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Combination of endothelial progenitor cells
and BB‑94 significantly alleviates brain damage
in a mouse model of diabetic ischemic stroke
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Abstract. Ischemic stroke is a complication of chronic macro‑
vascular disease in type 2 diabetes. However, the pathogenesis
of diabetic ischemic stroke has not yet been fully clarified.
The aim of the present study was to investigate the under‑
lying effects of endothelial progenitor cells (EPCs) and the
matrix metalloproteinase inhibitor BB‑94 on diabetic stroke.
In vitro experiments were performed using oxygen‑glucose
deprivation/reoxygenation (OGD/R) model cells, established
using HT22 mouse hippocampal cells. MTT assays and flow
cytometry revealed that BB‑94 prominently induced the
proliferation of the OGD/R model cells and prevented their
apoptosis. When EPCs and BB‑94 were applied to the OGD/R
model cells in combination, proliferation was further acceler‑
ated and oxidative damage was attenuated. In vivo experiments
were also performed using a middle cerebral artery occlusion
(MCAO) mouse model. The results of modified neurological
severity scoring and oxidative stress marker analysis
demonstrated that EPCs and BB‑94 prominently alleviated
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cerebral ischemia/reperfusion injury in the MCAO model
mice. Furthermore, reverse transcription‑quantitative PCR and
western blot assays revealed that EPCs in combination with
BB‑94 significantly downregulated the expression of matrix
metalloproteinases (MMPs) and upregulated the expression
of tissue inhibitor of metalloproteinases 1 in OGD/R cells
and MCAO model mice. The results suggest that EPCs were
successfully isolated and identified, and the OGD/R cell and
MCAO mouse models were successfully established. They
also indicate that EPCs alone or in combination with BB‑94
may exert protective effects against ischemic stroke via the
reduction of MMP expression.
Introduction
Stroke is an acute cerebral blood circulation disorder, which
is the second deadliest and the first most disabling disease
worldwide (1). Ischemic stroke accounts for ~85% of cases of
stroke, and the main causes of ischemic stroke include middle
cerebral artery thrombosis and acute obstruction caused by
thrombosis from other sources (2). Diabetes is a group of meta‑
bolic diseases characterized by hyperglycemia (3). Sustained
hyperglycemia and long‑term metabolic disorders can lead to
systemic organ and tissue damage, dysfunction and failure (4).
Diabetes is also a high‑risk factor for ischemic stroke (5). The
probability of ischemic stroke in individuals with diabetes is
three times higher than that in non‑diabetic individuals (6).
Furthermore, patients with diabetic stroke have a faster
course of disease, higher mortality and worse prognosis than
those with other stroke mechanistic subtypes (7). Although
there have been numerous studies on different classes of
neuroprotectants, including excitatory amino acids, antioxi‑
dants, and anti‑inflammatory and lipid regulation agents, no
drug has been able to exhibit a clear therapeutic effect in
clinical practice (8‑10). At present, stem cell transplantation
is a novel therapeutic strategy for ischemic stroke (11,12).
However, research on this therapy for ischemic stroke with
diabetes‑associated diseases is lacking.
Endothelial progenitor cells (EPCs), as the progenitor
cells of endothelial cells, serve essential roles in the repair of
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endothelial injury or dysfunction and the formation of new
blood vessels (13). Generally, EPCs are found in the stem cells
of bone marrow tissues, and in small amounts in the periph‑
eral blood of healthy organisms (14). When peripheral blood
vessels are damaged, EPCs in bone marrow quickly mobilize
into the blood circulation under the influence of chemokines
and home to the endothelium to assist in the repair of damage
due to ischemia, hypoxia or injury (15). EPCs also have the
potential to proliferate, and can be directionally differentiated
into mature vascular endothelial cells (VECs), or induced
to secrete vasogenic growth factors to activate peripheral
mature endothelial cells and accelerate the repair of damaged
VECs (16,17). EPC transplantation has been demonstrated to
be effective in promoting angiogenesis following ischemic
stroke in animal models, contributing to the formation of an
enriched tubular environment conducive to neurogenesis, thus
accelerating the recovery of nerve function (18‑20). However,
the potential role and mechanism of EPCs in type 2 diabetes
with ischemic stroke have not been fully elucidated.
Matrix metalloproteinases (MMPs) are a family of
Zn 2+ ‑dependent proteases secreted by connective tissues
that can degrade components of the extracellular matrix
(ECM) (21). Studies have identified that MMPs participate in
a variety of biological processes, including the inflammatory
response, tumor metastasis and cell migration (22,23). In
addition, MMPs and their inhibitors have been demonstrated
to be associated with the progression of ischemic stroke and
atherosclerosis (24‑26). It has been reported that after ischemic
stroke, MMPs can disrupt the blood‑brain barrier and affect a
series of inflammatory cascades (27). Therefore, the targeting
of MMPs is considered a potential approach for the treatment
of ischemic stroke, and MMP inhibitors may serve as a safe
and effective therapy for ischemic stroke.
In the present study, the effects of a combination of EPCs
and an MMP inhibitor, BT‑94, in diabetic ischemic stroke were
explored through a series of in vitro and in vivo experiments.
Materials and methods
Animals. A total of 32 male C57/BL6 mice weighing 25‑30 g
were purchased from the Model Animal Research Center of
Nanjing University at 6 weeks of age. All mice received free
access to food and water for a week at room temperature with a
12‑h light/dark cycle and relative humidity of 40‑70% to adapt
to the new laboratory environment. For DM mice model, mice
fed by high‑fat diet (60% standard diet, 20% lard, 10% yolk
powder and 10% saccharose) for 8 weeks and subsequently
injected intraperitoneally with 30 mg/kg STZ. Meanwhile,
the other mice sequentially fed with a standard diet for collec‑
tion EPCs. All experiments using animals were approved
by the Institutional Animal Ethics Committee of Guizhou
Medical University and conducted according to Animal Care
Guidelines for the Care and Use of Animals from Guizhou
Medical University.
Isolation and culture of EPCs. Cell culture dishes were
coated with fibronectin (Sigma‑Aldrich; Merck KGaA) and
incubated at 37˚C for 1 h. Mice were anesthetized using
2% pentobarbital sodium (45 mg/kg, intraperitoneal injec‑
tion; cat. no. 1063180500; Merck KGaA). After sacrificing

the mice by cervical dislocation, the limbs were removed
and the muscles shaved off to reveal the bones. The bone
marrow cavity was exposed and cells were collected from the
cavity and rinsed with PBS. The cell suspension was added
as an upper layer to 5 ml lymphocyte separation medium
(Sigma‑Aldrich; Merck KGaA), and density gradient centrifu‑
gation (550 x g, 20 min, 37˚C) was performed until the marrow
cavity fluid was divided into four layers. The fog‑like white
layer, which was the mononuclear cell layer, was gently sucked
out using a straw, and the cells were cultured using endothelial
growth medium™‑2 (cat. no. CC‑3162; Lonza Group, Ltd.)
containing 5% fetal bovine serum (FBS; cat. no. 10099‑141;
Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2.
The EPCs were cultured for 7 days for use in the subsequent
experiments.
Detection of Dil‑labeled acetylated low‑density lipoprotein
(Dil‑ac‑LDL) and FITC‑lectin‑Ulex europaeus agglutin
(UEA)‑1. After washing the EPCs with PBS three times on
day 10 of incubation, the EPCs were cultured in M199 medium
(Gibco; Thermo Fisher Scientific, inc.) containing 12 µg/ml
Dil‑ac‑LDL (cat. no. BT‑902; Biomedical Technologies; Alfa
Aesar) at 37˚C in an incubator with 5% CO2 for 4 h. After
washing, the EPCs were fixed with 2% paraformalde‑
hyde for 20 min at 4˚C and 10 µg/ml FITC‑lectin‑UEA‑1
(cat. no. L9006; Sigma‑Aldrich; Merck KGaA) was added and
incubated at 37˚C for 4 h. After sealing with neutral resin, the
labeled cells were observed and images captured using a laser
confocal microscope (Olympus Corporation).
Immunofluorescence (IF) assay. EPCs were inoculated in
24‑well plates and incubated for 3 days, after which they
were washed with PBS to remove any detached cells. Then,
adherent cells were fixed with 10% formalin for 15 min at
room temperature to ensure that the EPCs were completely
adherent to the well. The EPCs were blocked using 5% bovine
serum albumin (BSA; Sigma‑Aldrich; Merck KGaA) for 1 h
at room temperature and incubated with the following anti‑
bodies from Abcam at 4˚C overnight: Anti‑CD34 (1:10,000;
rabbit; cat. no. ab81289; Abcam), anti‑CD133 (1:2,000;
rabbit; cat. no. ab222782; Abcam), anti‑VEGFR2 (1:1,000;
rabbit; cat. no. ab134191; Abcam) and anti‑von Willebrand
factor (vWF; 1:1,000; rabbit; cat. no. ab154193; Abcam). The
EPCs were then processed with Alexa Fluor ® 488 antibodies
(1:100; cat. no. sc‑516248; Santa Cruz Biotechnology, Inc.) for
1 h at room temperature. After nuclear staining with DAPI
(1:500; cat. no. D9564; Sigma‑Aldrich; Merck KGaA) at room
temperature for 5 min, a fluorescence microscope was used for
visualization.
Construction of an oxygen‑glucose deprivation/reoxygenation
(OGD/R) cell model. HT22 mouse hippocampal cells
(cat. no. SCC129; Merck KGaA) were grown in high‑glucose
DMEM (Gibco; Thermo Fisher Scientific, Inc.) with 10%
FBS, 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml
streptomycin. The OGD/R model was constructed following
the protocol described in previous studies (28‑31). The HT22
cells were incubated in glucose‑free DMEM (Gibco; Thermo
Fisher Scientific, Inc.) under hypoxic conditions (1% O2,
94% N2, 5% CO2) at 37˚C for 2 h, and then cultured in normal
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DMEM under normal oxygen conditions (95% air, 5% CO2)
for 24 h. HT22 cells cultured in normal oxygen conditions
were used as a control.
Establishment of the middle cerebral artery occlusion (MCAO)
model. Based on previous research (32), the aforementioned
DM mice were anesthetized by the intraperitoneal injection
of 2% pentobarbital sodium (45 mg/kg). The common carotid
artery, internal carotid artery and external carotid artery were
separated, and blood flow to the internal and common carotid
arteries was briefly blocked. This was achieved by inserting a
heated nylon thread into the bifurcation of the common carotid
artery and into the internal carotid artery. The heated nylon wire
was quickly advanced to the bifurcation of the internal carotid
artery and common carotid artery by ~10 mm and knotted. The
body temperature of the mice was maintained at 37˚C during
the procedure, and the thread plug was removed after 60 min.
Experimental groups. After the DM‑MCAO model was
established for 24 h, mice were randomly divided into
four groups as follows: DM‑MCAO model group (n=8);
DM‑MCAO + EPCs (n=8), in which 1x10 6 EPCs were
administered to MCAO model mice through the right internal
carotid artery; DM‑MCAO + BB‑94 (cat. no. S7155; Selleck
Chemicals) (n=8), in which BB‑94 (50 mg/kg) was adminis‑
tered intraperitoneally to MCAO model mice once a day for
7 days; and DM‑MCAO + EPCs + BB‑94 (n=8).
Modified neurological severity score (mNSS). With refer‑
ence to a previous study (33), scoring was performed using
an 18‑point mNSS system to evaluate the neurological func‑
tion of the mice, where 0 is a normal score, and 18 is the
maximal deficit score. The mNSS assessment includes four
neurological tests, namely, a fine motor function measurement
scale, sensory ability test, beam balance test, and absence of
reflection and abnormal motion. Data were analyzed using a
Kruskal‑Wallis test followed by Steel‑Dwass tests to compare
between multiple groups.
3‑(4,5‑Dimethyl‑2‑thiazolyl)‑2,5‑diphenyl‑2H‑tetrazolium
bromide (MTT) assay. The OGD/R model cells were collected
and adjusted to a concentration of 1x105 cells/ml. Then, 100 µl
cells/well were inoculated into 96‑well plates. Different
concentrations of BB‑94 (0, 5, 10, 20, 30 and 40 mM; 20 µl)
were added to each well. In another experiment, OGD/R model
cells were treated with 1,000 EPCs or/and BB‑94 (5 mM).
For each group, 6 duplicate wells were set. The cells were
cultured for 48 h at 37˚C. The supernatant was then discarded
and 20 µl MTT (10 mg/ml) was added to each well. After 4 h
at 37˚C, 150 µl dimethyl sulfoxide was added and the plate was
oscillated for 10 min. The absorbance value at 490 nm was
measured using a microplate reader.
Flow cytometric analysis. OGD/R cells were collected and
incubated with various concentrations of BB‑94 (0, 5, 10, 20,
30 and 40 mM) for 48 h. The apoptosis rate in each group was
then assessed using Annexin V/FITC double staining with a
FACSCalibur Flow Cytometry System (each, BD Biosciences)
according to the manufacturer's instructions. The results were
analyzed using FlowJo v.8.0 software (Tree Star, Inc.).
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Enzyme‑linked immunosorbent assays (ELISAs). For
assessment of the in vitro experiment, the culture supernatants
of OGD/R model cells treated with EPCs or/and BB‑94 (5 mM)
were collected for analysis; for the in vivo experiment, serum
was collected from the MCAO model mice treated with EPCs
or/and BB‑94 (50 mg/kg). The aforementioned samples were
prepared for ELISA according to the instructions of the ELISA
kits. Superoxide dismutase (SOD), reactive oxygen species
(ROS), malondialdehyde (MDA) and D‑lactate dehydrogenase
(D‑LDH) were quantified using a mouse SOD ELISA kit
(cat. no. E‑EL‑M2398), ROS Assay kit (cat. no. E‑BC‑K138),
MDA ELISA kit (cat. no. E‑EL‑0060c) and mouse D‑LDH
ELISA kit (cat. no E‑EL‑M0419c), all from Elabscience.
Collection of brain tissue samples. Mice in each group
were anesthetized with an intraperitoneal injection of 2%
pentobarbital sodium (45 mg/kg) and then decapitated. The
brain tissues were removed and immediately used for later
experiments.
Reverse transcription‑quantitative PCR (RT‑qPCR) assay.
The obtained brain tissues (20 mg) were added to 1 ml
TRIzol® reagent (cat. no. 15596026; Thermo Fisher Scientific,
Inc.) and the tissues were cut up and ground. Total mRNAs
were isolated from the tissues according to the manufacturer's
protocol. Total RNA was isolated from the OGD/R model
cells also using TRIzol® (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. The purity and
content of total RNA were determined by UV spectrophotom‑
etry. A Reverse Transcription kit (Takara Bio, Inc.) was used
to synthetize cDNA from the RNA according to the manufac‑
turer's protocol. The following temperature protocol was used:
37˚C for 15 min (reverse transcription reaction) and 85˚C for
5 sec (reverse transcriptase inactivation reaction). The levels of
MMP‑2, MMP‑8, MMP‑9 and tissue inhibitor of metallopro‑
teinases‑1 (TIMP‑1) were examined using SYBR‑Green PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The thermocycling conditions for PCR was as follows:
95˚C for 3 min, followed by 40 cycles of denaturation at 95˚C
for 10 sec, followed by annealing and extension at 58˚C for
30 sec. The relative expression level was calculated using the
2‑ΔΔCq method (34). The primers used are displayed in Table I.
GAPDH was used as the reference gene.
Western blot assay. Ground brain tissues (20 mg) were added
to RIPA lysis buffer (cat. no. P0013B; Beyotime Institute
of Biotechnology) containing protease inhibitor, and total
proteins were extracted by centrifugation at 14,000 x g for
10 min at 4˚C. The OGD/R cells (1x106/well) were washed
once with ice cold PBS and lysed with RIPA lysis buffer on
ice for 30 min, after which the total protein was also extracted
using RIPA lysis buffer (Beyotime Institute of Biotechnology).
An Ultra‑Bradford Protein Assay kit (Sangon Biotech Co.,
Ltd.) was used to determine the concentration of proteins. The
proteins (30 µg/lane) were subjected to 10% SDS‑PAGE, and
then transferred onto a PVDF membrane (Roche Diagnostics).
After blocking the PVDF membrane with 5% BSA for 1 h, the
membrane was incubated with primary antibodies overnight
at 4˚C. The secondary antibody HRP‑labeled goat anti‑rabbit
IgG (dilution 1:5,000; cat. no. ab6721; Abcam) was then
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Table I. Sequences of primers used in quantitative PCR.
Gene
GAPDH
GAPDH
MMP‑2
MMP‑2
MMP‑8
MMP‑8
MMP‑9
MMP‑9
TIMP‑1
TIMP‑1

Sequence (5'‑3')
Forward: TGTTCGTCATGGGTGTGAAC
Reverse: ATGGCATGGACTGTGGTCAT
Forward: CCCTCCCCTGATGCTGATACT
Reverse: GTCACTGTCCGCCAAATAAACC
Forward: CTGTTGAAGGCCTAGAGCTGCTG
CTCC
Reverse: GATCTTCTCTTCAAACTCT ACCC
Forward: CCCTGGAGACCTGAGAACCA
Reverse: AACCATAGCGGTACAGGTATTCCT
Forward: CTGGCATCCTCTTGTTGCTATC
Reverse: AACGCTGGTATAAGGTGGTCTC

MMP, matrix metalloproteinase; TIMP‑1, tissue inhibitor of
metalloproteinases 1.

applied to react at room temperature for 1 h. After visualiza‑
tion of the bands using an ECL reagent (cat. no. sc‑2048; Santa
Cruz Biotechnology, Inc.), the results were recorded using a gel
imaging system (Kodak film developer; FUJIFILM Wako Pure
Chemical Corporation) and analyzed using ImageJ software
(version 7.0; National Institutes of Health). The primary anti‑
bodies targeted MMP‑2 (1:1,000; cat. no. ab97779), MMP‑9
(1:1,000; cat. no. ab38898), MMP‑8 (1:500; cat. no. ab53017),
TIMP‑1 (1:1,000; cat. no. ab211926) and GAPDH (1:2,000;
cat. no. ab9482), and were all acquired from Abcam.
H&E staining. After fixing the brain tissues with 4%
paraformaldehyde at 4˚C overnight, the tissues were dehy‑
drated with gradient ethanol, made transparent with xylene
(cat. no. 534056; Sigma‑Aldrich; Merck KGaA) and embedded
with paraffin. The tissues were then sliced into 3‑µm slices.
After dewaxing, the slices were processed with xylene and
gradient ethanol. The sections were stained with hematoxylin
(cat. no. HHS32; Sigma‑Aldrich; Merck KGaA) for 10 min
at room temperature and then treated with 1% hydrochloric
acid ethanol. After washing, the slices were stained with 0.5%
eosin (cat. no. 6766007; Thermo Fisher Scientific, Inc.) for
5 min at room temperature, dehydrated with 70, 85, 95 and
100% ethanol, and made transparent with xylene twice. After
treatment with neutral gum, the stained sections were observed
under a light microscope.
TUNEL staining. After brain tissues in each group were fixed
following the above methods, the sections were dewaxed and
tested for apoptosis using a TUNEL assay. The specific proce‑
dures for TUNEL staining were performed according to the
instructions provided with the TUNEL kit (cat. no. MK1020;
Wuhan Boster Biological Technology, Ltd.). TUNEL‑positive
cells were those with brown granules in the nucleus.
Statistical analysis. All data from the current study are
presented as the mean ± standard deviation based on three
repetitions. All results were calculated using GraphPad
Prism Software (version Prism 7; GraphPad Software, Inc.).

Differences were analyzed by one‑way ANOVA followed by
Tukey's post‑hoc test. For mNSS analysis, data were analyzed
using the Kruskal‑Wallis test and Steel‑Dwass tests were
performed to compare multiple groups. P<0.05 was considered
to indicate a statistically significant difference.
Results
Culture and identification of EPCs. EPCs were isolated from
mouse bone marrow via density gradient centrifugation.
After 1 and 7 days of incubation, the morphology of the
EPCs was observed using a microscope. Following 1 day
of culture, the EPCs were round, small and suspended in
the medium; however, after 7 days of culture, the number
of EPCs was markedly increased, and the cells exhibited
fusiform or polygonal morphology, and were adherent to
the well (Fig. 1A). The Dil‑ac‑LDL and FITC‑lectin‑UEA‑1
fluorescent staining results revealed that the cytoplasm of
EPCs took up Dil‑ac‑LDL (red) and the membranes of EPCs
bound with FITC‑Lectin‑UEA‑1 (green), suggesting that
EPCs were differentiating (Fig. 1B and C). Furthermore, the
results of IF staining assays demonstrated the presence of
surface markers for EPCs, namely CD34, CD133, VEGFR2
and vWF (Fig. 1D‑G). These results indicate that EPCs were
successfully isolated from mouse bone marrow.
MMP inhibitor BB‑94 accelerates proliferation and prevents
apoptosis in OGD/R model cells in a dose‑dependent manner.
The possible effects of the MMP inhibitor BB‑94 in stroke
were next investigated. Firstly, an OGD/R cell model was
established, and the OGD/R cells were stimulated with 0, 5, 10,
20, 30 and 40 mM BB‑94 for 48 h. As shown in Fig. 2A, BB‑94
significantly increased the proliferation of OGD/R cells, with
20 mM BB‑94 exhibiting the strongest effect. The prolifera‑
tion of the OGD/R cells began to decrease when the BB‑94
concentration reached 30 or 40 mM. which suggests that high
doses of BB‑94 might have a certain toxic effect on the prolif‑
erating activity of OGD/R cells (P<0.01). Additionally, flow
cytometric analysis revealed that cell apoptosis was signifi‑
cantly attenuated in BB‑94‑treated OGD/R cells compared
with untreated OGD/R cells (P<0.05; Fig. 2B and C). To
further analyze the possible effect of BB‑94 on MMPs in
OGD/R model cells, the OGD/R model cells were treated
with 20 mM BB‑94 and analyzed using RT‑qPCR. The results
demonstrated that the expression levels of MMP‑2, MMP‑9
and MMP‑8 were significantly reduced, and the expression
of TIMP‑1 was significantly increased in BB‑94‑treated
OGD/R cells compared with untreated OGD/R cells (P<0.05;
Fig. 2D). Similarly, the western blotting results also showed
that BB‑94 significantly downregulated MMP‑2, MMP‑9 and
MMP‑8 and upregulated TIMP‑1 expression in OGD/R cells
(P<0.01; Fig. 2E). These results certified that BB‑94 exhibited
protective effects in OGD/R model cells.
Combined application of EPCs and BB‑94 induces
proliferation and alleviates oxidative damage in OGD/R
model cells. The impacts of EPCs and BB‑94 on the prolif‑
eration and oxidative damage of OGD/R model cells were
subsequently investigated. MTT analysis demonstrated that
EPCs or BB‑94 each significantly facilitated the proliferation
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Figure 1. Culture and identification of EPCs. (A) EPCs were isolated from mouse bone marrow by density gradient centrifugation, and the morphology of the
cultured EPCs was observed under a microscope after 1 and 7 days (magnification, x200). Fluorescent staining was conducted to identify the abilities of EPCs to
(B) take up Dil‑ac‑LDL and (C) bind UEA‑l (magnification, x200; scale bar, 200 µm). The expression of (D) CD34 (E), CD133, (F) VEGFR2 and (G) vWF was
examined using immunofluorescence assays with DAPI nuclear staining (magnification, x200). EPCs, endothelial progenitor cells; Dil‑ac‑LDL, Dil‑labeled
acetylated low‑density lipoprotein; UEA‑1, Ulex europaeus agglutin‑1; vWF, von Willebrand factor.

of OGD/R model cells (P<0.05), and that EPCs used in combi‑
nation with BB‑94 promoted the proliferation of OGD/R
model cells more strongly than each treatment alone (P<0.001;
Fig. 3A). As shown in Fig. 3B, ELISA results revealed that
SOD levels were markedly reduced and ROS, MDA and LDH
levels were notably elevated in the EPCs or BB‑94 groups
compared with the control OGD/R group (P<0.001); further‑
more, the combination of EPCs and BB‑94 induced a further
reduction of SOD levels and significant increases of ROS,
MDA and LDH levels (P<0.01). The impacts of EPCs alone
and in combination with BB‑94 on MMPs were also studied;
EPCs and/or BB‑94 were applied to the OGD/R model cells.
The levels of MMP‑2, MMP‑9, MMP‑8 and TIMP‑1 were
determined through RT‑qPCR and western blotting. The
results showed that MMP‑2, MMP‑9 MMP‑8 expression
levels were significantly reduced and TIMP‑1 expression was
significantly raised in the EPCs or BB‑94 groups compared
with the control OGD/R group. In addition, compared with
the individual treatment groups, the combination of EPCs and
BB‑94 further downregulated MMP‑2, MMP‑9 and MMP‑8,
and upregulated TIMP‑1 expression in the OGD/R model cells
(P<0.05; Fig. 3C and D). These results reveal that the combina‑
tion of BB‑94 and EPCs had a significant protective effect on
the OGD/R model cells.
EPCs alone and combined with BB‑94 prominently attenuate
MCAO‑induced cerebral I/R injury. On the basis of the roles
of EPCs and BB‑94 in OGD/R model cells, the effects of
EPCs and BB‑94 on MCAO‑induced cerebral I/R injury were
further investigated. MCAO model mice were successfully

established and the mice were treated with EPCs and/or BB‑94.
The neurological deficit scores were significantly reduced in
the MCAO + EPCs or MCAO + BB‑94 groups compared with
the control MCAO group, and the combination of EPCs and
BB‑94 further lowered the neurological deficit scores in the
MCAO mice compared with those of mice treated with EPCs
or BB‑94 alone (P<0.05; Fig. 4A). Additionally, H&E staining
revealed that the nerve cells in the brain tissues of MCAO
model mice were scattered, and the cells appeared to be loose
with evident edema. Treatment with EPCs alone or combined
with BB‑94 markedly attenuated this abnormal change in
the morphological structure of the brain tissues, and this
attenuation was most evident in the MCAO rats treated with a
combination of EPCs and BB‑94 (Fig. 4B). Moreover, through
TUNEL analysis, treatment with EPCs or BB‑94 alone was
found to observably reduce the number of TUNEL‑positive
cells, and the combined treatment with EPCs and BB‑94
further lowered the number of TUNEL‑positive cells in the
MCAO model mice compared with either EPCs or BB‑94
alone (Fig. 4C). These results indicate that EPCs alone and in
combination with BB‑94 had a marked protective role against
cerebral I/R injury in MCAO mice.
EPCs and BB‑94 notably alleviate oxidative damage and
downregulate MMPs in MCAO model mice. Whether EPCs
and BB‑94 have an effect on oxidative damage and the expres‑
sion levels of MMPs/TIMP‑1 in MCAO model mice were
further determined. The ELISA results indicated that either
EPCs or BB‑94 alone significantly reduced the SOD concentra‑
tion and elevated the ROS, MDA and LDH levels in the brain
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Figure 2. MMP inhibitor BB‑94 accelerated the proliferation of OGD/R model cells and prevented their apoptosis. An OGD/R cell model was established, and
the cells were stimulated with 0, 5, 10, 20, 30 or 40 mM BB‑94 for 48 h. (A) Cell proliferation was evaluated using an MTT assay. (B and C) Flow cytometry
was applied to monitor the effect of BB‑94 on the apoptosis of the OGD/R cells. (B) The apoptosis rate was calculated and (C) representative flow cytometry
plots are shown. *P<0.05, **P<0.01, ***P<0.001 vs. 0 mM BB‑94, (D) OGD/R model cells were treated with 20 mM BB‑94, and reverse transcription‑quantitative
PCR analysis was utilized to examine the levels of MMP‑2, MMP‑9, MMP‑8 and TIMP‑1. (E) Western blotting analysis was also performed to evaluate
MMP‑2, MMP‑9, MMP‑8 and TIMP‑1 expression in the 20 mM BB‑94‑treated OGD/R cells. *P<0.05, **P<0.01, ***P<0.001 vs. HG‑OGD/HR. MMP, matrix
metalloproteinase; HG‑, high glucose; OGD/R, oxygen‑glucose deprivation/reoxygenation; TIMP‑1, tissue inhibitor of metalloproteinases 1.

tissues of the MCAO model mice, and the combined treatment
with EPCs and BB‑94 further enhanced the effects of EPCs
or BB‑94 on SOD, ROS, MDA and LDH levels in the mice
(P<0.001; Fig. 5A). In addition, RT‑qPCR results showed that
either EPCs or BB‑94 alone markedly downregulated MMP‑2,
MMP‑9 and MMP‑8 and upregulated TIMP‑1 expression,
and the changes in the expression of these genes in the brain
tissues of the MCAO model mice were further enhanced when
EPCs and BB‑94 were used in combination (P<0.05; Fig. 5B).
In addition, the western blot results exhibited the same trends
as the RT‑qPCR results (P<0.05; Fig. 5C). These results indi‑
cate that EPCs alone and combined with BB‑94 significantly
inhibited oxidative damage and the expression of MMPs in
MCAO model mice.

Discussion
Diabetes is an independent risk factors for stroke, and the
mortality rate from cerebrovascular complications in patient
with diabetes is 2‑4‑fold higher than that in non‑diabetic indi‑
viduals (35). The onset time of stroke in patients with type 2
diabetes is 10 years earlier than that in non‑diabetic individ‑
uals (36). The main pathological changes observed in patients
with diabetes and ischemic stroke include macrovascular and
microvascular diseases (37). The pathogenesis of diabetic stroke
mainly includes fat and lipoprotein metabolic disorders, insulin
resistance, hypertension, endothelium‑dependent vasomotor
dysfunction, microvascular lesions and genetic changes (38,39).
Studies have demonstrated that EPCs have significant effects
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Figure 3. Combined application of EPCs and BB‑94 induces proliferation and alleviates oxidative damage in OGD/R model cells. (A) OGD/R model cells were
treated with EPCs or/and BB‑94 (5 mM) and an MTT assay was used to evaluate the proliferation of the cells. (B) The levels of SOD, ROS, MDA and LDH
were assessed using ELISAs. (C) The mRNA expression levels of MMP‑2, MMP‑9, MMP‑8 and TIMP‑1 were confirmed by reverse transcription‑quantitative
PCR in OGD/R cells treated with EPCs and/or 5 mM BB‑94. (D) MMP‑2, MMP‑9, MMP‑8 and TIMP‑1 protein levels were certified through western
blotting analysis in OGD/R cells following treatment with EPCs and/or 5 mM BB‑94. *P<0.05, **P<0.01, ***P<0.001 vs. the OGD/R group; #P<0.05, ##P<0.01,
###
P<0.001 vs. the OGD/R + EPCs group; &P<0.05, &&P<0.01, &&&P<0.001 vs. the OGD/R + BB‑94 group. EPCs, endothelial progenitor cells; HG‑, high glucose;
OGD/R, oxygen‑glucose deprivation/reoxygenation; SOD, superoxide dismutase; ROS, reactive oxygen species; MDA, malondialdehyde; LDH, lactate dehy‑
drogenase; MMP, matrix metalloproteinase; TIMP‑1, tissue inhibitor of metalloproteinases 1.
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Figure 4. EPCs alone and combined with BB‑94 prominently attenuate MCAO‑induced cerebral I/R injury. MCAO mice models were established, and the mice
were treated with EPCs and/or BB‑94. (A) Modified neurological severity scores were applied to assess the neurological deficit of the mice 7 and 14 days after
the surgery (n=8). *P<0.05 vs. the MCAO group; #P<0.05 vs. the MCAO + EPCs group; &P<0.05 vs. the MCAO + BB‑94 group. (B) After treatment with EPCs
and/or BB‑94, the morphological structure of brain tissues was evaluated using H&E staining (magnification, x100; scale bar, 100 µm). (C) TUNEL assay was
performed to monitor the apoptosis of cells in the brain tissue (magnification, x100; scale bar, 100 µm). EPCs, endothelial progenitor cells; MCAO, middle
cerebral artery occlusion; DM, diabetes mellitus.

on vascular repair (17,40). In diabetic retinopathy, EPCs have
been shown to contribute to the remodeling of blood vessels by
participating in the formation of vascular structures, thereby
increasing the normal functioning of vascular systems (41,42).
However, diabetes can reduce the number and function of
EPCs (43). Traditionally, EPCs are isolated from the bone
marrow and are verified as EPCs by testing for the presence
of specific surface markers (44,45). CD133 and CD34 are
known as markers for hematopoietic stem cells and they are
gradually lost during the differentiation and maturation of
EPCs (46). VEGFR2 is also a specific marker for endothelial
cells. Therefore, CD34 + CD113+VEGFR2+ expressing cells
are generally identified as EPCs (47). Moreover, endothelial
cells produce vWF in the cytoplasm and specifically take
up Dil‑ac‑LDL and UEA‑1, which can also serve as specific
markers for endothelial identification (48,49). In the present
study, EPCs were extracted from the bone marrow cavities of
mice, and the successful extraction of EPCs was demonstrated
through measurements of Dil‑ac‑LDL and UEA‑1 uptake, and
CD34, CD133, VEGFR2 and vWF expression. In addition, an
OGD/R cell model and MCAO mouse model were success‑
fully established.
MMPs are a family of metal‑dependent proteolytic
enzymes with similar structures and common biochemical
properties (50). The ECM is the main component of the
vascular wall (51). Research has shown that MMPs are able to
degrade all ECM components, with the exception of polysac‑
charides such as collagen and elastin, and are key enzymes
in the extracellular degradation of ECM (52). MMPs and
TIMPs together constitute a vital system for regulating the
dynamic balance of the ECM (53). In this system, MMP‑9 is
a widely studied and active MMP, and TIMP‑1 is a specific
inhibitor of MMP‑9 (54). MMP‑2 is a key enzyme involved
in substrate degradation, and can specifically degrade the

main components of the basal membrane of the arterial
walls (55,56). Diabetes mellitus (DM) is a chronic disease
comprising lifestyle‑associated insulin resistance and/or
abnormal insulin secretion. Previous studies have shown that
an increase in insulin‑secreting pancreatic islet β ‑cells is a
common feature of DM progression (57,58). Recent studies
have shown that increased MMPs contribute to the progres‑
sion of DM by inhibiting islet β ‑cell apoptosis through an
integrin‑mediated Akt/BAD pathway (59,60). Other studies
have revealed that the high expression of MMP‑9 is associated
with poor prognosis and recovery for ischemic stroke (61,62);
MMP‑8 has a close association with ischemic stroke (26);
and MMP‑2 polymorphism is associated with the occurrence
risk of stroke (63). However, the impacts of MMPs on the
progression of diabetic ischemic stroke have not been fully
elucidated.
BB‑94 is a synthetic MMP inhibitor (64). It has a competitive
inhibitory effect on MMPs due the similarity of its chemical
structure with that of MMP enzyme restriction sites (65).
Previous studies have reported the ability of BB‑94 to inhibit
multiple disease processes (66), including pancreatitis (67),
abdominal aortic aneurysm (64), glioblastoma (68) and breast
cancer (69). It has also been shown that BB‑94 does not
directly affect the viability of cancer cells; instead, it reduces
the release of collagenase from these cells (70). Furthermore,
acute and long‑term toxicological experiments indicate that
BB‑94 has no toxic effects on animals (71). Despite BB‑94
having shown strong promising preclinical data, it failed its
phase I trial due to unforeseen side effects (72). This was likely
due to the poor solubility of BB‑94, which resulted in local
toxicity associated with a high dose of the drug administered
intraperitoneally (71). Consistent with this, the results of the
present study revealed that the proliferation of OGD/R cells
was inhibited when the concentration of BB‑94 increased to
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Figure 5. EPCs and BB‑94 notably alleviate oxidative damage and downregulate MMPs in MCAO model mice. (A) ELISAs were used to determine the
changes of SOD, ROS, MDA and LDH levels in MCAO model mice treated with EPCs and/or BB‑94. After treating the mice with EPCs and/or BB‑94, MMP‑2,
MMP‑9, MMP‑8 and TIMP‑1 expression levels were confirmed in the brains of the mice using (B) reverse transcription‑quantitative PCR and (C) western
blotting. GAPDH served as an internal control. *P<0.05, **P<0.01, ***P<0.001 vs. the MCAO group; #P<0.05, ##P<0.01, ###P<0.001 vs. the MCAO + EPCs group;
&
P<0.05, &&P<0.01, &&&P<0.001 vs. the MCAO + BB‑94 group. EPCs, endothelial progenitor cells; MMP, matrix metalloproteinase; DM‑, diabetes mellitus;
MCAO, middle cerebral artery occlusion; SOD, superoxide dismutase; ROS, reactive oxygen species; MDA, malondialdehyde; LDH, lactate dehydrogenase;
TIMP‑1, tissue inhibitor of metalloproteinases 1.

≥30 mM, which indicates that high doses of BB‑94 may have
a toxic effect on cells. Moreover, the present study showed that
BB‑94 significantly induced the proliferation of OGD/R model
cells, and also inhibited their apoptosis. It also revealed the
ability of BB‑94 to markedly downregulate MMP‑2, MMP‑9
and MMP‑8, and upregulate TIMP‑1 expression in OGD/R
model cells.
The present study demonstrated that the combined
application of EPCs and BB‑94 prominently accelerated the

proliferation of OGD/R model cells and alleviated oxidative
damage in these cells. It also certified that EPCs and BB‑94
significantly alleviated cerebral I/R injury in MCAO model
mice, and markedly reduced oxidative damage and the expres‑
sion of certain MMPs in these mice. These results suggest
that EPCs can change the dynamic balance of the ECM, and
indicate that the combined application of EPCs and BB‑94
significantly ameliorated the brain damage induced by diabetic
ischemic stroke.
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In summary, the present study successfully isolated and
identified EPCs from mice, and established an OGD/R cell
model and MCAO mice model. Using these models, the study
demonstrated that EPCs alone or combined with BB‑94 have
protective effects against ischemic stroke that are associated
with the reduction of MMP expression.
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