based on standard curves.

2.8 Quantitative RT-PCR

Quantitative real-time PCR (qRT-PCR) was per-
formed on a Rotor-Gene Q real-time PCR cycler (QIA-
GEN, Hilden, Germany) using 1 pg of total RNA with the
QuantiTect SYBR Green RT-PCR Kit (Cat. 204243, QIA-
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Fig. 1. Assessment of HBMEC viability. CCKS assay (A) and cytotoxicity using LDH release assay (B) after exposure to OGD for

indicated time periods (0, 6, 8, 10, 12, and 24 h). Data are expressed as mean + SEM of three independent experiments. ~p < 0.01 versus

0 h control. ***p < 0.001 versus 0 h control. Con, control; HBMEC, human brain microvascular endothelial cell; CCKS, Cell Counting

Kit 8; LDH, lactate dehydrogenase; OGD, oxygen-glucose deprivation; SEM, standard error of the mean.

GEN, Hilden, Germany) following the manufacturer’s in-
structions. All reactions were performed in technical du-
plicate, and data were acquired and analyzed using Rotor-
Gene Q Series Software (v2.3.5, QIAGEN, Hilden, Ger-
many).

All experiments included at least three independent
biological replicates. The primer-pairs used for RT-qPCR
were GAPDH: (primers ACAGTCAGCCGCATCTTCTT
and TTGATTTTGGAGGGATCTCG), Vascular Endothe-
lial Growth Factor A (VEGFA) (AGGGCAGAATCAT-

CACGAAGT and AGGGTCTCGATTGGATGGCA),
nuclear factor kappa B (NFkB) (AACAGAGAG-
GATTTCGTTTCCG and TTTGACCTGAGGGTAA-

GACTTCT), TNFa (CCTCTCTCTAATCAGCCCTCTG
and GAGGACCTGGGAGTAGATGAG), endothelial
nitric oxide synthase (eNOS) (TGATGGCGAAGCGAGT-
GAAG and ACTCATCCATACACAGGACCC), iNOS
(TTCAGTATCACAACCTCAGCAAG and TGGACCT-
GCAAGTTAAAATCCC), IL-1f (ATGATGGCTTAT-
TACAGTGGCAA and GTCGGAGATTCGTAGCTGGA).
Gene expression was normalized to GAPDH as an internal
control, and relative expression levels were calculated
using the 2-44¢t method.

2.9 Immunofluorescence Staining

Cells grown on coverslips were fixed with freshly pre-
pared 4% paraformaldehyde in PBS (pH 7.4) for 40 min,
then washed in PBS for 5 min and permeabilized with
2% Triton X-100 (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) for 15 min. The cells were incubated
with primary antibodies (rabbit anti-HIFla 1:250 dilution,
Cat. 36169, CST) overnight at 4 °C after the non-specific
binding sites were blocked with 5% bovine serum albumin
(BSA, Cat. SW3015, Solaria, Shanghai, China) blocking

solution for 30 min. After washing in PBS for 3 x 5 min,
the cells were incubated with secondary antibodies (Alexa
Fluor488, Cat. A-11008; Thermo Fisher Scientific) for 1.5
h at room temperature and then washed with PBS for 3
x 5 min at room temperature. The slides were incubated
with 15 pL of DAPI (Cat. H-1200-10, Vector Laboratories,
Burlingame, CA, USA), and the coverslips full of cells in-
cubated with the antibody were placed on the slides. The
sections of controls (following the same procedure except
for the addition of primary antibodies) showed no signal.
The slides were examined under a fluorescent microscope
(Olympus VS120, Olympus Corporation, Tokyo, Japan).
Five sections were randomly selected from each slide, and
their intensity was analyzed using ImagelJ software (v1.53,
National Institutes of Health).

2.10 Statistical Methods

All data are presented as mean =+ standard error of
the mean (SEM). Statistical analyses were performed us-
ing one-way ANOVA followed by Tukey’s post hoc test
for multiple comparisons between groups (SPSS 22.0, IBM
Corp., Armonk, NY, USA). Statistical significance was de-
fined as p < 0.05.

3. Results

3.1 NBP Reduced the Apoptotic Rate in HBMECs After
OGD Injury

To investigate the protective effects of NBP on HB-
MECs following OGD, we established an OGD/R model
using HBMECs. Cell viability and apoptosis were subse-
quently evaluated. CCKS8 assay showed the metabolic ac-
tivity of the cells had significantly decreased (p < 0.001)
(Fig. 1A), and LDH assay revealed that after OGD 10 h,
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Fig. 2. Effects of different concentrations of NBP on cell viability and apoptosis after OGD. (A) HBMEC viability assessed
by CCKS assay after treatment with five different NBP concentrations (0, 0.1, 1, 10, 100 uM) following 10 h OGD exposure. (B)
Flow cytometry analysis of apoptosis after staining with PE-Annexin V/7-AAD (FSC/SSC, FSC-A/FSC-H, PE-Annexin V/7-AAD).
Representative scatter plots show Annexin V (x-axis) vs 7-AAD (y-axis). Q1-UL: necrotic cells; Q1-UR: late apoptotic cells; Q1-LL:
viable cells; QI1-LR: early apoptotic cells. (C) Percentage of total apoptotic cells of different groups. Data were expressed as mean +
SEM (n =3). p <0.05, "p <0.01, ™ p < 0.001 vs Control. ns: not significant. NBP, DI-3-n-butylphthalide; PE-Annexin V/7-AAD,

phycoerythrin-conjugated Annexin V and 7-Aminoactinomycin D.

compared with control cells, LDH release increased signif-
icantly (p < 0.01) (Fig. 1B), indicating enhanced cytotox-
icity. Thus, we used 10 h as the intervention time of the
subsequent OGD model.

To further determine the protective effect of NBP
on OGD injury, the concentration of NBP should first be
tested. Under OGD/R conditions, NBP treatment enhanced
cell viability by 37.5% at the concentration of 10 umol/L
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(Fig. 2A). Then, we used flow cytometric analysis to test
the apoptosis in HBMECs. As shown in Fig. 2B, the to-
tal apoptotic rate in HBMECs after OGD was significantly
increased (p < 0.001) compared to controls, while the total
apoptotic rate was found to be significantly decreased (p <
0.01) after OGD in the NBP intervention group (Fig. 2B,C).
So we chose 10 pmol/L NBP for further experiments.
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Fig. 3. NBP protects against OGD-induced mitochondrial damage. (A) Representative fluorescence images of HBMEC:s stained with
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3.2 Mitochondrial Protective Effect of NBP on HBMECs
After OGD Injury

To further explore the mechanism by which NBP re-
verses OGD-induced HBMEC:s apoptosis, we tested the flu-
orescence intensity of mitochondria. Mitochondrial mem-
brane integrity was assessed using MitoTracker staining in
live cells. As shown in Fig. 3A,B, mitochondrial fluo-
rescence intensity was significantly decreased by approx-
imately 60% in the OGD group compared to the control
group (p < 0.05), indicating substantial mitochondrial dam-
age following OGD injury. NBP intervention significantly
reversed this decrease (p < 0.05), restoring mitochondrial
fluorescence intensity to approximately 104% of Control
levels. These results suggest that NBP effectively attenu-
ates OGD-induced mitochondrial damage in HBMECs.

3.3 NBP Upregulates HIF10/VEGF Pathway-Related
Gene and Protein Expression Under OGD Conditions

Immunofluorescence and Western blot analyses
demonstrated that HIFla expression in HBMECs was

low under normal conditions. In the OGD model, HIF1a
expression showed a modest increase compared to the
control group, but this change did not reach statistical
significance (p > 0.05). Following NBP intervention,
HIF 1o expression was significantly upregulated compared
to the OGD group, with approximately 2.01-fold increase
in immunofluorescence intensity (p < 0.01, Fig. 4A) and
approximately 1.39-fold increase in protein expression by
Western blot (p < 0.01, Fig. 4B). Consistent with HIF1a
upregulation, downstream components of the VEGF sig-
naling pathway were also significantly activated by NBP
treatment: VEGFR2 protein expression increased approx-
imately 1.24-fold (p < 0.05, Fig. 4B, the original Western
blot images are available in the Supplementary Mate-
rial), while VEGFA and eNOS mRNA levels increased
approximately 1.18-fold and 1.28-fold, respectively (p <
0.05, Fig. 4C). These results indicate that NBP upregulates
HIFlo expression, thereby activating the downstream
VEGF signaling pathway in OGD-injured HBMECs.
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3.4 NBP Inhibited the Expression of OGD-Induced
Inflammatory Markers by COX2-iNOS Signaling

NBP also exhibited significant anti-inflammatory ef-
fects in OGD-injured HBMECs. Western blot analysis re-
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vealed that COX2 protein expression was markedly ele-
vated following OGD, and NBP treatment reduced COX2
expression by approximately 46% compared to the OGD
group (p < 0.01, Fig. 5A, the original Western blot im-
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Fig. 5. NBP attenuates OGD induced inflammatory response. (A) Representative Western blot images and densitometric quantifi-

cation of COX2, iNOS, TNFa, and IL-1p protein expression levels normalized to GAPDH. (B) Enzyme-linked immunosorbent assay
(ELISA) results showing TXB, production levels. (C) qRT-PCR analysis of NF«B, iNOS, TNFa., and IL-1f mRNA expression levels.
Data are expressed as mean = SEM (n = 3). "p < 0.05, "p <0.01, “"p < 0.001. COX2, cyclooxygenase-2; iNOS, inducible nitric oxide

synthase; TXB,, Thromboxane B,; TNFa, tumor necrosis factor-a; IL-1p, interleukin-1f; NF«xB, nuclear factor kappa B.

ages are available in the Supplementary Material). Sim-
ilarly, the protein expression of other inflammatory me-
diators was also significantly suppressed by NBP: TNFa
decreased by approximately 72%, IL-1p by approximately
58%, and iNOS by approximately 38.6% compared to the
OGD group (all p <0.01, Fig. 5A).

Since TXB, is a stable metabolite of TXA, and a
downstream product of the COX2 pathway, we measured
TXB, levels by ELISA as a functional indicator of COX2
activity. NBP treatment reduced TXB, concentration by
approximately 16% compared to the OGD group (p < 0.05,
Fig. 5B). Furthermore, qRT-PCR analysis showed that

the mRNA expression of inflammatory mediators was sig-
nificantly decreased following NBP treatment, including
NFxB, TNFa, IL-1B, (decreased by approximately 20%)
and iNOS (decreased by approximately 70%) (all p <0.05,
Fig. 5C). Collectively, these results demonstrate that NBP
attenuates the OGD-induced inflammatory response in HB-
MEC:s at both the protein and transcriptional levels.

4. Discussion

Stroke remains a leading cause of death and disability
worldwide, with endothelial dysfunction playing a central
role in both acute injury and recovery phases. This study
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Fig. 6. Schematic illustration of the protective mechanisms of NBP in HBMECSs under OGD conditions. NBP activates HIFla
signaling, which promotes angiogenesis through upregulation of eNOS/NO and the VEGF pathway, while simultaneously inhibiting

inflammatory responses by suppressing COX2, iNOS, and pro-inflammatory cytokines. These combined effects protect mitochondrial

function and enhance endothelial cell survival. Putative signaling pathways involved in NBP-mediated protection. Dashed lines indicate

proposed mechanisms based on prior literature, which require further experimental validation in this model. PI3K, phosphatidylinositol
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demonstrates that NBP protects HBMECs against OGD
through multiple complementary mechanisms: enhancing
cell viability, reducing apoptosis, preserving mitochondrial
function, promoting angiogenesis via the HIF1a/VEGF
pathway, and suppressing inflammation through COX2
modulation. These findings provide correlative mechanis-
tic insights into NBP’s protective effects on endothelial
cells under ischemic conditions in vitro.

In our study, NBP treatment reversed the OGD-
induced decline in MitoTracker Red fluorescence intensity
(Fig. 3), indicating preservation of mitochondrial mem-
brane potential. Loss of mitochondrial membrane poten-
tial is a well-established early event in the intrinsic apop-
totic cascade, typically followed by cytochrome c release,
caspase activation, and increased reactive oxygen species
(ROS) production [14,15]. Although we did not directly
measure cytochrome c release or ROS levels in the present
study, the observed preservation of mitochondrial mem-
brane potential by NBP suggests that these downstream
apoptotic events may also be attenuated, a hypothesis that
warrants direct verification in future experiments. Mainte-
nance of mitochondrial integrity is particularly critical for
brain microvascular endothelial cells, which require sub-
stantial ATP to sustain blood-brain barrier functions, in-
cluding tight junction stability and ion homeostasis [16].
Therefore, NBP’s mitochondrial protective effect may con-
tribute to the preservation of blood-brain barrier integrity
and cerebral microcirculation following ischemic injury.
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Regarding the HIF1a/VEGF pathway, OGD alone did
not significantly increase HIF 1a protein levels in our exper-
imental setting. This observation is consistent with previ-
ously described negative feedback mechanisms during pro-
longed hypoxia, including PHD overactivation and HIFla
mRNA destabilization by tristetraprolin in endothelial cells
[17,18]. In contrast, NBP treatment following OGD sig-
nificantly increased HIF 1o protein expression (p < 0.01),
accompanied by upregulation of VEGFR2 protein (p <
0.05) and increased VEGFA and eNOS mRNA levels (p <
0.05) (Fig. 4), indicating that NBP actively enhances the
HIF1o/VEGEF signaling axis rather than merely supporting
endogenous hypoxic responses. Although these molecular
changes suggest a pro-angiogenic effect, direct functional
validation through tube formation or sprouting assays was
not performed in this study and will be an important focus
of future work. Notably, unlike exogenous VEGF adminis-
tration, which has been associated with vascular permeabil-
ity and hemorrhagic complications in clinical trials [19,20],
NBP’s approach of promoting endogenous VEGF signaling
through HIF 1a upregulation may better preserve physiolog-
ical regulatory mechanisms, though this hypothesis requires
further in vivo verification.

The relationship between HIFlo and inflammation
is particularly relevant in stroke. The crosstalk between
HIF1la and COX2 pathways may involve shared transcrip-
tional regulators (Fig. 6). Both HIF1a and COX2 are NF«xB
target genes [21,22,23,24], yet NBP exhibited differential
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effects—upregulating HIF 1 o protein expression while sup-
pressing COX2. The mechanism underlying this selectivity
was not directly investigated in the present study. Possible
explanations include differential post-translational regula-
tion (e.g., modulation of PHD-mediated hydroxylation af-
fecting HIF 1a protein levels) or selective effects on NFkB
transcriptional activity toward different target genes; how-
ever, these hypotheses require future experimental verifi-
cation using hydroxylation-specific antibodies, PHD/VHL
activity assays, and NFkB nuclear translocation analysis.
Notably, chronic inflammation can impair HIFla signaling
through PHD activation, while HIF la activation promotes
anti-inflammatory M2 polarization [25,26]. NBP’s simulta-
neous modulation of pro-angiogenic and anti-inflammatory
pathways therefore represents a significant advantage over
single-target approaches, creating a favorable microenvi-
ronment where pro-angiogenic signaling is enhanced while
excessive inflammation is suppressed.

These pathways are intimately connected: chronic in-
flammation impairs HIF 1a signaling through PHD enzyme
activation [27,28], while inflammation-induced oxidative
stress damages VEGF protein [29]. Conversely, HIF1a
activation promotes macrophage polarization toward anti-
inflammatory M2 phenotype [25,26], and improved an-
giogenesis reduces hypoxia-induced inflammatory signals
[25,30]. NBP’s preservation of mitochondrial function pro-
vides an additional mechanistic link, as mitochondrial dys-
function releases DAMPs that activate inflammatory cas-
cades while impairing cellular energy status necessary for
VEGF-driven angiogenesis [15,31,32].

This multi-target approach distinguishes NBP from
selective COX2 inhibitors, which showed neuroprotection
in experimental models but caused cardiovascular side ef-
fects in clinical trials [33,34], and from exogenous VEGF
administration, which failed in clinical trials due to vascu-
lar permeability concerns [19,20]. A randomized, double-
blind trial (573 patients) evaluated 90-day sequential ad-
ministration of intravenous followed by oral NBP for acute
ischemic stroke, and found that the NBP sequential therapy
group showed improved functional outcomes compared to
controls [35].

Several limitations of this study should be acknowl-
edged. First, our findings are derived from a single en-
dothelial cell line (HBMECs) subjected to OGD/R condi-
tions, which does not fully recapitulate the complexity of
the neurovascular unit, particularly the interactions between
endothelial cells, neurons, astrocytes, pericytes, and im-
mune cells [36,37]. Co-culture models incorporating these
cell types would better simulate the in vivo blood-brain
barrier microenvironment. Second, our study relied ex-
clusively on molecular and biochemical endpoints (West-
ern blot, qPCR, flow cytometry, ELISA, and MitoTracker
fluorescence) without direct functional validation. Future
studies should incorporate tube formation, migration, and
barrier integrity assays (e.g., TEER measurement and per-

10

meability to fluorescent tracers), as well as functional in-
flammatory readouts such as endothelial permeability and
leukocyte adhesion, to confirm the biological significance
of the observed molecular changes. Third, the mechanism
by which NBP upregulates HIF-1a protein levels was not
elucidated; whether this occurs through transcriptional ac-
tivation, translational enhancement, or inhibition of protea-
somal degradation (e.g., via PHD or VHL modulation) re-
mains to be determined. Fourth, although NFxB mRNA
levels were measured, NFxB activation, nuclear transloca-
tion, and transcriptional activity were not directly assessed;
therefore, the proposed role of NF«B as a shared regula-
tory node remains a literature-derived hypothesis. Fifth,
our study focused on acute effects; long-term impacts on
sustained angiogenesis, vascular remodeling, and chronic
inflammation require investigation. Finally, in vivo valida-
tion using animal models of cerebral ischemia is essential
to establish the translational relevance of these findings.

Future research should prioritize in vivo validation
using stroke models (tMCAO, photothrombotic) to as-
sess NBP’s effects on infarct size, blood-brain barrier in-
tegrity, and neurological deficits [38]. Advanced imaging
(magnetic resonance imaging [MRI] with gadolinium, MR
angiography) and two-photon microscopy could provide
non-invasive assessment of cerebrovascular effects [39].
Combination studies with tPA or mechanical thrombec-
tomy could evaluate synergistic benefits and safety profiles
[40,41]. Multi-omics approaches (scRNA-seq, proteomics,
metabolomics) could comprehensively map NBP’s effects
and identify novel mechanisms [42,43]. Clinical biomarker
studies measuring circulating HIF1a, VEGF, and inflam-
matory markers could identify patients most likely to bene-
fit and provide early treatment response indicators [44,45].
Finally, structure-activity relationship studies could guide
development of next-generation derivatives with enhanced
properties [46,47].

5. Conclusion

This study provides preliminary in vitro evidence
that NBP protects brain microvascular endothelial cells
against OGD injury through coordinated modulation of
cell survival, mitochondrial function, angiogenesis-related
signaling, and inflammatory responses. Mechanistically,
NBP upregulated HIFla protein expression and down-
stream VEGF pathway components while simultaneously
suppressing COX2-mediated inflammation, demonstrating
a dual pathway modulation strategy that distinguishes it
from single-target approaches. These findings may par-
tially explain the multi-faceted protective effects of NBP
observed in preclinical studies; however, the precise mech-
anisms underlying HIF 1a upregulation and the selectivity
between pro-angiogenic and anti-inflammatory modulation
remain to be elucidated. Clinical relevance requires fur-
ther validation through functional assays, in vivo cerebral
ischemia models, and clinical investigations.
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