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Introduction
More and more people are suffering from chronic ischemic 
diseases.  Ischemia, defined as the insufficiency or even loss of 
blood flow to an organ, occurs as a result of various patholo-
gies associated with vascular obstruction or disruption.  These 
can include myocardial infarction, stroke and pulmonary 
embolism[1].  Newly formed blood vessels provide a route for 
supplying metabolic requirements such as nutrients, growth 
factors and oxygen to the site of hypoxic or ischemic tis-
sues and organs affected by defective blood circulation and 

functionally improve ischemia-associated tissue damage and 
injury[2].  

The pyrazole unit is a core structure in a number of natural 
products.  Pyrazole derivatives are known to exhibit a wide 
range of biological properties.  It has been widely reported 
that pyrazole derivatives could inhibit cell proliferation and 
promote cell apoptosis.  In our laboratory, several pyrazole 
derivatives have been synthesized.  We found that 1-aryl-
methyl-3-aryl-1H-pyrazole-5-carbohydrazide hydrazone 
derivatives could suppress A549 lung cancer cell growth[3], 
1-(2’-hydroxy-3’-aroxypropyl)-3-aryl-1H-pyrazole-5-carbohy-
drazide derivatives induced A549 cell autophagy[4] and ethyl 
3-(o-chlorophenyl)-5-methyl-1-phenyl-1H-pyrazole-4-carboxy-
late inhibited human umbilical vein endothelial cell (HUVEC) 
apoptosis[5].  Nevertheless, no reports about the effects of 
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multi-substituted pyrazole derivatives on the angiogenesis of 
vascular endothelial cells have yet been documented.

In our previous papers, we synthesized a series of pyrazole 
derivatives and obtained their crystal structures[6–9].  After 
screening, we identified N-benzyl-5-phenyl-1H-pyrazole-
3-carboxamide (BPC) as a proangiogenic agent (Figure 1).  
Reactive oxygen species (ROS) and nitric oxide (NO) played 
important roles in angiogenesis.  It was reported that ROS 
regulated angiogenesis and tumor growth through hypoxia-
inducible factor 1α (HIF-1α) and vascular endothelial growth 
factor (VEGF)[10].  However, little is known about the ROS-
HIF-1α-VEGF pathway in angiogenesis under ischemic 
conditions.  Our current results show that BPC could effec-
tively induce angiogenesis by increasing ROS and NO when 
deprived of FGF-2 and serum and that ROS regulates angio-
genesis through HIF-1α and VEGF.  The data reveal that BPC 
(5 µmol/L) exhibits protective proangiogenic properties.  This 
suggests that BPC may represent a promising strategy for 
treating ischemic diseases.

Materials and methods
Materials 
HUVECs were obtained in our laboratory using the method 
of Jaffe et al[11].  Fetal bovine serum (FBS) was purchased from 
Hyclone Lab (USA).  M199 medium was purchased from 
Gibco (USA).  Matrigel was purchased from BD Biosciences 
(USA).  The NO detection kit and LDH kit were purchased 
from Nanjing Jiancheng Bioengineering Institute (China).  A 
fluorescent probe, 2’,7’-dichlorodihydrofluorescein (DCHF) 
was obtained from Sigma-Aldridch (USA).  Chemicals includ-
ing dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl-tetrazolium (MTT), N-acetyl-L-cysteine (antioxi-
dant and free radical scavenger, NAC) and protease inhibitor 
cocktail were obtained from Sigma-Aldrich (St Louis, MO).  
All other chemicals were purchased from original sources and 
were of superior grade and purity.

Cell culture
HUVECs were cultured in M199 medium supplemented with 
20% fetal bovine serum and FGF-2 (70 ng/mL) in a humidified 
incubator at 37 °C with 5% CO2.  The medium was refreshed 
on every second day.  The experiments were performed on 
cells with a population doubling level (PDL) of 5–10.

Exposure of HUVECs to BPC
When the cultures of HUVECs reached sub-confluency, the 

medium was replaced with basal M199 medium (without 
serum and FGF-2) after one wash with the same medium.  The 
cells were then treated in two ways: (a) cells deprived of serum 
and FGF-2 were cultured in basal M199 medium with DMSO 
[<0.1% (v/v)] (control group) and (b) cells cultured in basal 
M199 medium (without serum and FGF-2) were treated with 
5, 10, 20, or 40 µmol/L BPC (test group).  BPC was dissolved in 
DMSO and applied to cells such that the final concentration of 
DMSO in the culture medium was below 0.1% (v/v).  DMSO at 
a concentration of 0.1% (v/v) does not affect cell viability.  The 
morphological changes of cells were observed under a phase 
contrast microscope (Nikon, Japan) at 24, 48, and 72 h.  To fur-
ther investigate the roles of ROS in this process, we treated the 
cells with NAC (10 mmol/L) to depress the levels of ROS[12].

Cell viability assay
HUVECs were plated in 96-well cell culture plates.  When the 
cultured cells became sub-confluent, they were washed once 
with basal M199 medium.  Then the cells were treated with 5, 
10, or 20 μmol/L of BPC in the presence of serum and FGF-2.  
At 24, 48, and 72 h, cell viability was determined by MTT 
assay, as described previously[13].  The viability was calculated 
as: percent=(OD of treated group/OD of control group)×100.

Lactate dehydrogenase (LDH) assay
An LDH assay was performed on the cells treated with BPC 
for 48 h using an LDH kit according to the manufacturer’s 
protocol.  LDH catalyzes the reduction of pyruvate to L-lactate 
with a concomitant oxidation of NADH2 to NAD.  Because the 
oxidation of NADH2 is directly proportional to the reduction 
of pyruvate in equimolar amounts, LDH activity can be cal-
culated from the rate of decrease in absorbance at 440 nm[14].  
Light absorption was measured with a Cintra 5 UV-vis spec-
trometer (GBC, Australia), and LDH activity was calculated as 
follows:

LDH (U/L)=(∆Asample/min–∆Ablank/min )×F
F=1000×Vtotal/(Vsample×extinction coefficient); where ∆A= 

change in absorbance, min=minute, V=volume in mL and 
extinction coefficient=mmol absorptivity of NADH at 440 nm 
(which was 6.3).

Capillary-like tube formation assay
The formation of vascular-like structures in HUVECs was 
assessed by growth-factor-reduced Matrigel as previously 
described[15].  HUVECs were seeded on 24-well plates coated 
with Matrigel at 4×104–5×104 cells/well in basal M199 medium 
and incubated at 37 °C for 1 h.  Cells were treated with or 
without 5, 10, or 20 µmol/L BPC in the absence of FGF-2 and 
serum, then incubated at 37 °C for 12 h.  Tube formation was 
observed with an inverted-phase contrast microscope (Nikon, 
Tokyo, Japan) at 2, 4, and 8 h.  The degree of tube formation 
was quantified by measuring the length of tubes in random 
fields from each well using the National Institutes of Health 
(NIH) Image Program.

Figure 1.  The structure of N-benzyl-5-phenyl-1H-pyrazole-3-carboxamide 
(BPC).
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Cell migration assay
The cell migration assay was performed as described previ-
ously[16, 17].  Cells were seeded on 24-well plates.  When cells 
reached a post-confluent state, wounds of a 1 mm width were 
created by scraping the cell monolayer with a sterile pipette 
tip.  Cells were treated with 5, 10, or 20 µmol/L BPC in the 
absence of FGF-2 and serum, then incubated at 37 °C for 24 h.  
Migration was documented by photos taken immediately after 
scraping.  Cell migration was quantified by measuring the 
distance between the wound edges at 0, 12, and 24 h using the 
NIH Image Program.

NO production assay
HUVECs were treated as described above for 3, 6, and 
12 h.  Then 100 μL of culture solution was used for the NO 
assay.  NO production was detected with a NO detection kit 
following the manufacturer’s protocol.  The optical density 
was measured at a wavelength of 550 nm.  NO production 
was expressed as μmol/L.

Intracellular ROS assay
HUVECs were treated as described above for 3, 6, and 12 h.  
Intracellular ROS levels were measured using a fluorescent 
probe, 2’,7’-dichlorodihydrofluorescein (DCHF) (Sigma), 
which could be rapidly oxidized into the highly fluorescent 
2’,7’-dichlorofluorescein (DCF) in the presence of intracellular 
ROS[18].  Fluorescence was monitored with a laser scanning 
confocal microscope (Leica, Germany) using an excitation 
wavelength of 488 nm.  The amount of ROS was quantified as 
the relative fluorescence intensity of DCF per cell in the scan 
area.

VEGF release assay
HUVECs were treated as described above for 3, 6, and 12 h.  
The culture supernatants were collected and the level of VEGF 
in the culture media was quantified using a commercially 
available ELISA kit (R&D, USA) according to the manufac-
turer’s instructions.  The optical density was measured at a 
wavelength of 450 nm.

Western blot analysis
Cells with various treatments were lysed in lysis buffer con-
taining 25 mmol/L Tris-HCl (pH 6.8), 2% SDS, 6% glycerol, 
1% 2-mercaptoethanol, 2 mmol/L PMSF, 0.2% bromophenol 
blue and a protease inhibitor cocktail for 10 min at room tem-
perature and boiled for another 10 min.  Protein concentration 
was determined by Coomassie brilliant blue protein assay.  
Equal amounts of total protein (40 mg) were separated with 
15% SDS-PAGE and were electroblotted onto polyvinylidene 
difluoride membranes.  The membrane was blocked with 5% 
(w/v) nonfat dry milk in PBS–Tween 20 (0.05% PBST) for 1 h 
and incubated with anti-HIF-1α and anti-GAPDH antibodies 
(1/1000) at 4–8 °C overnight.  After washing in TBST and TBS, 
the membrane was incubated with appropriate horseradish 
peroxidase-conjugated secondary antibodies (1/5000) for 1 h 
at room temperature.  The immunoreactive bands were chro-

mogenously developed with 3,30-diaminobenzidine.  GAPDH 
was used as a loading control.  The relative quantity of pro-
teins was analyzed by use of Quantity One software (Bio-
Rad, Hercules, CA).  HIF-1α levels were measured relative to 
the loading control (GAPDH).  The densitometric analysis of 
HIF-1α levels, from experiments performed at least in tripli-
cate, was shown relative to GAPDH levels.

Statistical analyses
Data were expressed as the means±SEM.  (n>3) and analyzed 
by t-test.  Differences at P<0.05 and P<0.01 were considered 
statistically significant and dramatically significant, respec-
tively.

Results
Effects of BPC on endothelial cell morphology in the absence 
and presence of serum and FGF-2 
When deprived of serum and FGF-2, HUVECs gradu-
ally detach from the dish and undergo apoptosis.  This 
is an in vitro model commonly used to mimic the in vivo 
ischemic condition[19].  In this study, we screened proangio-
genic agents using this model of the ischemic condition.  When 
deprived of serum and FGF-2 for 48 h, cells treated with BPC 
were elongated and formed capillary-like structures in mor-
phology compared with control cells (Figure 2A).

To investigate the toxicity of BPC on HUVECs under normal 
conditions, we examined the morphology, viability and LDH 
activity of HUVECs treated with BPC in the presence of serum 
and FGF-2.  The results showed no morphological changes 
among these groups at each time point (Figure 2B).  In addi-
tion the MTT assay showed that under normal conditions, cell 
viability was not affected (Figure 2C).  As shown in Figure 2D, 
the release of LDH from HUVECs was not increased by BPC.  
The data showed that BPC was not toxic to cells under normal 
conditions.

BPC induces endothelial cell differentiation into capillary-like 
tube structures in vitro
To demonstrate the proangiogenic function of BPC on 
HUVECs, we performed a capillary-like tube formation assay 
on Matrigel.  Capillary-like tubes developed in HUVECs 
treated with BPC (5, 10, or 20 μmol/L) on Matrigel-coated 
24-well plates with basal M199 medium at 2, 4, and 8 h.  At the 
early stage, HUVECs could not differentiate towards capillary-
like tube structures without BPC.  In the presence of BPC, the 
cells rapidly aligned with one another and formed tube-like 
structures within 12 h (Figure 3).  BPC (5 μmol/L) significantly 
promoted the capillary-like tube formation compared with 
control at 8 h (P<0.01) (Figure 3B).  

BPC promotes migration of endothelial cells in vitro
Migration of endothelial cells plays an importnat role in 
angiogenesis[20].  To examine the effect of BPC on cell migra
tion, we performed the cell monolayer wound healing assay.  
As shown in Figure 4, cells without BPC treatment showed 
little migratory capacity at the 12 and 24 h time points.  Cell 
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migration in the BPC treated group was significantly increased 
compared with control (P<0.05, P<0.01).  BPC at 5 μmol/L 
promoted cell migration most effectively (Figure 4B). 

BPC enhances ROS levels and intracellular NO generation
ROS plays an important role in modulating angiogenesis.  We 
detected the levels of intracellular ROS in the cells treated as 
described above at 3, 6, and 12 h.  As shown in Figure 5A, the 
level of ROS in cells treated with BPC increased in a dose-
dependent manner at 6 and 12 h (P<0.05, P<0.01).  After incu-
bation with NAC, the cells did not differentiate towards a 
capillary-like tube structure compared with those not treated 
with NAC 10 mmol/L (Figure 5C), but ROS levels were effec-
tively depressed (data not shown).

It is well known that NO participates in multiple events in 
HUVECs, including differentiation and migration.  NO pro-
duction was examined after treatment with BPC for 3, 6, and 
12 h.  The results showed that NO production of HUVECs 
treated with BPC was altered significantly at 3 and 6 h (P<0.05, 
P<0.01) (Figure 5D).  To further analyze the relationship 
between ROS and NO, we examined NO production after 
incubation with NAC 10 mmol/L.  The results showed that 
NO generation was not affected (Figure 5E).

BPC enhanced the HIF-1α level and VEGF release depending on 
the generation of ROS
VEGF plays a major role in the induction of angiogenesis 
and is transcriptionally regulated by HIF-1 in response to 
hypoxia[21].  In previous studies, endogenous ROS levels could 
regulate HIF-1α expression[22].  In this study, HIF-1α was 

increased after BPC treatment.  However, HIF-1α expression 
was inhibited when NAC was used to eliminate ROS (Figure 
6A, 6B).  The results indicate that HIF-1α expression depends 
on the generation of cellular ROS.

After treatment with BPC, we examined VEGF levels 
using ELISA.  As shown in Figure 6C, the release of VEGF 
was enhanced by BPC.  To test whether ROS affected VEGF 
release, we used NAC to eliminate ROS.  The results show 
that the release of VEGF was inhibited when ROS levels were 
depressed (Figure 6D).  

Discussion
Angiogenesis generally refers to the growth of microvessels 
that sprouts the size of capillary blood vessels[23].  It plays a 
critical role in both physiological processes, such as wound 
healing, embryological development and the menstrual cycle, 
and the pathogenesis of various diseases, such as cancer, dia-
betic retinopathy and rheumatoid arthritis[24, 25].  In the last 
century, emerging evidence suggested that angiogenesis may 
be an ideal strategy to treat ischemic diseases.  The promotion 
of angiogenesis facilitates various physiological processes and 
the treatment of diseases including inflammatory diseases, 
cardiac ischemia, peripheral vascular diseases and myocardial 
infarction.  In our study, pyrazole derivatives were synthe-
sized and screened.  We identified BPC as a proangiogenic 
agent in the absence of serum and FGF-2.  Our data showed 
that BPC at 5 μmol/L could effectively induce endothelial cell 
angiogenesis in the absence of FGF-2 and serum.  The identifi-
cation of BPC may contribute to further work in the develop-
ment of a potential drug for treating ischemic diseases.

Figure 2.  Effects of BPC on endothelial cells in the absence and presence of serum and FGF-2.  (A) Cell morphological micrographs were obtained 
under a phase contrast microscope at 24, 48 and 72 h (×200).  In the control group (Ctrl), cells were cultured in basal M199 medium (without serum 
and FGF-2) with DMSO [<0.1% (v/v)].  In the experimental groups, cells were treated with 5 (d-f), 10 (g-i), 20 (j-l), or 40 (m-o) µmol/L BPC.  (B) Cell 
morphological micrographs obtained under a phase contrast microscope at 24, 48 and 72 h (×200).  In the control group (Ctrl), cells were cultured in 
M199 medium with DMSO [<0.1% (v/v)].  In the experimental groups, cells were treated with 5 (d-f), 10 (g-i), or 20 (j-l) µmol/L BPC.  (C) Cell viability 
was determined using MTT assay at 24, 48 and 72 h in the presence of serum and FGF-2 (n=3).  (D) LDH assay was performed on cells treated as 
described in the text for 48 h in the presence of serum and FGF-2 (n=3).
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ROS generated by endothelial cells include superoxide and 
hydroxyl, nitric oxide (NO) and non-radical species such as 
hydrogen peroxide (H2O2)[24].  Accumulating evidence sug-
gests that high levels of ROS could act as signaling molecules 
to mediate various growth-related responses, including angio-
genesis.  It has been reported that VEGF (vascular endothelial 
growth factor) and angiopoietin-1 (Ang1), two angiogenic 
growth factors, induce EC migration through an increase in 
ROS[13, 26].  Recently, Zhao et al reported that ROS promote 
the formation of new vessels in the infracted heart and con-
tribute to cardiac repair[25].  In our study, BPC promoted 
HUVEC angiogenesis, while ROS were significantly increased.  
VEGF is considered to be the most important growth fac-
tor involved in angiogenesis, which is mainly regulated by 
HIF-1 in response to hypoxia.  HIF-1 is a heterodimeric basic 
helix-loop-helix transcription factor composed of HIF-1α and 
HIF-1β subunits[22].  It has been reported that endogenous ROS 
levels could regulate HIF-1α and VEGF expression to induce 

angiogenesis in ovarian cancer cells[10].  However, the role of 
the ROS-HIF-1α-VEGF pathway in angiogenesis under isch-
emic conditions remains to be defined.  Our results showed 
that the levels of HIF-1α and VEGF were modulated by ROS 
during this process.  It suggests that BPC promotes angiogen-
esis through the ROS-HIF-1α-VEGF pathway.

Nitric oxide (NO) is a short-lived free radical that acts as a 
small biological molecule and exists extensively in the body.  
NO, a highly diffusible intercellular signaling molecule with 
a wide range of biological effects, is generated by nitric oxide 
synthase (NOS), which catalyzes the conversion of L-arginine 
to L-citrulline[27].  Since it was discovered 20 years ago, NO 
has been found to play an important role in angiogenesis and 
in the nervous and immune systems.  The release of NO is of 
great importance for regulating endothelial cell function dur-
ing vasodilatation, vascular remodeling and angiogenesis[28].  
It has been reported that NO is required in VEGF-induced 
angiogenesis in HUVECs[29].  Our results showed that BPC 
increased the release of NO in this process.  NO may act as an 
important modulator in BPC-induced angiogenesis.

Figure 4.   BPC promotes migration of endothelial cells in vitro.  BPC 
induced HUVEC migration in the absence of FGF-2 and serum (200×).  (A) 
Representative photomicrographs of migration.  Cells migrated in FGF-2 
and serum-free medium at 0, 12, and 24 h in the absence (a-c) and 
presence of BPC (d-l).  (B) Quantitative assessment of migration distance 
(bP<0.05, cP<0.01 vs Ctrl, n=4).

Figure 3.  BPC induced endothelial cell differentiation into capillary-
like structures in vitro.  (A) BPC promoted vascular structure formation 
in an in vitro Matrigel assay without FGF-2 and serum (×200).  HUVECs 
were seeded without BPC (a-c) and with BPC (d-l) for 2, 4, and 8 h.  
(B) Quantitative assessment of the extent of tube formation (bP<0.05, 
cP<0.01 vs Ctrl, n=5).
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Pyrazole compounds can act as inhibitors and cytotoxic 
agents.  It has been reported that 4’-(6,7-disubstituted-2,4-
dihydro-indeno [1,2-c]pyrazol-3-yl)-biphenyl-4-ol can act as a 
potent Chk1 inhibitor and that the pyrazole-based compound 
could inhibit the activity of heat shock protein 90[30, 31].  In our 
present study, we found that BPC was not toxic to endothe-
lial cells under normal conditions.  Furthermore, BPC could 
effectively induce endothelial cell angiogenesis in the absence 
of serum and FGF-2.  These data reveal that BPC, with its 
remarkable biological properties and no toxic properties, 
exhibits exceptional characteristics among the multitudinous 
pyrazole compounds.  This suggests that BPC could be practi-
cally used in clinical trials.

In summary, the results of this study showed that BPC could 
induce HUVEC angiogenesis and promote migration in the 
absence of FGF-2 and serum in vitro.  The results also revealed 
that 5 µmol/L BPC significantly promoted angiogenesis and 
migration.  Angiogenesis induced by BPC was mediated by 

the ROS-HIF-1α-VEGF and NO signal pathways.  Moreover, 
in the presence of FGF-2 and serum, BPC did not affect cell 
morphology and viability and did not increase LDH activity.  
The data indicated that BPC at 5 µmol/L exhibited significant 
proangiogenic properties and that it might represent a poten-
tial agent for the development of therapeutic drugs to treat 
ischemic diseases.
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