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Abstract: The combination of tetramethylpyrazine phosphate (TMPP) and borneol (BO) protects against cerebral
ischemia. However, the mechanism for their synergistic effect is unclear. In this study, an oxygen-glucose depri-
vation (OGD) injured brain model was induced in microvascular endothelium cells (BMECs). TMPP and BO con-
centrations were optimized according to an MTT assay. Cells were divided into five groups: control, model, TMPP,
BO, and TMPP+BO. Subsequently, oxidative stress was evaluated based on the levels of superoxide dismutase
(SOD), malondialdehyde (MDA), catalase (CAT), glutathione peroxidase (GSH-Px), and reactive oxygen species (ROS).
Intracellular calcium ([Ca?']i) was detected using a laser confocal microscope. Cellular apoptosis was examined
via Hoechst 33342 staining, flow cytometry, and expression of p53, B-cell ymphoma 2 (BCL-2), BCL-2-like protein
4 (BAX), and caspase-3 mRNA. Angiogenesis was evaluated based on expression of basic fibroblast growth factor
(bFGF), vascular endothelial growth factor (VEGF), fibroblast growth factor receptor 1 (FGFR1), Vascular endothelial
growth factor receptor 1 (VEGFR1), and VEGFR2. Results showed that 5.0 yM TMPP and 0.5 pM BO were optimal.
Monotherapy significantly enhanced CAT, BCL-2, and VEGF, and also reduced [Ca?']i, apoptosis, and BAX. TMPP
increased SOD, GSH-Px, and bFGF, and reduced MDA, ROS, p53, and caspase-3 levels. BO reduced VEGFR1 expres-
sion. TMPP+BO combination exhibited synergistic effects in decreasing apoptosis, and modulating expression of
BCL-2, BAX, and VEGFR1. These results indicate that protection of OGD-injured BMECs by TMPP+BO combination
involves anti-oxidation, apoptosis inhibition, and angiogenesis. Moreover, their synergistic mechanism was mainly
related to the regulation of apoptosis and angiogenesis.
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Introduction val and regeneration of brain microvascular
endothelium cells (BMECs) can reduce neuro-

Ischemic stroke, the third leading cause of hu- nal damage caused by ischemic attack via re-

man death, has a very complex pathophysiolog- modeling injured tissue, generating new blood

ical mechanism involving neuronal and cere- vessels, and inducing neurogenesis [2]. There-

brovascular damage. Apart from neuroprotec- fore, drugs targeting the activation of BMECs
tion, maintenance of an intact vascular system are needed for neuronal repair therapy.

and induction of angiogenesis for delivery of

oxygen and nutrients are important in reducing Tetramethylpyrazine (TMP) is one of the most
damage [1]. Presently the routine treatment in effective ingredients from Ligusticum chuanx-
the clinic for stroke includes eliminating throm- iong Hort (chuanxiong), which has been used
bus and improving blood circulation in brain tis- as a traditional Chinese medicinal herb for

sue. Increasing evidence suggests that survi- thousands of years. TMP phosphate (TMPP), a
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commercial product, is usually prescribed to pa-
tients with brain ischemia in the clinic. Studies
have found that TMPP protects the cerebral
vasculature from ischemic injury by promoting
endothelial cell survival, reducing oxidative
stress [3], inhibiting the cascade reaction of
apoptosis [4] and increasing proliferation [5].
Borneol (BO), a resin from Dryobalanops aro-
matica Gaertn. F., is another traditional Chinese
medicine. BO attenuates Alzheimer’s disease,
stroke, cerebral ischemia, cerebritis, and cere-
bral edema [6]. Studies have found that BO pro-
tects against cerebral ischemic injury by inhibit-
ing oxidation and apoptosis and maintaining
blood-brain barrier (BBB) stability [7-9]. Accor-
ding to traditional Chinese medicine theory, BO
can also direct drugs upward to the head tar-
geting the brain. Our previous research sug-
gested that BO helped other drugs to efficiently
cross the BBB and distribute in the brain [10,
11]. Subsequently, BOs ability to open the BBB
was accepted by other scholars [12]. Interes-
tingly, TMPP is just one of BOs substrates [13].
Our previous studies have confirmed the syner-
gistic neuroprotection of TMPP and BO against
ischemia attack in the cortex, hippocampus,
hypothalamus, and striatum via regulating ap-
optosis and autophagy [14-16].

BMEC protection is an effective method to at-
tenuate brain ischemia. However, the mecha-
nism for the synergistic effect of TMPP and BO
is still unclear. The present study investigated
their mechanism of protection for BMECs ag-
ainst oxygen-glucose deprivation (OGD) injury,
and especially their effect on oxidative stress,
[Ca?']i, apoptosis, and regeneration. Addition-
ally, the synergy of TMPP and BO was investi-
gated to further understand their clinical app-
lication.

Materials and methods
Culture of primary BMECs

BMECs were obtained from 24-h-old neonatal
Sprague Dawley (SD) rats as described previ-
ously [17, 18]. Briefly, male and female neona-
tal rats were anesthetized with isoflurane and
killed by cervical dislocation. The forebrain was
removed, and brainstems, cerebella, thalami,
and blood vessels were isolated. The remaining
tissue was cut into 1-mm? sections by eye and
homogenized in DMEM/F12 at 4°C. The homog-
enate was centrifuged and re-suspended in
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DMEM/F12. The suspension was filtered thro-
ugh a 20-um nylon screen mesh. BMECs retain-
ed on the screen mesh were collected and
digested with type-2 collagenase. After diges-
tion, the precipitate was suspended in 20%
bovine serum albumin (BSA) and centrifuged.
After centrifugation, pellets were re-suspended
and washed again. Then BMECs were collected
and seeded into a 75-cm? culture flask coated
with gelatin. The cells were cultured in DMEM
medium supplemented with 20% fetal bovine
serum, 1% penicillin-streptomycin, 80 pyg/mL
heparin, 2 mM glutamine, and 75 pg/mL endo-
thelial cell growth supplement. They were main-
tained in a 37°C incubator with 5% CO, and
95% air. When the BMECs were 90% confluent,
they were used in the following experiments.

This study was approved by the Animal Ethics
Committee of Nanjing University of Chinese
Medicine, and the experiments were performed
according to the guidelines of laboratory animal
care (Institute of Laboratory Animal Resources,
Commission on Life Sciences, National Resea-
rch Council, 1996).

OGD in vitro model

BMECs were subjected to OGD injury as previ-
ously described [2]. Briefly, culture media was
replaced with glucose-free DMEM, perfused
with 5% CO, and 95% N, gas to induce hypoxia
for 4 h at 37°C, and then cultured normally for
12 h to imitate reperfusion injury.

Identification of BMECs

Typical cobblestone morphology and expres-
sion of factor Vlll-associated antigen are the
characteristic features of BMECs. To identify
BMECs in the present study, the expression of
factor Vlll-associated antigen was measured by
immunocytochemistry, as described previously
[19, 20]. BMECs (1x10% were seeded on a
24-well plate coated with gelatin with a cover-
slip on the bottom. Cells were washed with
PBS, fixed with 4% formaldehyde for 20 min,
and then incubated with 0.1% Triton X-100 for
15 min and 3% H,0, for 30 min successively.
Then 10% BSA was used to block non-specific
binding on the cells at room temperature.
BMECs were incubated with primary antibody
against factor Vlll-associated antigen (1:1000;
Cell Signaling Technology, Beverly, MA, USA)
overnight at 4°C. Then the cells were incubated
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with HRP-conjugated secondary antibody (1:
500, Wuhan Boster Biological Technology,
China) for 30 min at 37°C. Cells were stained
with 3,3’-Diaminobenzidine (DAB) for 3 min and
co-stained with hematoxylin. Then the slides
were mounted with triglyceride and analyzed
with a microscope. The cytoplasm of positive
cells was brown.

Dose optimization of TMPP and BO using MTT
assay

The MTT assay is an indirect measurement of
cell viability. Living cells transform MTT into
formazan using mitochondrial succinate dehy-
drogenase. BMECs (3x103%/well) were seeded
in a 96-well plate and divided into 10 groups
including control, model, TMPP groups (0.05,
0.5, 5, and 50 uM), and BO groups (0.05, 0.5, 5
and 50 uM). Both the control and model group
were incubated with DMSO. The other eight
groups were incubated with the specified con-
centrations of TMPP or BO. After 4 h of OGD
and 12 h of reperfusion, BMECs were mixed
with MTT to produce a 1.2 mM concentration
per well. Then the cells were continuously incu-
bated for 1.5 h at 37°C. Following this, the cul-
ture medium was removed, the precipitant was
solubilized in DMSO, and absorbance was de-
tected at a wavelength of 490 nm using a Sy-
nergy-HT microplate reader (Bio-Tek Instrume-
nts, USA).

Relative survival rate (%) = (experiment group
absorbance/control group absorbance) x100

The optimized doses of TMPP and BO were
obtained from the MTT assay results and used
in the following studies. The TMPP+BO group
was treated with the combination of their opti-
mized doses. Control and model groups were
treated with DMSO, while the control group did
not receive OGD injury. Cells were exposed to
drugs throughout the whole period of OGD and
reperfusion. After reperfusion, the cells were
used for the following assays.

Antioxidant measurements

The concentration of superoxide dismutase
(SOD), malondialdehyde (MDA), catalase (CAT),
and glutathione peroxidase (GSH-Px) in culture
medium was measured with a colorimetric as-
say according to the manufacturer’'s protocol
(Nanjing Jiancheng Bioengineering Institute,
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Nanjing, China). The level of intracellular reac-
tive oxygen species (ROS) was measured by the
conversion of non-fluorescent DCFH-DA to its
fluorescent derivative. After BMECs were wa-
shed with cold PBS, fluorescence intensity was
measured at 535 nm with a Synergy-HT micro-
plate reader according to the manufacturer’s
protocol (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Laser confocal Ca®* imaging

When BMECs reached 90% confluence on a
24-well plate coated with gelatin with a cover-
slip on the bottom, they were exposed to OGD/
reperfusion injury and the corresponding drugs.
They were then incubated with 5 uM Fluo-3/AM
(Biotium, Hayward, CA, USA) for 30 min, and
washed twice with PBS. The fluorescence inten-
sities of BMECs were detected using a laser
scanning confocal microscope (Leica TCS-SP5,
Solms, Germany). Line scanning mode was us-
ed at a scan rate of 1 kHz. The excitation wave-
length was 488 nm, and the emission wave-
length was 505-530 nm. Fluorescence intensi-
ty reflected the intracellular calcium content.

Hoechst 33342 staining for apoptosis

Culture medium was removed, and cells were
washed with PBS twice. Then 200 uL 4% para-
formaldehyde was added to each well to fix
cells for 20 min, followed by four washes with
PBS. Hoechst 33342 (100 pL) staining reagent
was added to each well and kept at 37°C for 20
min. Cells were then rinsed with PBS four times
and observed under an inverted fluorescence
microscope (IX71, Olympus, Japan). The excita-
tion wavelength was 346 nm, and the emission
wavelength was 460 nm. Apoptotic nuclei were
densely stained blue. The average number of
positive nuclei and the total nuclei were count-
ed from three random visual fields. Apoptosis
(%) was calculated as the ratio of positive nuclei
to total nuclei.

Flow cytometry for apoptosis

BMECs were disassociated with trypsin, wa-
shed with PBS, counted, and transferred to a
reaction tube at a density of 5x10%/mL. Cells
were then incubated with Annexin V FITC and
propidium iodide (Pl) staining reagent. Apop-
tosis (%) was measured using a flow cytometer
(Cytomics FC 500 MPL, Beckman Coulter, USA)
according to the manufacturer’s protocol.
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Table 1. The accession numbers, primers of proteins and sizes in real-time PCR assay

Target genes Accession no. Forward (5’-3’) Reverse (5’-3) Size (bp)
Bcl-2 DQ926871.1 GAGATGTCCAGCCAGCTG TAGGCACCCAGGGTGATG 365
Bax DQ926869.1 CAGCTCTGAGCAGATCATG TGGTGGCCTCAGCCCATCT 539
P53 NM_205264.1 GAGTGCTGAAGGAGATCAATGAG ~ GTGGTCAGTCCGAGCCTTTT 145
Caspase-3 NM_001009338.1 GTGTGCGTTAGAAGTACC GTTCTTTTGTGAGCATAG ACA 834
GAPDH NM_017008.4 GTTCAACGGCACAGTCAAG GCCAGTAGACTCCACGACAT 136
Real-time PCR (1:5000; Bioworld Technology, Inc., St. Louis

Total RNA was extracted from cells using Trizol
reagent according to the manufacturer’s proto-
col. RNA was reverse transcribed using an
iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA, USA). BCL-2, BAX, p53, caspase-3, and
GAPDH cDNA were amplified by real-time PCR
using the SYBR Premix Ex Taq kit (TakaRa Bio
Inc., Shiga, Japan) in an MJ Mini thermal cycler
(Bio-Rad). The amplification was performed
under the following conditions: pre-incubation
at 95°C for 5 min followed by 40 cycles of 95°C
for 15 s and 60°C for 40 s. Melting curve analy-
sis was performed from 55-95°C. Cycle num-
ber threshold (Ct) of each reaction was calcu-
lated from the amplification curve using the
288¢t method to derive relative gene expres-
sion. GAPDH served as an internal control.
Accession numbers, primers, and product sizes
are shown in Table 1.

Western blot for angiogenesis

BMECs were harvested and lysed in cold RIPA
Lysis Buffer (Thermo Scientific, Inc. USA) on ice.
The lysate was centrifuged at 12,000 rpm for
15 min at 4°C. Part of the supernatant was
used to determine the protein concentration
using a BCA protein assay kit (Nanjing KeyGen
Biotech. Co., Ltd., Nanjing, China). The rest of
the supernatant was diluted to 7 ug/uL with gel
loading buffer and heated for 5 min at 95°C.
Then, 10 pL (70 pg) of protein sample was sep-
arated by SDS-PAGE and transferred to a poly-
vinylidene fluoride (PVDF) membrane. The me-
mbrane was blocked for 2 h at room tempera-
ture in Tris-buffered saline with Tween-20
(TBST) containing 5% BSA. The membrane was
then probed with the following primary antibod-
ies overnight at 4°C: anti-bFGF (1:1000; Santa
Cruz Biotechnologies, Dallas, TX, USA), anti-
FGFR1 and anti-VEGF (Proteintech Group, Inc,
Rosemont, USA), and anti-VEGFR1 and VEGFR2
(1:2000; Abcam, Cambridge, UK). Anti-B-actin
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Park, MN, USA) was used as a control for pro-
tein loading. After washing in TBST, the mem-
brane was incubated for 2 h with secondary
antibody (goat anti-rabbit or rabbit anti-mouse
1:10,000, Boster Biotechnology, Ltd., Wuhan,
China). Protein was detected by enhanced che-
miluminescence, and blots were analyzed using
Image-J software. B-actin was used for norma-
lization.

Statistical analysis

All data were expressed as mean + standard
deviation (SD) and analyzed using SPSS 13.0
software. Statistical differences between gro-
ups were analyzed by one-way analysis of vari-
ance (ANOVA) and Tukey’s multiple comparison
post hoc tests. A p-value less than 0.05 was
considered statistically significant.

Results
Identification of BMECs

As shown in Figure 1A, the morphology of
BMECs under a microscope was a typical cob-
blestone pattern, which is regarded as a char-
acteristic feature of BMECs. Moreover, brown
cytoplasm denoted positive expression of fac-
tor Vlll-associated antigen, which is regarded
as an immunological characteristic of BMECs,
as shown in Figure 1B. The purity of BMECs
was over 90%.

Dose optimization of TMPP and BO using MTT
assay

As shown in Figure 2, the relative survival rate
of BMECs in the model group decreased signifi-
cantly as compared to the control group (P<
0.01), which indicates that OGD caused severe
damage to the cells. However, both TMPP (0.5,
5.0, and 50 uM) and BO (0.5 and 5.0 uM) dis-
played significant protection from OGD injury in
the cells. Additionally, they showed a concen-
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Figure 1. Identification of BMECs. A. Representative photograph of BMECs
under a microscope. The cells had a typical cobblestone morphology. B.
Representative photograph of BMECs using immunocytochemistry. Brown
cytoplasm denotes positive expression of factor Vlll-associated antigen, an

BO only enhanced CAT (P<
0.05). TMPP+BO combination
displayed a stronger thera-
peutic effect on MDA (P<
0.05) and ROS (P<0.01) than
monotherapy of BO. But, TM-
PP+BO did not show any fur-
ther improvement than the
TMPP monotherapy group (P>
0.05).

TMPP and BO cooperatively
regulate [Ca?*]i

immunological characteristic of BMECs. Scale bar represents 50 um.
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Figure 2. Optimization of TMPP and BO concentra-
tion for BMEC survival after OGD injury (n=6). TMPP
at 0.5, 5.0, and 50 uM increased the survival of OGD-
injured BMECs and 5.0 uM TMPP showed the best
protection among those concentrations. Meanwhile,
0.5 and 5.0 uM BO had a similar protective effect
on BMECs, and its most effective concentration was
0.5 uM. These two optimal concentrations (5.0 uM
TMPP and 0.5 uM BO) were used in the following
experiments.

tration-dependent protection up until 5.0 uM
TMPP and 0.5 yM BO. Therefore, 5.0 yM TMPP
and 0.5 uM BO were regarded as the optimized
doses and used in the following studies.

Cooperative effect of TMPP and BO on antioxi-
dant induction

TMPP and BO had a synergistic effect on anti-
oxidant induction as displayed in Figure 3. 0GD
injury markedly reduced the activity of SOD,
CAT, and GSH-Px, and increased the concentra-
tion of MDA and ROS (P<0.01), which is indica-
tive of oxidative stress. Besides reducing MDA
and ROS (P<0.01), 5.0 uM TMPP could enhance
SOD, CAT, and GSH-Px levels (P<0.05). However,
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The synergistic effect of TM-

PP+BO on [Ca?']i modulation
is shown in Figure 4. Compared to the control
group, the model group significantly increased
[Ca?)i (P<0.01), which is suggestive of Ca?*
overload. Treatment with TMPP, BO, and their
combination attenuated [Ca?']i (P<0.01 or P<
0.05). However, TMPP+BO combination did not
shower further improvement than monothera-
py (P>0.05). These results indicate that TMPP+
BO did not have a synergistic effect on Ca?*
overload relief.

TMPP and BO cooperatively reduce apoptosis

Figure 5A and 5B illustrate the results of the
Hoechst 33342 staining. Cellular apoptosis
can induce nuclei to turn densely blue in this
assay. Compared to the control group, the
model group significantly increased apoptosis
(P<0.01), which suggests that OGD injury in-
duces apoptosis. Both 5.0 yM TMPP and 0.5
UM BO reduced apoptosis (P<0.05). Moreover,
TMPP+BO treatment had a synergistic effect
exhibiting greater improvement than monother-
apy treatment (P<0.05), which indicates the
advantage of their combination in preventing
apoptosis.

Figure 5C and 5D illustrate the results of flow
cytometry which were similar to that of the
Hoechst 33342 staining. Compared to the
control group, OGD injury induced an abrupt
increase in apoptosis (P<0.01). However, both
5.0 uM TMPP and 0.5 uM BO reversed the
apoptosis (P<0.01). Similarly, TMPP+BO combi-
nation therapy exhibited greater protection ag-
ainst apoptosis than monotherapy treatment
(P<0.01), which highlights the advantage of
their combination in preventing apoptosis.

Am J Transl Res 2019;11(4):2168-2180
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Figure 3. Synergistic effect of TMPP and BO on
antioxidant induction (n=6). TMPP improved
SOD, MDA CAT, GSH-Px, and ROS. However,
1000+ BO only increased CAT. TMPP+BO combination
displayed a stronger effect on MDA and ROS in
comparison to BO monotherapy.
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TMPP and BO cooperatively regulate the ex- the Hoechst 33342 staining and flow cytometry
pression of BCL-2, BAX, p53, and caspase-3 this suggests that apoptosis was induced by
mMRNA OGD injury. Both 5.0 uM TMPP and 0.5 uM BO

upregulated the expression of BCL-2 and down-
As shown in Figure 6, expression of BAX, p53, regulated that of BAX (P<0.05). Additionally,
and caspase-3 mRNA was markedly upregulat- TMPP reduced the expression of p53 and cas-
ed (P<0.05) while BCL-2 was downregulated pase-3 (P<0.05). Compared to the model group,
(P<0.01) in the model group compared to the the combination group increased the level of
control group. Similar to the above results from BCL-2 (P<0.05) and decreased the level of BAX,
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p53, and caspase-3 (P<0.01). Additionally, co-
mpared to the TMPP group, the model group
exhibited stronger effects in modulating the
levels of BCL-2 and BAX (P<0.05). Compared to
the BO group, the model group also more
strongly regulated gene expression (P<0.05).
These results might explain its advantage in
reducing BMEC apoptosis, as shown in Figure
5.

TMPP and BO cooperatively regulate the ex-
pression of angiogenesis-related proteins

Figure 7 displays the cooperative effect of
TMPP+BO on the regulation of angiogenesis-
related protein expression. Compared to the
control group, the model group increased the
expression of FGFR1 and VEGFR1 (P<0.01 and
P<0.05, respectively), which indicates that OGD
injury induced angiogenesis as previously re-
ported [21]. Interestingly, 5.0 uM TMPP and 0.5
UM BO further promoted angiogenesis while
having different angiogenesis targets. Specifi-
cally, TMPP enhanced the expression of bFGF

2174

Figure 4. Synergistic ef-
fect of TMPP and BO on
[Ca?']i regulation. A. Re-
presentative laser con-
focal images. B. Intrac-
ellular calcium concen-
tration in BMECs from
50001 each treatment group
(n=4). The results sug-
gest that TMPP, BO, and
their combination atten-
ok uated [Ca?*]i in BMECs.
*x However, TMPP+BO co-
mbination did not show
more improvement th-

an their monotherapy.

and VEGF (P<0.05 and P<
0.01, respectively), while BO
enhanced VEGF and suppre-
ssed VEGFR1 (P<0.05). TM-
PP+BO combination signifi-
cantly modulated bFGF (P<
0.05), VEGF (P<0.01), and
VEGFR1 (P<0.01). Further-
TMPP more, the combination group
more significantly reduced
VEGFR1 expression than mo-
notherapy groups (P<0.05 vs.
P<0.01).

Discussion

Recently, a large-scale survey
of 480,687 adults reported
that the prevalence of stroke
was 1.114%, and cerebral is-
chemic stroke accounted for
69.6% [22]. Therefore, the
development of a new drug
or improvement of existing
drugs for stroke with a clear
mechanism has drawn the
attention of cerebrovascular
disease scholars all over the
world.

TMPP, as a commercial medi-

cine, relieves stroke damage
in the clinic. BO has also been prescribed for
central nervous system (CNS) diseases in-
cluding cerebral ischemia, for thousands of
years. In addition, their combination is usually
employed for a better therapeutic effect on
stroke treatment. However, their synergistic
mechanism was not understood until now.
Our previous studies suggest that the com-
bined treatment has a stronger therapeutic
effect than any of the drugs alone, and part
of its mechanism involves neuroprotection,
including decreasing oxidative stress, prevent-
ing neuron loss, and anti-inflammatory activi-
ties [14]. Further, we discovered that their syn-
ergistic protection was also related to modula-
tion of apoptosis and autophagy [15, 16]. Alth-
ough many neuroprotective monotherapy drugs
have been shown to attenuate the ischemic
cascade in preclinical models, their clinical tri-
als failed to show efficacy even in early casca-
de events of ischemic stroke [23, 24]. Con-
sidering this disaccord, the importance of pro-
tecting BMECs, improving their function, and
inducing angiogenesis in ischemic areas have

Am J Transl Res 2019;11(4):2168-2180
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Figure 5. Synergistic effect of TMPP and BO on reducing apoptosis. A. Representative images of Hoechst 33342 staining assay. Apoptotic cells are marked with red
arrows. B. Percentage of BMECs undergoing apoptosis as measured by Hoechst 33342 staining assay (n=6). C. Representative flow cytometry images. D. Percent-
age of BMECs undergoing apoptosis as measured by flow cytometry (n=6). Results from both assays were similar demonstrating that TMPP, BO, and TMPP+BO
combination significantly decreased apoptosis. TMPP+BO combination displayed a synergistic effect showing greater protection than monotherapy. Scale bar rep-
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Figure 6. Synergistic effect of TMPP and BO on regulating the expression of BCL-2, BAX, p53, and caspase-3
mRNA (n=4). Results indicate that the anti-apoptosis effect of TMPP was involved in modulating the expression of
BCL-2, BAX, p53, and caspase-3 mRNA, while BO was involved in modulating BCL-2 and BAX mRNA. Additionally,
TMPP+BO combination exhibited more significant modulation than monotherapy.

been realized. The present study was proposed
based on these findings.

It is well known that mitochondria are very sen-
sitive to hypoxia. When ischemia damages br-
ain tissue, the mitochondria in BMECs enhance
oxidative stress by decreasing SOD, CAT and
GSH-Px activity, and increasing ROS and MDA
levels [25]. In the present study, OGD imitated
the damage caused by cerebrovascular isch-
emia-reperfusion injury. The results suggest th-
at 5.0 uM TMPP enhanced the activity of SOD,
CAT, and GSH-Px, and reduced levels of MDA
and ROS in OGD-injured BMECs. Additionally,
0.5 uM BO increased CAT activity. Moreover,
the TMPP+BO combination showed greater im-
provement of MDA and ROS levels than mono-
therapy of BO.

Excessive oxidative stress often leads to cell
membrane deficiency, triggers excessive Ca?*
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influx, and even induces Ca?* overload. Ca?* ov-
erload contributes to the detrimental cascade
of ischemic injury and is regarded as another
important injury factor. Additionally, Ca®* over-
load exacerbates oxidative damage. Thus, a
vicious circle is formed [26]. In the present
study, TMPP, BO, and TMPP+BO combination
attenuated [Ca?']i in BMECs suffering from
OGD damage. Interestingly, TMPP+BO combi-
nation was not more effective than monothera-
py indicating that their modulation on [Ca?!]i
might be indirect.

Hypoxia causes BMECs to undergo apoptosis
[27]. The mechanism is closely related to Ca2*
overload because Ca?* activates the caspase-3
pathway. Caspase-3 is the main terminal pepti-
dase in apoptosis and plays a critical role.
Removal of caspase-3 from cell extracts inhib-
its apoptosis, while the addition of exogenous
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purified caspase-3 accelerates apoptosis [28].
Therefore, caspase-3 has been referred to as
the “death protein” [29]. Thus, the level of cas-
pase-3 is a marker of apoptosis [30]. The bcl-2
family also regulates apoptosis, with the BAX/
Bcl-2 ratio regarded as a switch to determine
cell susceptibility to apoptosis [31]. Increasing
evidence indicates that the p53 gene modu-
lates apoptosis in response to hypoxia. p53
transcribes the pro-apoptotic BAX gene and
induces caspase-3 activation and cellular
death. Interestingly, in the present study, the
Hoechst 33342 staining results were similar to
flow cytometry. These results demonstrate that
both TMPP and BO reduce apoptosis, and that
their combination exhibits a synergistic effect
with greater improvement than monotherapy.
TMPP+BO showed synergistic protection agai-
nstapoptosis in OGD-injured BMECs. Mechanis-
tic studies verified that BO increases the ex-
pression of BCL-2 and decreases BAX. BCL-2
BAX Additionally, TMPP and TMPP+BO reduced
the levels of p53 and caspase-3, two genes
closely related to apoptosis. Compared to the
TMPP group, the combination group exhibited a
stronger modulation of BCL-2 and BAX. While
compared to the BO group, the combination
group displayed stronger modulation on the
expression of all four genes. Modulation of
apoptosis-related genes is in line with our
results from the Hoechst 33342 staining and
flow cytometry.

It was well known that angiogenic factors, such
as bFGF, VEGF, and their receptors, play key
roles in angiogenesis. bFGF was used to treat
stroke up until 1999. Injection of bFGF decre-
ased infarct volume in the ischemic penumbra
during prolonged recovery [32]. Subsequently,
others have reported that intravenous adminis-
tration of bFGF in adult rats with cerebral isch-
emia induces cell proliferation and improves
functional test results [33]. Furthermore, it was
suggested that bFGF might stimulate down-
stream signaling pathways and regulate angio-
genesis via its interaction with FGFR1 [34]. Un-
der physiological conditions, endothelial cells
express approximately 10 times less VEGFR1
than VEGFR2 [35]. Binding of VEGF to VEGFR2
activates intracellular tyrosine kinases and
multiple downstream signals that induce angio-
genesis. It was reported that inhibition of VEG-
FR2 signaling disturbs endothelial cell prolifera-
tion after stroke [36]. Subsequently, it was con-
firmed that VEGFR1, unlike activated VEG-
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FR2, negatively regulates cell proliferation and
reduces angiogenesis [37]. Increasing eviden-
ce suggests that cerebral ischemia upregulates
VEGFR1 expression, which positively correlates
to the degree of damage [38, 39], just as we
observed in the present study. In the current
study, we demonstrated that TMPP enhanced
the expression of bFGF and VEGF, while BO ele-
vated VEGF and reduced VEGFR1. TMPP+BO
combination displayed significant modulation
of bFGF, VEGF, and VEGFR1. Moreover, TMPP+
BO combination had a stronger effect on angio-
genesis than TMPP or BO monotherapy.

Conclusion

The present study demonstrates the synergis-
tic effects of TMPP and BO in treating BMECs
injured by OGD. Potential mechanisms involved
were anti-oxidation, attenuation of Ca?" over-
load, inhibition of apoptosis, and promotion of
angiogenesis. Moreover, their synergistic effect
was mainly related to the regulation of apopto-
sis and angiogenesis.
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