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Low-dose nifedipine rescues impaired endothelial progenitor
cell-mediated angiogenesis in diabetic mice
Cheng Peng1,2, Li-jun Yang1, Chuan Zhang3, Yu Jiang4, Liu-wen-xin Shang4, Jia-bei He1, Zhen-wei Zhou1, Xia Tao4, Lu Tie5,
Alex F. Chen2 and He-hui Xie1,2

It is of great clinical significance to develop potential novel strategies to prevent diabetic cardiovascular complications. Endothelial
progenitor cell (EPC) dysfunction is a key contributor to diabetic vascular complications. In the present study we evaluated whether
low-dose nifedipine could rescue impaired EPC-mediated angiogenesis and prevent cardiovascular complications in diabetic mice.
Diabetes was induced in mice by five consecutive injections of streptozotocin (STZ, 60 mg·kg−1·d−1, i.p.). Diabetic mice were treated
with low-dose nifedipine (1.5 mg·kg−1·d−1, i.g.) for six weeks. Then, circulating EPCs in the peripheral blood were quantified,
and bone marrow-derived EPCs (BM-EPCs) were prepared. We showed that administration of low-dose nifedipine significantly
increased circulating EPCs, improved BM-EPCs function, promoted angiogenesis, and reduced the cerebral ischemic injury in
diabetic mice. Furthermore, we found that low-dose nifedipine significantly increased endothelial nitric oxide synthase (eNOS)
expression and intracellular NO levels, and decreased the levels of intracellular O2

.− and thrombospondin-1/2 (TSP-1/2, a potent
angiogenesis inhibitor) in BM-EPCs of diabetic mice. In cultured BM-EPCs, co-treatment with nifedipine (0.1, 1 μM) dose-
dependently protected against high-glucose-induced impairment of migration, and suppressed high-glucose-induced TSP-1
secretion and superoxide overproduction. In mice with middle cerebral artery occlusion, intravenous injection of diabetic BM-EPCs
treated with nifedipine displayed a greater ability to promote local angiogenesis and reduce cerebral ischemic injury compared to
injection of diabetic BM-EPCs treated with vehicle, and the donor-derived BM-EPCs homed to the recipient ischemic brain. In
conclusion, low-dose nifedipine can enhance EPCs’ angiogenic potential and protect against cerebral ischemic injury in diabetic
mice. It is implied that chronic treatment with low-dose nifedipine may be a safe and economic manner to prevent ischemic
diseases (including stroke) in diabetes.
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INTRODUCTION
Diabetes is a major risk factor for morbidity and mortality
worldwide [1, 2]. It is associated with a reduced lifespan, largely
as a consequence of its cardiovascular complications (including
stroke) [2–4]. Compared with nondiabetic patients, diabetic
patients have at least twice the risk for stroke, and approximately
20% of diabetic patients will die from stroke, making it one of the
leading causes of death in this population [5]. However,
recent randomized controlled trials (the ACCORD and ADVANCE
trials) demonstrated that, as compared with standard therapy,
the use of intensive therapy to target near-normal glycemic
control for a median of 3.5 to 5 years does not significantly
reduce cardiovascular events within that time frame, but
increased mortality in the ACCORD trial [2–4]. Thus, it should be
of great clinical importance to develop new therapeutic strategies
except glycemic control to prevent diabetic cardiovascular
complications.

Diabetic cardiovascular complications are frequently associated
with endothelial progenitor cells (EPCs) dysfunction and reduced
EPC-mediated angiogenesis in response to ischemia [6, 7]. EPCs
are a population of new cells released into peripheral blood by
bone marrow to promote endothelial repair and neovasculogen-
esis in response to an ischaemic injury [8–10]. Thus, it is postulated
that promoting EPC function and EPC-mediated ischemic angio-
genesis may serve as a potential strategy to prevent cardiovas-
cular complications (such as stroke, coronary heart disease, heart
failure, and so on) in diabetes.
Nifedipine, a classic calcium channel blocker, has been widely

used in the treatment of hypertension for several decades, and it
has been reported that nifedipine could enhance EPCs number
and activity in hypertensive patients [11]. Based on these findings,
we hypothesized that low-dose nifedipine may serve as a safe and
economic option to prevent ischemic diseases by rescuing
impaired EPC-mediated angiogenesis in diabetic mice. Here, we
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demonstrate that chronic low-dose nifedipine can rescue impaired
angiogenic potential of diabetic EPCs and lead to an improved
response to cerebral ischemic injury in diabetic mice.

MATERIALS AND METHODS
Animals and chronic low-dose nifedipine exposure
Male C57BL/6 mice at 10–12 weeks of age (20–25 g, purchased
from the Sino-British SIPPR/BK Laboratory Animal Co., Ltd.) were
rendered diabetic by intraperitoneal (i.p.) injection of 60 mg/kg
STZ (Sigma-Aldrich, St Louis, MO, USA) in 0.05 M sodium citrate
(pH 4.5) daily for five consecutive days during the first week of the
study [12, 13]. A 5-day low-dose STZ injection regimen was used
to ensure sustained hyperglycemia [13]. Half of the mice treated
with STZ were also co-treated daily by oral gavage with low-dose
nifedipine (1.5 mg·kg−1·d−1; Sigma-Aldrich, St Louis, MO, USA),
and the other half were also co-treated daily with the same
amount of vehicle (saline solution) via gavage for 6 consecutive
weeks [12, 13]. The control mice were treated with intraperitoneal
injection of citrate buffer and subsequently with saline solution by
oral gavage. Previous studies reported that estrogens exert
neuroprotective effects in an animal model of ischemia [14, 15].
To avoid the interference of estrogen on ischemic stroke, only
male mice were selected in this study. Fasting blood glucose level
from tail blood was measured from the beginning of the STZ
injection and monitored weekly thereafter. Mice with tail
vein blood glucose levels greater than 15mM 1 week after STZ
(Sigma-Aldrich) injection were deemed diabetic [16]. The body
weight and blood pressure level were measured before and after
6 weeks of nifedipine treatment.
After 6 weeks of low-dose nifedipine (Sigma-Aldrich) treatment,

mice were used for EPCs isolation and assessment, or were
subjected to permanent focal cerebral ischemia. Administration of
nifedipine was discontinued 3 days before EPCs isolation or
cerebral ischemia to decrease potential off-target effects. Experi-
ments were carried out in a random and blinded fashion.
Experimental procedures were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (USA). All animal experiments complied with the ARRIVE
guidelines. The animal protocol was planned in compliance with
the animal protection, animal welfare, and ethical principles and
was approved by the IACUC of the Naval Medical University.

Quantification of circulating EPCs
After 6 weeks of low-dose nifedipine treatment, the circulating
EPCs in the peripheral blood were quantified by flow cytometry
using a previously reported technique [17–19]. Briefly, peripheral
blood was obtained by cardiac puncture after the mice were
anesthetized. Peripheral blood mononuclear cells (PB-MNCs) were
isolated by Histopaque-1083 (Sigma-Aldrich, St Louis, MO, USA)
density gradient centrifugation at 400 × g for 30min. The mono-
nuclear fraction was collected and washed in phosphate buffer
saline (PBS) (pH 7.4), red blood cells were lysed with ammonium
chloride solution (Stemcell Technologies, Vancouver, BC, Canada),
then washed twice with PBS and once with 5% albumin bovine
serum (BSA)/PBS (PBS-A; Sigma-Aldrich, St Louis, MO, USA). Freshly
isolated PB-MNCs were re-suspended in 100 μL of l5% PBS-A and
incubated with antibodies to Sca-1-PE (BD Pharmingen, San Jose,
CA, USA) and Flk-1-FITC (BD Pharmingen) for 1 h on ice. The
isotype-specific conjugated anti-immunoglobulin G (IgG; Sigma-
Aldrich, St Louis, MO, USA) was used as a negative control. After
washing and centrifugation, the cell pellets were suspended in
300 µL of 2% paraformaldehyde (Beyotime Biotechnology, Shang-
hai, China). Sca-1/Flk-1 double-positive cells were quantified using
a BD Flow cytometer (FACScan; Becton Dickenson Biosciences, San
Jose, CA, USA). Quantitative analysis of flow cytometry data
was expressed as the percentage of Sca-1+/Flk-1+ cells in

peripheral blood from Control, Diabetic and chronic low-dose
nifedipine-treated diabetic mice [17–19].

Bone marrow-derived EPCs (BM-EPCs) isolation and culture
BM-EPCs were isolated and cultured according to the published
methods [19, 20]. Bone marrow-derived mononuclear cells (BM-
MNCs) were isolated from the murine tibia and femur, seeded in
six-well cell culture plates coated with rat vitronectin (1 mg/mL;
Sigma-Aldrich, St Louis, MO, USA) at a density of 5 × 106 cells/well,
and cultured in endothelial growth medium-2 (EGM-2; Lonza,
Walkersville, MD, USA). After four days of culture, nonadherent
cells were removed and the adherent cells were further cultivated
for 3 days. And then EPCs were either used for in vitro studies
(including function assays and Western blot analysis) or for EPC
transplantation.

EPC adhesion assay
1 × 104 cells were plated per well of a 96-well plates precoated
with vitronectin (1 µg/mL; Sigma-Aldrich, St Louis, MO, USA). After
4-h incubation time, nonadherent BM-EPCs were removed, and
residual adherent BM-EPCs were stained with 10 μg/mL of
Hoechst (Hoechst 33258; Sigma-Aldrich, St Louis, MO, USA) and
then fixed with 2% PFA. Adherent cells were counted at five
random fields at magnification of ×100 per sample. Three wells
were measured for each cell sample [21].

EPC migration assay
BM-EPCs were plated at a number of 5 × 104 per well in the upper
Boyden’s chamber with M199 (Hyclone, Shanghai, China), while
M199 supplemented with 50 ng/mL of VEGF (R&D systems,
Minneapolis, MN, USA) and 10% FBS (Bioind, Kibbutz Beit Haemek,
Israel) was placed in the lower chamber. After 24-h incubation
time, migrated BM-EPCs adhering to the lower membrane were
fixed and then stained with 10 μg/mL of Hoechst 33258 (Sigma-
Aldrich). Then, the number of migrated BM-EPCs were determined
by counting the BM-EPCs on the lower side of the membrane
under a microscope at magnification ×100. In blinded analyses, for
each sample, five images were taken from random fields [21].

EPC tube formation assay
A number of 5 × 104 BM-EPCs were plated per well of a 96-well
plate precoated with growth factor-reduced Matrigel-Matrix (BD
Biosciences, San Jose, CA, USA). After 6 h of incubation, images of
tube morphology were taken by inverted microscope (Leica), and
tube numbers were counted at five random fields at magnification
of ×100 per sample [17, 21].

Western blot analysis
Western blot analysis was performed as previously described
[19, 22]. Briefly, collected BM-EPCs culture media were concen-
trated with an Amicon Ultra 4 centrifugal filter device with a
10,000 molecular weight cutoff (Merck Millipore, Darmstadt,
Germany) according to the manufacturer’s recommendations.
For loading control, protein concentrations were determined by
the BCA method using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific), and samples containing equal amounts of
protein were subjected to 8% SDS/PAGE. Gels were transferred
to nitrocellulose membranes (Millipore) and incubated with
antibodies specific to TSP-1 (Abcam, Cambridge, MA, USA;
ab1823) and TSP-2 (BD Transduction Laboratories™; 611150).
Secondary antibodies included IR Dye 800 conjugated anti-mouse
IgG (1:5000, Rockland Immunochemicals, Gilbertsville, PA, USA).
BM-EPCs were extracted in lysis buffer containing protease

inhibitors. Protein concentrations was determined by the BCA
method using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Equal quantities of proteins from total cell lysates were
fractionated by electrophoresis under denaturing conditions on

Nifedipine rescues impaired angiogenesis in diabetes
C Peng et al.

45

Acta Pharmacologica Sinica (2023) 44:44 – 57



8% polyacrylamide gel and transferred to nitrocellulose mem-
branes (Millipore). Proteins were detected by probing Western
blots with primary antibodies which were purified mouse anti-
eNOS (BD Transduction Laboratories™; 610296), rabbit anti-p-
eNOS (Cell Signaling Technology; 9571) and mouse anti-GAPDH
(Abcam; ab8245) overnight, and then conjugated using anti-
mouse IgG secondary antibody (1:5000, Cell Signaling Technology)
(eNOS, beta Actin) or anti-rabbit IgG secondary antibody (1:1000,
Cell Signaling Technology) (p-eNOS).
Expression levels of the proteins were detected by Odyssey

infrared image system (LI-COR), and the band intensities were
quantified with the NIH ImageJ software.

Intracellular superoxide (O2
.−) measurement

O2
.− levels were estimated using the fluorescent probe dihy-

droethidium (DHE) (Sigma-Aldrich, St Louis, MO, USA), a com-
monly used cell-permeable dye which is sensitive to O2

.− and may
be oxidized to the red fluorescent molecule ethidium. BM-EPCs
were washed, collected and resuspended in M199 medium, and
then labeled with 1 µM DHE for 40 min at 37 °C in dark. After that,
labeled BM-EPCs were washed three times with 5% BSA/PBS and
then fixed in 2% PFA. Finally, the labeled BM-EPCs were analyzed
by flow cytometry [19].

Intracellular nitric oxide (NO) measurement
NO levels were visualized using DAF-FM diacetate (4-amino-5-
methylamine-2’,7’-difluorofluorescein diacetate, Molecular Probes,
USA). BM-EPCs were collected, washed and resuspended in PBS,
and then labeled with 1 µM DAF-FM diacetate in dark. After
incubation at 37 °C for 40 min, labeled BM-EPCs were washed
three times with PBS and then fixed in 2% PFA. Finally, the labeled
BM-EPCs were analyzed by flow cytometry [19].

Small interfering RNA transfection in EPCs
After 6-day culture, BM-EPCs were replanted into 6-well plates at a
density of 2.5 × 105 cells/well. After 24 h, the TSP-1 or TSP-2 siRNA
SMARTpool (si-TSP, Dharmacon, Lafayette, CO, USA) was diluted to
a 2 μM working solution and delivered to cells at 100 nM final
concentration for 72 h through a lipid-mediated DharmaFECT
Transfection Reagent (Dharmacon) according to the manufac-
turer’s protocol [13, 17]. The nonrelated scramble oligonucleotides
(Dharmacon) were used as negative controls. After 72 h of
transfection, the cells and medium were harvested for the other
experiments.

Animal model of stroke
Permanent focal cerebral ischemia was induced in mice according
to previously described methods [18, 21]. Briefly, mice were
anesthetized with 3.5% chloral hydrate at 0.1 mL/10 g body
weight by intraperitoneal injection. A 0.5-cm skin incision was
made between the left orbit and ear. Then, the left distal middle
cerebral artery was exposed through a craniotomy and perma-
nently cauterized above the rhinal fissure. The body temperature
was maintained at 37 ± 0.5 °C throughout the surgical procedure
using a heating lamp and pad. Behavioral assessment (including
Body Asymmetry Test and Beam Test) was performed three days
after middle cerebral artery occlusion, then mice were euthanized,
and their brains were immediately removed. Infarct volume was
determined by staining with 2,3,5-triphenyltetrazolium chloride
(TTC, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and
was analyzed with Image J software [21, 23]. The experiments
were performed in a blind and random fashion.
Additionally, on day 3 after middle cerebral artery occlusion, the

mice were anesthetized and the ischemic brains were flushed with
PBS and perfused in 4% PFA, before being dehydrated and
embedded in paraffin. Serial sections (6 µm thick) were cut in the
coronal plane from paraffin-embedded blocks. Every 10th section
was processed for immunohistochemical staining. For

quantification of angiogenesis, the area of ischemic boundary
was immunostained with CD31 antibody [21, 24, 25].

Neurological behavior analysis: Beam Test and Body Asymmetry
Test

(1) Beam Test—Beam walking across a bridge was used to
assess motor coordination and balance after stroke injury.
The mice were trained for five days before the MCA
occlusion to traverse a narrow round beam (5 mm in
diameter, 900 mm in length) to reach an enclosed escape
platform. They were placed on one end of the beam and
the latency to traverse the central 80% of the beam toward
the enclosed escape platform at the other end was
recorded. Data are expressed as mean latency to cross the
beam in three trials [18, 21].

(2) Body Asymmetry Test—To measure motor asymmetry, the
mice were examined using the elevated body swing test as
described previously [18, 21]. The mice were examined for
head swings while being suspended by their tails. The
direction of the swing (right or left) was recorded when the
mouse turned its head sideways by approximately at a 10°
angle to the body’s midline. After each swing, each mouse
was allowed to move freely in a Plexiglas box for at least 30 s
before undergoing the next test; the trials were repeated 20
times for each animal. The frequency of the head swings
toward the contralateral side was counted and normalized
as follows:

number of lateral swings in 20 tests� 10ð Þ=10 ´ 100%:

EPC transplantation and animal stroke model in diabetic mice
To further confirm whether the EPC-mediated ischemic angiogen-
esis might relate to the protection of nifedipine against cerebral
ischemic injury in diabetic mice, a total of 1×106 bone marrow-
derived diabetic EPCs and nifedipine (1 μmol/L for 1 day)
incubated diabetic EPCs in 200 μL PBS were respectively
systemically injected into diabetic mice via a tail vein just after
middle cerebral artery occlusion, and equivalent volume of PBS
was administered to control diabetic mice [10, 24]. On day 3 after
stroke, behavioral tests were performed, and then the ischemic
brains were serially cut and stained with 2% TTC for 5 min (55 °C)
to determine the infarct area [21, 23].
Additionally, on day 3 after middle cerebral artery occlusion, the

mice were anesthetized and the ischemic brains were flushed with
PBS and perfused in 4% PFA, before being dehydrated and
embedded in paraffin. Serial sections (6 µm thick) were cut in the
coronal plane from paraffin-embedded blocks. Every 10th section
was processed for immunohistochemical staining. For quantifica-
tion of angiogenesis, the area of ischemic boundary was
immunostained with CD31 antibody [18, 24, 25].

In vivo EPC integration in diabetic mice
5-Bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich, St Louis, MO, USA)
labeling of EPCs was performed as published methods [17]. On
day 5 of culture, BrdU (1:100) was added to the media, and new
medium supplemented with BrdU was replenished daily until day
7. Thereafter, the labeled EPCs were collected and resuspended in
PBS and were then transplanted into mice (1 × 106 cells/mouse)
via the tail vein just after middle cerebral artery occlusion.
On day 3 after stroke, the ischemic brains were exsanguinated

by transcardial perfusion with PBS and perfusion fixed with 4%
PFA at 4 °C overnight. After being washed in fresh PBS, the
ischemic brains were dehydrated, cleared and embedded in
paraffin. Serial sections (6 µm thick) were cut in the coronal plane
from the paraffin-embedded block. Every 10th section was chosen
for immunohistochemical staining (a total of three ischemic brain
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sections each) [21, 24, 25]. These sections were stained with anti-
CD31 antibody at 4 °C overnight, followed by BrdU antibody.
Secondary antibodies applied were conjugates of Alexa Fluor 488
or Cy3. Finally, DAPI was employed to stain nuclei [10, 17].

Statistical analysis
Data were expressed as mean ± SEM. An unpaired Student’s t-test
was used for comparisons between two groups and one-way
ANOVA followed by Newman-Keuls post hoc analysis was used for
comparison of variables in more than two groups. A value of
P < 0.05 was considered statistically significant.

RESULTS
Chronic low-dose nifedipine administration had no effect on
fasting blood glucose levels, body weights and blood pressure in
diabetic mice
A 5-day low-dose STZ injection regimen was used to ensure
sustained hyperglycemia [13]. Five consecutive intraperitoneal
daily injections of STZ (60 mg/kg) were administered to male
C57BL/6 mice that were monitored for six weeks, in comparison
with a group of vehicle (citrate buffer)-treated control mice. Half of
the STZ-injected mice were also co-treated daily by oral gavage
with low-dose nifedipine (1.5 mg·kg−1·d−1) for six consecutive
weeks, and the other half were also co-treated daily by oral
gavage with vehicle (saline solution) for six consecutive weeks
[12]. As shown in Fig. 1a, b, a significant increase in fasting blood
glucose levels and a considerable reduction in body weight were
observed in the STZ-treated mice. However, 6-week treatment
with low-dose nifedipine had no effect on fasting blood glucose
levels and body weight in diabetic mice. Blood pressure levels did
not differ among all the groups before or after 6 weeks of low-
dose nifedipine administration (Fig. 1c).

Chronic low-dose nifedipine administration increased circulating
EPC number and rescued BM-EPC dysfunction in diabetic mice
After six weeks of low-dose nifedipine treatment, the circulating EPC
numbers and BM-EPC functions were determined in diabetic mice
(Fig. 2a). Flow cytometry analysis revealed a 60% decrease in
circulating Sca-1+/Flk-1+ EPCs in diabetic mice. However, compared
with diabetic mice, a 6-week low-dose nifedipine treatment
increased the number of circulating EPCs (P < 0.05; Fig. 2b). Results
showed that the adhesion, migration and tube formation functions
were significantly impaired in diabetic BM-EPCs, which were rescued
by chronic low-dose nifedipine treatment (P < 0.01; Fig. 2c–e).
To investigate the potential mechanisms underlying chronic

low-dose nifedipine administration protecting BM-EPCs functions,
the expression of eNOS, P-eNOS, TSP-1, TSP-2 and the levels of
intracellular O2

.− and intracellular NO of BM-EPCs were examined
in diabetic mice after 6-week low-dose nifedipine administration
(Fig. 3a). Compared to control, both eNOS and P-eNOS were
significantly decreased (−32.8%, P < 0.01 and −32.8%, P < 0.01,
respectively) in BM-EPCs from diabetic mice. BM-EPCs from
chronic low-dose nifedipine treatment diabetic mice showed
higher levels of both total and phosphorylated eNOS (+41.2%,
P < 0.01 and +48.0%, P < 0.01, respectively) compared to diabetic
mice (Fig. 3b–d). No difference was found between control group
and chronic low-dose nifedipine treated diabetic mice. In addition,
intracellular NO level of BM-EPCs from diabetic mice was
significantly attenuated compared to that in control mice, which
was rescued in BM-EPCs from chronic low-dose nifedipine-treated
diabetic mice (P < 0.01; Fig. 3e). As shown in Fig. 3f, intracellular
O2

.− level of BM-EPCs from diabetic mice was increased ~4.8-fold
compared to control group. However, it was significantly
attenuated in BM-EPCs from chronic low-dose nifedipine treated
diabetic mice when compared with that of the diabetic mice
(P < 0.01). Since TSP-1 and TSP-2 are secreted proteins and their
levels in BM-EPCs were too low to be detected (data not shown),

we examined the TSP-1 and TSP-2 levels in BM-EPCs culture media
using Western blot analysis [19, 22]. TSP-1 expression level in BM-
EPCs media from diabetic mice was increased ~1.7-fold compared
with that of the control group, which was reduced in chronic low-
dose nifedipine treated diabetic mice (−52.2%, P < 0.01 vs.
Diabetes) (Fig. 3g, h). TSP-2 expression level in BM-EPCs media
was also enhanced significantly in diabetic mice (+36.1%, P < 0.01
vs. Control), which was decreased in chronic low-dose nifedipine-
treated diabetic mice (−29.7%, P < 0.01 vs. Diabetes) (Fig. 3g, i).

Chronic low-dose nifedipine administration promoted local
angiogenesis in ischemic brain in diabetic mice
EPCs have been shown to promote angiogenesis by secreting
various angiogenic growth factors [10]. Therefore, local angiogenesis

Fig. 1 Effects of chronic low-dose nifedipine administration on
fasting blood glucose levels, body weights and blood pressure in
diabetic mice. a Fasting blood glucose levels. b Body weights. c Blood
pressure. Throughout, error bars represent mean ± SEM. n= 4–12
per group. **P < 0.01 vs. Diabetes, Diabetes+Nif. *P< 0.05. Control,
vehicle (citrate buffer and saline solution)-treated mice; Diabetes,
vehicle (saline solution)-treated diabetic mice; Diabetes+Nif, chronic
low-dose nifedipine-treated diabetic mice.
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Fig. 2 Chronic low-dose nifedipine administration rescued circulating EPCs number and BM-EPCs dysfunctions in diabetic mice.
a Experimental protocols: five consecutive intraperitoneal daily injections of STZ (60mg/kg) were administered to male C57BL/6 mice that were
monitored for 6 weeks. Half of the STZ-injected mice were also co-treated daily by oral gavage with low-dose nifedipine (1.5mg·kg−1·d−1), and
the other half were also co-treated daily with the same amount of vehicle (saline solution) via gavage for 6 consecutive weeks. The control mice
were treated with intraperitoneal injection of citrate buffer and subsequently with saline solution by oral gavage. Then, EPCs were enumerated
in peripheral blood by flow cytometry, and BM-EPCs were isolated, cultured and examined. b Circulating EPCs were quantified by enumerating
Sca-1+/Flk-1+ cells. Quantitative analysis of flow cytometry data was expressed as the percentage of Sca-1+/Flk-1+ cells in peripheral blood
from Control, diabetic and chronic low-dose nifedipine-treated diabetic mice (n= 6–8). c EPCs adhesion assay (n= 5). d EPCs migration assay
(n= 5–6). e EPCs tube formation assay (n= 5–7). Values were normalized to Control. *P < 0.05, **P < 0.01. Scale bar, 100 μm. Control, vehicle
(citrate buffer and saline solution)-treated mice; Diabetes, vehicle (saline solution)-treated diabetic mice; Diabetes+Nif, chronic low-dose
nifedipine-treated diabetic mice.
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Fig. 3 Effects of chronic low-dose nifedipine administration on eNOS, P-eNOS, intracellular NO, O2.−, TSP-1 and TSP-2 expression levels
of BM-EPCs in diabetic mice. a Experimental protocols: five consecutive intraperitoneal daily injections of STZ (60mg/kg) were administered to
C57 male mice that were monitored for 6 weeks, in comparison with a group of vehicle (citrate buffer and saline solution)-treated control mice.
Half of STZ-injected mice were also co-treated daily by oral gavage with low-dose nifedipine (1.5mg·kg−1·d−1) and the other half were also co-
treated daily by oral gavage with vehicle (saline solution) for 6 consecutive weeks. Then, BM-EPCs were isolated, cultured and examined.
b, c, d The representative images and the protein expression levels of total eNOS (n= 5) and phosphorylated eNOS (n= 5). e Intracellular NO
levels of BM-EPCs (n= 4–7). f Intracellular O2

.− levels of BM-EPCs (n= 6–11). g, h, i Western blot analysis of secreted TSP-1 (n= 4–6) and TSP-2
(n= 3–4) levels in BM-EPCs culture media. Values were normalized to Control. **P < 0.01. Control, vehicle (citrate buffer and saline solution)-
treated mice; Diabetes, vehicle (saline solution)-treated diabetic mice; Diabetes+Nif, chronic low-dose nifedipine-treated diabetic mice.
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was assessed by immunostaining at three days after cerebral
ischemia using an antibody against the angiogenesis marker, i.e.,
CD31 (Fig. 4a). It was found that the number of CD31+ microvessels
in the boundary area of ischemic brains was reduced in diabetic
mice compared with control (−40.7%, P < 0.05), which was
significantly increased in 6-week low-dose nifedipine treated
diabetic mice (+171.5%, P < 0.01 vs. Diabetes) (Fig. 4b).

Chronic low-dose nifedipine administration protected diabetic
mice against cerebral ischemic injury
Next, we attempted to study whether the promotion of EPC
functions and local angiogenesis in ischemic brain produced by
chronic low-dose nifedipine treatment would lead to a decrease
of ischemic brain injury in diabetic mice. After 6-week of
treatment, mice were subjected to cerebral ischemia (Fig. 4a).
Compared to control mice, diabetic mice exhibited more severe
cerebral ischemic injury (+88.3%, P < 0.01) and higher neurolo-
gical deficits at three days after cerebral ischemia. However, the
infarct volume was significantly reduced (−45.7%, P < 0.01) and
the neurological deficits were markedly improved in chronic low-
dose nifedipine treated diabetic mice compared with diabetic
mice (Fig. 4c–f). These results indicate that chronic low-dose
nifedipine treatment could protect diabetic mice against cerebral
ischemic injury.

Incubation with nifedipine protected BM-EPCs against high-
glucose-induced impairment of migration function
To determine whether nifedipine exerted direct beneficial effects
in protecting BM-EPCs functions, we further performed cell
functions, TSP-1 level, TSP-2 level, intracellular O2

.− and
intracellular NO assays in high-glucose-treated BM-EPCs (Fig. 5a).
BM-EPCs were treated with vehicle (EBM-2), high glucose (33 mM)
or high glucose with additional nifedipine (0.1 μM and 1 μM)
respectively for 1 day. Equimolar mannitol addition controlled for
any potential effect of increased osmolarity under high-glucose
conditions. Results showed that the migration function was
significantly impaired in high-glucose-treated BM-EPCs, which
was rescued by nifedipine treatment (1 µM for 1 day, P < 0.01). As
a control for potential osmotic effects of added high glucose,
equimolar mannitol produced no impairment of migration
function in BM-EPCs (Fig. 5b). In addition, incubation of BM-
EPCs with high glucose led to a reduction in intracellular NO level
and an increase in intracellular O2

.− level, TSP-1 and TSP-2
secretion, which were rescued by co-incubation with nifedipine
(P < 0.01) (Fig. 5c–e).

Silencing TSP-1 or TSP-2 blunted diabetic BM-EPCs function
improvement induced by nifedipine treatment
To further investigate whether TSP-1 and TSP-2 play a causal role
in nifedipine-induced improvement of diabetic BM-EPCs functions,
TSP-1 siRNA or TSP-2 siRNA was used to knock down TSP-1 or TSP-
2 in high-glucose-treated BM-EPCs before nifedipine treatment.
An ON-TARGETplus non-targeting siRNA pool from Dharmacon
served as a control, and all targeting siRNA were compared to this
scramble control (Fig. 6a). Western blot analysis confirmed that
TSP-1 siRNA decreased TSP-1 levels by 49.7% compared with
scramble control transfection in BM-EPCs. Meanwhile, TSP-2 siRNA
decreased TSP-2 levels by 31.9% compared with scramble control
transfection in BM-EPCs. High-glucose-induced increase of TSP-1
or TSP-2 level in BM-EPCs was blunted after TSP-1 or TSP-2
silencing. Meanwhile, nifedipine-induced reduction of TSP-1 or
TSP-2 level in high-glucose-treated BM-EPCs was blunted after
TSP-1 or TSP-2 silencing (Fig. 6b, f). The results of in vitro function
assays showed that, when TSP-1 or TSP-2 expression was knocked
down by its siRNA, BM-EPCs functions were increased compared
with scramble control BM-EPCs. Nifedipine-induced improvement
of adhesion and migration functions of high-glucose-incubated
BM-EPCs were blunted after TSP-1 silencing (Fig. 6c, d). However,

silencing TSP-1 did not alter the increased tube formation function
of high-glucose-treated BM-EPCs following nifedipine treatment
(Fig. 6e). Meanwhile, nifedipine-induced improvement of migra-
tion and tube formation functions of high-glucose-incubated
BM-EPCs were blunted after TSP-2 silencing (Fig. 6h, i). However,
silencing TSP-2 did not alter the increased adhesion function of
high-glucose-treated BM-EPCs following nifedipine treatment
(Fig. 6g).

Nifedipine enhanced the therapeutic effect of diabetic BM-EPCs
on cerebral ischemic injury reduction and angiogenesis promotion
in diabetic mice
The beneficial effects of incubation with nifedipine (1 µM for one
day) on diabetic BM-EPCs functions were firstly determined
(Fig. 7a). Results showed that diabetic BM-EPCs exhibited impaired
migration, tube formation and adhesion functions. However,
incubation with nifedipine (1 µM for one day) significantly rescued
the impaired functions of diabetic BM-EPCs (P < 0.01; Fig. 7b–d).
To determine whether nifedipine can enhance the therapeutic

effect of diabetic BM-EPCs on cerebral ischemic injury reduction
and whether the EPC-mediated ischemic angiogenesis may
contribute to the protection of nifedipine against cerebral
ischemic injury in diabetic mice, 1×106 bone marrow-derived
EPCs from diabetic mice with or without nifedipine (1 µM for
1 day) incubation were injected via tail vein into diabetic mice
immediately after middle cerebral artery occlusion, and control
diabetic mice received equal volume of vehicle (PBS) (Fig. 8a).
As shown in Fig. 8b–e, diabetic BM-EPCs or nifedipine-incubated
diabetic BM-EPCs transplantation attenuated infarct volume in
diabetic mice (−18.3%, P < 0.01 or −44.5%, P < 0.01) and the
corresponding neurobehavioral outcomes were significantly
improved in the two groups of EPC-treated mice compared
with controls. What is more, nifedipine-incubated diabetic BM-
EPCs showed a stronger therapeutic efficacy against cerebral
ischemic injury than diabetic BM-EPCs (P < 0.01). Furthermore,
the angiogenesis in ischemic brain was assessed on day 3 after
middle cerebral artery occlusion. It was found that the
number of CD31+ microvessels in the boundary area of ischemic
brains was significantly increased in the two groups of EPC-
treated diabetic mice. However, nifedipine-incubated diabetic
BM-EPCs exerted a markedly stronger effect on local angiogen-
esis promotion compared to the diabetic BM-EPCs (P < 0.01)
(Fig. 8f).
To further validate that donor derived (BrdU-positive) EPCs

already successfully home to the area of ischemic boundary and
participate in angiogenesis in diabetic mice, the sections were
stained for CD31 and BrdU. As shown in Fig. 8g, inspection of
microvessels (labeled with CD31 immunostaining) proximal to the
ischemic brain in the mice with transplantation of EPCs revealed a
conspicuous accumulation of BrdU-labeled cells (red). Previous
studies have found that donor-derived BM-EPCs participate in
angiogenesis in ischemic hindlimb and ischemic brain [10, 17].
Our finding demonstrated that the donor derived EPCs homed to
the area of ischemic boundary and participated in angiogenesis in
diabetic mice.
These findings collectively demonstrated that the transplanted

EPCs could incorporate into the area of ischemic boundary,
promote local neovascularization capacity and protect against the
cerebral ischemic injury in diabetic mice, and the nifedipine
increased the therapeutic effect of EPCs from diabetic mice on
angiogenesis promotion and cerebral ischemic injury reduction.

DISCUSSION
The present study showed that chronic low-dose nifedipine
rescued impaired EPC-mediated angiogenesis and prevented
against cerebral ischemic injury in diabetic mice, independently
of blood pressure.

Nifedipine rescues impaired angiogenesis in diabetes
C Peng et al.

50

Acta Pharmacologica Sinica (2023) 44:44 – 57



Fig. 4 Chronic low-dose nifedipine promoted angiogenesis in ischemic brain and protected against cerebral ischemic injury in diabetic
mice. a Experimental protocols: five consecutive intraperitoneal daily injections of STZ (60mg/kg) were administered to male C57BL/6 mice that
were monitored for 6 weeks, in comparison with a group of vehicle (citrate buffer and saline solution)-treated control mice. Half of the STZ-injected
mice were also co-treated daily by oral gavage with low-dose nifedipine (1.5mg·kg−1·d−1) for 6 consecutive weeks, and the other half were also co-
treated daily by oral gavage with vehicle (saline solution) for 6 consecutive weeks. Then the mice were subjected to focal cerebral ischemia by
permanent occlusion. Infarct volumes, functional outcome and the local angiogenesis in ischemic brain 3 days after focal cerebral ischemia were
investigated in a murine model of ischemic stroke. b Microvessels (CD31+) in the boundary area of ischemic brains. The bar graph shows that the
number of microvessels was reduced in diabetic mice compared with control, which was significantly increased in chronic low-dose nifedipine
treated diabetic mice. n= 6. Scale bar, 100 μm (left); 50 μm (right). c Images are representative of 2,3,5-triphenyltetrazolium chloride-stained ischemic
brain sections, cerebral infarct volumes (d) and neurobehavioral outcomes (e, Beam Test; f, Body Asymmetry Test) on day 3 after middle cerebral
artery occlusion. n= 7–12. Values were normalized to Control. *P< 0.05, **P < 0.01. Control, vehicle (citrate buffer and saline solution)-treated mice;
Diabetes, vehicle (saline solution)-treated diabetic mice; Diabetes+Nif, chronic low-dose nifedipine-treated diabetic mice.
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Fig. 5 Incubation with nifedipine protected BM-EPCs against high-glucose-induced impairment of migration function. a Experimental
protocols: BM-EPCs from male young C57BL/6 mice were cultured for 6 days. Then, cells were treated with vehicle (EBM-2), high glucose (33mM),
high glucose with additional nifedipine (0.1 μΜ, 1 μΜ) or mannitol respectively, and 1 day later, the cells functions, intracellular NO level, intracellular
O2

.− level and TSP-1 and TSP-2 expression levels were examined. Equimolar mannitol was used as an osmotic control of high glucose. b migration
assay of BM-EPCs (n= 11–17). Scale bar, 100 μm. c Intracellular NO levels of BM-EPCs (n= 5). d Intracellular O2

.− levels of BM-EPCs (n= 6–8).
e, f, g Western blot analysis of secreted TSP-1 (n= 3) and TSP-2 (n= 3) levels in BM-EPCs culture media. Values were normalized to EPC. *P< 0.05,
**P < 0.01. EPC, vehicle (EBM-2)-treated BM-EPCs; eHG, high glucose-treated BM-EPCs; eHG+0.1, BM-EPCs treated with high glucose and additional
nifedipine (0.1 μΜ, 1 day); eHG+1, BM-EPCs treated with high glucose and additional nifedipine (1 μΜ, 1 day); eMan, mannitol-treated BM-EPCs.
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Fig. 6 Silencing TSP-1 or TSP-2 blunted improved EPC functions induced by nifedipine treatment. a Experimental protocols: BM-EPCs from
male young C57BL/6 mice were cultured for 6 days. Then, cells were treated with scramble control siRNA or TSP-1/TSP-2 siRNA respectively,
and 2 days later, TSP-1/TSP-2 siRNA-treated EPCs were co-treated with HG or HG with additional nifedipine (1 μΜ), then, after one day,
secreted TSP-1/TSP-2 expression levels and the cells functions were examined. b Western blot analysis of secreted TSP-1 level in BM-EPCs
culture media (n= 4). c EPCs adhesion assay (n= 4). d EPCs migration assay (n= 6). e EPCs tube formation assay (n= 4). fWestern blot analysis
of secreted TSP-2 level in BM-EPCs culture media (n= 3). g Adhesion assay of EPCs (n= 5). h Migration assay of EPCs (n= 5). i Tube formation
assay of EPCs (n= 4–5). Values were normalized to scramble control siRNA. *P < 0.05, **P < 0.01.
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EPCs, as important precursors of endothelial cells, have been
shown to participate in vascular formation, and have been used to
successfully restore endothelial function and enhance neovascular-
ization capacity in ischemic brain [10, 14, 17]. However, ample
studies indicate that EPCs are dysfunctional in diabetic patients [26].
The present study demonstrated that chronic low-dose nifedipine
could improve EPC function, enhance neovascularization capacity in
the ischemic brain and reduce the cerebral ischemic injury in
diabetic mice. In addition, it has been shown that EPC functions are
fundamentally impaired in diabetic patients [26]. Here we found that
incubation with nifedipine significantly rescued EPC dysfunctions in
diabetic mice. Furthermore, we found that nifedipine increased the
therapeutic effect of EPCs from diabetic mice on angiogenesis
promotion and cerebral ischemic injury reduction in diabetic mice,
and the donor-derived EPCs homed to the recipient ischemic brain.
Taken together, these findings demonstrate that the promotion of

EPC-mediated ischemic brain angiogenesis may partly contribute to
the protection of chronic low-dose nifedipine against cerebral
ischemic injury in diabetic mice.
It has been reported that nifedipine has a number of blood

pressure-independent effects, including improving the endothelial
function and decreasing oxidative stress [27]. To avoid the
potential adverse effects induced by a significant reduction in
blood pressure levels in normotensive patients, the present work
aim to choose a low-dose of nifedipine that shows no effect on
blood pressure but can rescue impaired EPC-mediated angiogen-
esis in diabetes. It has been reported that 14-day treatment with a
dose of nifedipine (5 mg·kg−1·d−1) had no effect on blood
pressure in angiotensin II infused hyperphenylalaninemia (hph-1)
mice [28]. Based on this study [28] and our preliminary
experiments, the dose of continuous oral administration of
nifedipine (1.5 mg·kg−1·d−1) was determined. In addition, chronic

Fig. 7 Incubation with nifedipine rescued EPC dysfunctions in diabetic mice. a Experimental protocols: EPCs from control mice
(10–12 weeks) or diabetic mice were cultured for 6 days. Then, diabetic EPCs were incubated with vehicle (PBS) or nifedipine (1 μΜ)
respectively, and 1 day later, the EPC functions were examined. b EPCs adhesion assay (n= 5). c EPCs migration assay (n= 6). d EPCs tube
formation assay (n= 6). Values were normalized to Control. **P < 0.01 Scale bar, 100 μm. Control, control EPC; Diabetes, diabetic EPC;
Diabetes+Nif 1d, Nifedipine (1 μΜ, 1 day)-incubated diabetic EPC.
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Fig. 8 Nifedipine enhanced the therapeutic effect of diabetic EPCs on cerebral ischemic injury reduction and angiogenesis promotion in
diabetic mice. a Surgical protocols: male diabetic mice were randomly allocated to 3 groups. Each group of animals respectively received a
single injection of vehicle (PBS), diabetic EPCs or nifedipine-incubated diabetic EPC just after middle cerebral artery occlusion. Infarct
volumes, functional outcome and the local angiogenesis in ischemic brain three days after focal cerebral ischemia were investigated in a
murine model of ischemic stroke. b Images are representative of TTC-stained ischemic brain sections and cerebral infarct volumes (c).
d, e Neurobehavioral outcomes (d, Beam Test; e, Body Asymmetry Test) on day 3 after middle cerebral artery occlusion. n= 5–12. Values
were normalized to Vehicle. f CD31 immunostaining shows microvessels in ischemic brains of diabetic mice. The bar graph shows the
number of CD31+ microvessels was increased in the two groups of EPCs-treated mice. Moreover, nifedipine-incubated EPCs exerted
a more positive effect on angiogenesis promotion compared to the EPCs without nifedipine incubation. n= 3. Scale bar, 100 μm (left);
50 μm (right). Values were normalized to EPC. g Typical photographs (taken from the ischemic boundary area) indicate that some BrdU-
positive cells (red fluorescence) migrated into the ischemic area of brains and were found near the CD31-positive vessels (green
fluorescence) after 3 days of injection. The nucleus was counterstained with DAPI (blue fluorescence). Scale bar, 25 μm. **P < 0.01. Vehicle,
diabetic mice treated with vehicle (PBS); EPC, diabetic mice treated with diabetic EPCs; EPC-Nif 1d, diabetic mice treated with nifedipine
(1 μΜ, 1 day)-incubated diabetic EPC.
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low-dose nifedipine possesses some obvious advantages: (1) low-
dose nifedipine may be considered as a safe and feasible
candidate to promote EPC-mediated ischemic angiogenesis in
diabetes; (2) since EPCs has been demonstrated to participate in
vascular repair and revascularization in various ischemic organs
besides brain tissue [10, 17], chronic low-dose nifedipine
treatment might also be a strategy to prevent other diabetic
cardiovascular complications except cerebral ischemia, such as
amputation and myocardial infarction, which remains to be
comprehensively tested.
It has been demonstrated that eNOS critically regulate EPC

function [29]. In vascular endothelial cells, loss of eNOS activity leads
to increased O2

.− level [30, 31]. The increase in intracellular O2
.− and

reduction in intracellular NO represent a major mechanism under-
lying EPC dysfunction in diabetic and hypertensive mice [13, 17, 19].
In addition, the decreased NO production or increased O2

.−

production may upregulate TSP-1 and TSP-2 expression in cultured
EPC [19, 32], and the upregulation of TSP-1 and TSP-2 may impair
EPC function, inhibit angiogenesis and reendothelialization in mice
[19, 32, 33]. Thus, the increased eNOS, p-eNOS and intracellular NO
levels together with the decrease of TSP-1, TSP-2 and intracellular
O2

.− levels, as observed in the present study, might partly contribute
to the promotion of EPC functions in chronic low-dose nifedipine-
treated diabetic mice (Fig. 9).
Incubation with nifedipine suppressed TSP-1 secretion, which

protected EPCs against high-glucose-induced impairment of migra-
tion function, suggesting that downregulation of TSP-1 may play a
crucial role in mediating the protective effect of nifedipine on
diabetic EPC functions. This point was further confirmed by the
evidence that TSP-1 silencing blunted the improvement of adhesion

and migration function caused by nifedipine treatment in high-
glucose-incubated EPCs. Meanwhile, nifedipine-induced improve-
ment of migration and tube formation function of high-glucose-
incubated EPCs were blunted after TSP-2 silencing. However,
silencing TSP-1 did not alter the increased tube formation function
of high-glucose-treated EPCs following nifedipine treatment. Mean-
while, silencing TSP-2 did not alter the increased adhesion function
of high-glucose-treated EPCs following nifedipine treatment. These
may be elucidated by other angiogenesis-related mechanisms,
which are supposed to be regulated by nifedipine treatment.
In conclusion, chronic low-dose nifedipine could prevent

cerebral ischemic injury in diabetic mice, which might be partly
attributed to the improvement of EPC-mediated ischemic brain
angiogenesis (Fig. 9). This result implies that chronic treatment
with low-dose nifedipine, may be a safe and economic manner to
prevent ischemic diseases (including stroke) in diabetes, and
priming with nifedipine may be a feasible option to improve the
efficacy of EPCs-based therapy for ischemic diseases.
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