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Abstract. In the present study, we aimed to elucidate whether 
apigenin contributes to the induction of angiogenesis and the 
related mechanisms in cell hypoxia-reoxygenation injury. The role 
of apigenin was examined in human umbilical vein endothelial 
cell (HUVEC) viability, migration and tube formation in vitro. 
To investigate the related mechanisms, we used caveolin-1 short 
interfering RNA. The viability of HUVECs was measured using 
Cell Counting Kit-8 assays, HUVEC migration was analyzed by 
crystal violet staining, and a tube formation assay was performed 
using the branch point method. Expression of caveolin-1, vascular 
endothelial growth factor (VEGF), and endothelial nitric oxide 
synthase (eNOS) in HUVECs was examined by polymerase chain 
reaction and western blotting. Our data revealed that apigenin 
induced angiogenesis in vitro by increasing the tube formation 
ability of HUVECs, which was counteracted by caveolin-1 
silencing. Compared to the NC group, Caveolin-1 and eNOS 
expression was upregulated by apigenin, whereas compared to 
the NC group, eNOS expression was increased upon caveolin-1 
silencing. The expression of VEGF was increased by treatment 
with apigenin; however, compared to the NC group, caveolin-1 
silencing did not affect VEGF expression, and apigenin did 
not increase VEGF expression in HUVECs after caveolin-1 
silencing. These data suggest that apigenin may be a candidate 

therapeutic target for stroke recovery by promoting angiogenesis 
via the caveolin-1 signaling pathway.

Introduction

Recent studies have suggested that angiogenesis in the 
ischemic penumbra area may play a crucial role in neural 
protection and tissue recovery. Angiogenesis is an important 
structural adaptation to increase vascular perfusion, sprouting, 
cell proliferation, migration and maturation (1,2). Numerous 
regulatory angiogenic factors have been identified, and their 
molecular modulations are associated with several angiogenic 
disorders (3,4). Vascular endothelial growth factor (VEGF) 
and nitric oxide (NO) from activated endothelial nitric oxide 
synthase (eNOS) are key regulators of normal and pathological 
angiogenesis (5,6). The survey and development of new agents, 
which promote angiogenesis via growth factors, have become a 
focus of therapeutic strategies for ischemic diseases (7).

Caveolin-1, a coat protein of caveolae, is involved in many 
signaling pathways and functions of endothelial cells (8,9). 
The caveolin-1 signaling pathway is widely known for its role 
in regulating cellular functions, including signal transduction, 
endocytosis, transcytosis, molecular transport, embryonic 
vessel development, normal tissue growth, and wound healing, 
as well as pathological processes such as ischemia and tumor 
growth (10,11). The importance of caveolin-1 has been confirmed 
in endothelial cells during angiogenesis. Gao et al (12) found that 
caveolin-1 and VEGF expression induced by treadmill exercise 
after middle cerebral artery occlusion was consistent with the 
good neurological outcomes of decreased infarct volumes and 
increased microvessel densities. In addition, the expression of 
VEGF could be significantly inhibited by a caveolin-1 inhibitor. 
Caveolin-1 overexpression has been reported to enhance endo-
thelial capillary tubule formation (13). Despite a number of 
studies on the involvement of caveolin-1 in VEGF-stimulated 
angiogenesis, whether caveolin-1 is a stimulator or inhibitor 
of angiogenesis is still controversial. Thus, further studies are 
needed to identify the mechanism by which caveolin-1 regu-
lates VEGF. eNOS localized to the inner leaflet of caveolar 
membranes and in the Golgi of endothelial cells is believed to 
be maintained in an inactive state owing to a direct interaction 
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with caveolin-1 (14,15). It has been documented that decreasing 
the association of caveolin-1 with eNOS results in activation of 
eNOS (16,17). However, the mechanism of caveolin-1-mediated 
inhibition of eNOS activation is unclear. Regulation of eNOS by 
caveolin-1 is an important physiological mechanism to control 
vascular reactivity.

Apigenin is a naturally occurring flavonoid that has a variety 
of pharma cological activities, mainly including antitumor, 
anti-oxidative stress, and anti-DNA damage activities (18). 
Furthermore, apigenin has vasorelaxing and anti-platelet prop-
erties that may reduce the risk of coronary heart disease and 
improve endothelial functions (19-21). Even though apigenin 
has potential effects on both endothelial cells and neurons, it is 
unclear whether there is an effect on the promotion of angio-
genesis and the underlying mechanisms. Nevertheless, recent 
data have indicated that apigenin inhibits VEGF expression and 
tumor angiogenesis (22,23). However, normal cells and cancer 
cells have different characteristics, and the potential effects of 
apigenin on the expression of VEGF have not been clarified 
in a normal biological system. We previously demonstrated 
that treatment of rats with apigenin after stroke enhanced the 
expression of both VEGF and caveolin-1 at the brain-infarct 
border zone, and that caveolin-1 expression correlates with 
improved functional recovery (24,25). However, we have not 
further explored the angiogenic effect of apigenin.

These findings suggest that caveolin-1 may also be 
involved in apigenin-induced angiogenesis after hypoxia-
reoxygenation (HR) of human umbilical vein endothelial 
cells (HUVECs). To test this hypothesis and explore the 
mechanisms involved in apigenin-induced angiogenesis, we 
determined the effects of apigenin on the caveolin-1-dependent 
signaling pathway upon caveolin-1 silencing, as well as the 
expression of VEGF and eNOS in vitro. This study may provide 
the basis for the novel therapeutic management of stroke by 
angiogenesis.

Materials and methods

Chemicals, reagents and culture medium. Apigenin (≥99% 
pure) was purchased from Sigma-Aldrich (St. Louis, MO, 
USA). It was diluted in dimethyl sulfoxide purchased from 
Sigma-Aldrich at a final concentration of 40 mM. HUVECs 
were purchased from the Cell Bank of the Chinese Academy of 
Sciences. Dulbecco's modified Eagle's medium (DMEM) was 
purchased from Gibco (Thermo Fisher Scientific, Waltham, 
MA, USA). Fetal bovine serum (FBS) was purchased from 
Biosun Biotech (Shanghai, China). Phosphate-buffered saline 
was purchased from yuanpei (Shanghai, China). Trypsin was 
purchased from Boguang Biotech (Shanghai, China). Trizol 
was purchased from Takara Bio (Dalian, China). Glutamine 
was purchased from Amresco (Solon, OH, USA). Reverse 
transcriptase was purchased from Fermentas China (Shanghai, 
China). Anti-caveolin-1 (ab2910) and -eNOS (ab199956) anti-
bodies were obtained from Abcam (Cambridge, MA, USA). An 
anti-VEGF antibody (sc-1876) was obtained from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). SyBR-Green Mix 
was purchased from Dongsheng Biotech (Guangzhou, China). 
Transwells were purchased from Corning, Inc. (Corning, Ny, 
USA). Crystal violet was purchased from Genmed Scientifics 
Inc. (Shanghai, China).

Cell culture and HR injury. HUVECs were cultured in 
DMEM containing 10% FBS, 1% penicillin/streptomycin and 
1% glutamine. For exposure to hypoxia, the HUVECs were 
incubated in 1% O2 plus 5% CO2 balanced with N2 for 0, 2 and 
6 h. Following exposur to hypoxia, the cells were returned to a 
standard incubator with the normoxic condition of humidified 
air with 5% CO2 for 24 and 48 h. Zero hours was defined as the 
onset after cells were exposed to hypoxia.

Cell viability assay. Cell viability was measured by the 
Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, 
Kumamoto, Japan) as described previously (26). Briefly, 
HUVECs were subcultured in a 96-well plate at 5x103 cells/well 
in DMEM. Then, the cells were treated with increasing concen-
trations of apigenin (10, 20, 50 and 80 µM). After hypoxia for 
6 h and oxygenation for 24 h, 10 µl CCK-8 solution was added 
to each well. After incubation for 2 h at 37˚C in the dark, the 
absorbance was measured at 450 nm using a Multiskan MK3 
microplate reader (Thermo Labsystems, Paris, France). Cells 
cultured in serum-free DMEM were used as a background 
control. The absorbance for each apigenin concentration alone 
in serum-free DMEM and CCK-8 solution was also measured 
at 450 nm. The appropriate concentration was chosen for the 
following experiment. The cell viabilities of four groups (NC, 
NC + apigenin, caveolin-1-KD and caveolin-1-KD + apigenin) 
were tested at 1, 2, 3, 4, 5 and 6 days after treatment with 
apigenin, caveolin-1 short interfering RNA (siRNA), or negative 
control siRNA. The NC group was the negative control group. 
The NC + apigenin group was the negative control treated with 
apigenin. The caveolin-1-KD group was subjected to caveolin-1 
silencing. The caveolin-1-KD + apigenin group was subjected to 
caveolin-1 silencing and treatment with apigenin. Cell viability 
was calculated using the following formula: cell viability (%) 
= (ODsample - ODbackground)/(ODcontrol - ODbackground) x100%, where 
ODcontrol and ODsample are the optical density (OD) of the negative 
control and apigenin-treated groups, respectively. The absor-
bance was directly correlated with the number of metabolically 
active HUVECs. All conditions were measured in at least three 
independent experiments. Data analysis was performed in a 
blinded manner.

Caveolin-1 siRNA generation and transduction. Caveolin-1 
was silenced in the HUVECs by lentiviral siRNA transfec-
tion. The lentiviral vectors for caveolin-1 and control siRNAs 
were obtained from R&S Biotechnology Co., Ltd. (Shanghai 
China). Briefly, caveolin-1 was amplified and subcloned into 
the pcDNA6.2 vector with the enhanced green fluorescent 
protein (EGFP) gene, and then EGFP-caveolin-1 was cloned 
into the pLenti6.3-MCS/V5 DEST vector. The resulting 
plasmid was analyzed and verified by gel electrophoresis 
and sequencing. To obtain lentiviruses, 293T cells were 
co-transfected with caveolin-1 or control siRNA lentivirus 
expression plasmids and a packaging plasmid mix (Invitrogen; 
Thermo Fisher Scientific Inc.) using POLOdeliverer™ 3000 
transfection reagent (Ruisai Inc., Shanghai, China) according 
to the instructions provided by the manufacturer. Following 
lentivirus infection for 48 h, HUVECs transduced with 
fluorescently tagged proteins were selected and verified 
by fluorescence microscopy. The cells were applied to the 
following experiments.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  40:  1639-1648,  2017 1641

Transwell migration assay. The bottom chambers of Transwells 
were filled with DMEM and the top chambers were seeded with 
HUVECs transfected with siRNA for 72 h and then treated 
with 10 µM apigenin, hypoxia for 6 h, and reoxygenation 
24 h. Cells on the top surface of the membrane (non-migrated 
cells) were removed with a cotton swab, and cells that had 
migrated onto the bottom sides of the membrane were fixed in 
4% paraformaldehyde and stained with 2% crystal violet. The 
absorbance was measured at 570 nm using a Multiskan MK3 
microplate reader. The OD value indicated the number of 
migrated cells. Each experiment was performed in triplicate. 
All data analysis was performed in a blinded manner.

Tube formation assay. An endothelial cell tube formation assay 
is a useful indicator of angiogenesis potential. In the present 
study, the tube formation assay was performed using the branch 
point method (27). In brief, HUVECs (5x104/well) were seeded 
onto a 96-well plate pre-coated with Matrigel (50 µl) and 
cultured at 37˚C in a 5% CO2 incubator. The formed network 
of tubes was visualized at x100 magnification by light micros-
copy. The number of branch points was counted to calculate 
the branch point density. Each experiment was performed in 
triplicate. All data analysis was performed in a blinded manner.

Quantitative polymerase chain reaction (qPCR) analysis of 
caveolin-1. Gene expression was measured by qPCR in endo-
thelial cells harvested after treatments. qPCR was performed to 
investigate the expression of caveolin-1. Total RNA was isolated 
and purified using TRIzol® Plus RNA purification kit 
(Takara Bio), according to the manufacturer's instructions. 
RNA was reverse transcribed into cDNA that was utilized as a 
template in the subsequent qPCR amplifications using a SYBR-
Green Mix kit (Dongsheng Biotech). The qPCR primers 
included: caveolin-1 (forward, CGCAGGGACATCTCTACACC 
and reverse, CTTCCAAATGCCGTCAAAAC, 233 bp). Each 
experiment was repeated at least three times.

Western blot analysis of caveolin-1, VEGF and eNOS levels. 
Cells subjected to various treatments were lysed in lysis 
buffer. Equal amounts of total proteins were separated on 
sodium dodecyl sulfate polyacrylamide gels (caveolin-1, 12%; 
VEGF, 10%; eNOS, 8%) and then electrophoretically trans-
ferred to a polyvinylidene difluoride membrane. The membrane 
was blocked with 5% dry skim milk for 1 h, incubated with 
anti-caveolin-1 (1:800), anti-VEGF (1:200), and anti-eNOS 
(1:500) antibodies at 4˚C overnight, and then incubated with 
HRP-labeled goat anti-rabbit antibody (1:3,000; A0208, 
Beyotime Biotech, Jiangsu, China) for 1 h. Labeled proteins 
were detected using an enhanced chemiluminescence detec-
tion kit. The relative quantity of proteins was analyzed using 
Quantity One software and normalized to the loading control. 
Each experiment was repeated at least three times.

Statistical analyses. Data are presented as the mean ± stan-
dard error of the mean (SEM). The results were analyzed by 
SPSS 20.0 software (SPSS Inc. Chicago, IL, USA). Mean 
values were derived from at least three independent experi-
ments. Statistical comparisons between experimental groups 
were performed by one-way analysis of variance. The level of 
statistical significance was set at P<0.05.

Results

Determination of optimal durations for HR. To determine 
appropriate durations for HR, HUVECs were subjected to HR 
for various times, and then expression of caveolin-1, VEGF and 
eNOS was assessed by qPCR and western blotting. The results 
showed that the mRNA expression levels of caveolin-1, VEGF, 
and eNOS at 6 h of hypoxia were lower than those at 0 h. After 48 h 
of reoxygenation, the mRNA expression of caveolin-1, VEGF, 
and eNOS was recovered for any duration of hypoxia (Fig. 1A). 
The protein expression of caveolin-1 declined slightly, but 
the expression of VEGF and eNOS increased during hypoxia 
for 6 h and reoxygenation for 24 h, indicating that the protein 
expression was not consistent with the mRNA expression. After 
48 h of reoxygenation for any duration of hypoxia, expression 
was restored for all three proteins (Fig. 1B). Cell viability was 
markedly decreased and cell necrosis was increased by hypoxia 
for 6 h and reoxygenation for 24 h (Fig. 1C). Considering these 
results, we induced hypoxia for 6 h and reoxygenation for 24 h 
in further experiments.

Determination of the appropriate concentration of apigenin. 
To ascertain the appropriate non-toxic concentration of 
apigenin for the treatment of HUVECs, the effect of apigenin 
on HUVEC viability was examined by CCK-8 assays. The 
results showed that 10 and 20 µM apigenin had protective 
effects on HUVECs after HR, while apigenin reduced cell 
viability at concentrations ≥50 (Fig. 2). The viability of 
HUVECs treated with 10 µM apigenin was higher than that of 
HUVECs treated with 20 µM apigenin. Therefore, we chose 
10 µM as the appropriate concentration of apigenin for the 
following experiments.

Transfection of caveolin-1 siRNA into HUVECs. Cells were 
transfected with caveolin-1 or control siRNAs for 72 h. 
EGFP-positive cells were observed by fluorescence micros-
copy. The positive cells (Fig. 3) showed that the HUVECs 
were successfully transfected with the siRNA vectors.

Effects of apigenin on caveolin-1-induced angiogenesis of 
HUVECs after HR. Cell viability, migration and tube formation 
were analyzed as indicators of angiogenesis. To investigate the 
effects of apigenin on HUVEC viability, we performed CCK-8 
assays. We found that cell viability was markedly decreased 
after HR. However, apigenin did not promote the viability of 
HUVECs reoxygenated for more than 3 days (Fig. 4A). HUVEC 
viability was increased by treatment with apigenin (Fig. 4B). 
Caveolin-1 silencing inhibited the viability of HUVECs, and 
apigenin recovered their viability (Fig. 4B).

Migration of endothelial cells plays a key role in angio-
genesis. Therefore, we determined the effects of apigenin on 
HUVEC migration after HR (Fig. 5). We found that apigenin 
promoted the migration of HUVECs. Caveolin-1 siRNA 
suppressed the HUVEC migration. However, the inhibition 
of HUVEC migration was reversed following treatment with 
apigenin.

To evaluate the role of apigenin in regulating angiogenesis, 
we next assessed the effects of apigenin on tube formation of 
HUVECs. As expected, apigenin promoted tube formation 
after HR. To verify the involvement of caveolin-1 in the process 
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of tube formation, we used RNA interference to selectively 
silence caveolin-1. The tube formation was decreased after 

caveolin-1 silencing. Apigenin had no effect on tube formation 
inhibited by caveolin-1 silencing (Fig. 6).

Figure 1. Expression of caveolin-1, vascular endothelial growth factor (VEGF), and endothelial nitric oxide synthase (eNOS) in human umbilical vein endothelial 
cells (HUVECs) after various durations of hypoxia-reoxygenation (HR). Cells were incubated under hypoxic conditions (1% O2) for 0, 2 or 6 h and then reoxy-
genated for 24 or 48 h. (A) RT-PCR analysis of caveolin-1, VEGF and eNOS in HUVECs. mRNA expression of caveolin-1, VEGF and eNOS was decreased 
after hypoxia for 6 h and reoxygenation for 24 h. The mRNA expression of caveolin-1, VEGF and eNOS was restored after reoxygenation for 48 h compared with 
reoxygenation for 24 h. (B) Western blot analysis of caveolin-1, VEGF and eNOS in HUVECs. The protein expression of caveolin-1 was decreased slightly, while 
VEGF and eNOS protein expression was increased after hypoxia for 6 h and reoxygenation for 24 h. However, compared with reoxygenation for 24 h, VEGF and 
eNOS protein expression was recovered after reoxygenation for 48 h. (C) Cell viability at various durations of HR. The example shown is representative of six 
independent experiments. The cell viability was markedly decreased and cell necrosis was increased by hypoxia for 6 h and reoxygenation for 24 h.
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Effects of apigenin on caveolin-1 levels in HUVECs. 
Caveolin-1 expression levels were evaluated by western 

blotting and qPCR. Apigenin did not affect caveolin-1 mRNA 
expression (Fig. 7A), but it increased caveolin-1 protein 

Figure 2. Effects of apigenin on human umbilical vein endothelial cell (HUVEC) viability after hypoxia-reoxygenation (HR). Cell viability is presented as a 
percentage of the control (untreated cells). (A) The status of HUVECs after treatment with 10 µM apigenin was better than that after treatment with 20 µM 
apigenin. The cells were necrotic after treatment with 50 and 80 µM apigenin. (B) HUVEC viability after HR and treatment with various concentrations of 
apigenin. CCK-8 assay results showed that 10 and 20 µM apigenin had protective effects on HUVECs after HR. However, cell damage was induced at ≥50 µM 
apigenin. **P<0.01 vs. control group.

Figure 3. Ηuman umbilical vein endothelial cell (HUVEC) transfection with caveolin-1 short interfering RNA (siRNA). Cells were transfected with a specific 
caveolin-1 siRNA or control siRNA for 72 h, followed by treatment with apigenin (10 µM) or solvent (dimethyl sulfoxide), and then subjected to hypoxia for 
6 h and reoxygenation for 24 h. Enhanced green fluorescent protein (EGFP)-positive cells were observed by fluorescence microscopy at x100 magnification. 
(A) Cells transfected with specific caveolin-1 siRNA or control siRNA. (B) The EGFP-positive cells are shown in four different groups: NC group (normal 
conditions), caveolin-1-KD group (transfection with caveolin-1 siRNA), NC + apigenin group (transfection with negative control siRNA + treatment with 
apigenin), and caveolin-1-KD + apigenin group (transfection with caveolin-1 siRNA + treatment with apigenin).
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Figure 4. Effect of apigenin and caveolin-1 silencing on human umbilical vein endothelial cell (HUVEC) viability after hypoxia-reoxygenation (HR). Cells 
were analyzed after hypoxia for 6 h and reoxygenation for 24 h under three conditions: normal conditions (NC group), transfection of caveolin-1 short inter-
fering RNA (siRNA) (caveolin-1-KD group), and treatment with apigenin (NC + Apigenin and caveolin-1-KD + apigenin groups). (A and B) Cell viability 
was measured by Cell Counting Kit-8 (CCK-8) assays. Values are the mean ± SEM of three experiments (n=3). *P<0.05 vs. NC group; ##P<0.01 vs. caveolin-
1-KD group.

Figure 5. Effect of apigenin and caveolin-1 silencing on human umbilical vein endothelial cell (HUVEC) migration after hypoxia-reoxygenation (HR). 
Cells were analyzed after hypoxia for 6 h and reoxygenation for 24 h under three conditions: normal conditions (NC group), transfection of caveolin-1 short 
interfering RNA (siRNA) (caveolin-1-KD group), and treatment with apigenin (NC + apigenin and caveolin-1-KD + apigenin groups). (A) Migration was 
assessed by crystal violet staining (magnification, x100). (B) The OD was measured by a microplate reader indicating the number of migrated cells. All values 
are presented as the mean ± SEM of three experiments (n=3). **P<0.01 vs. NC group; ##P<0.01 vs. caveolin-1-KD group; ∆∆P<0.01 vs. NC + apigenin group.
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expression in HUVECs after HR (Fig. 7B and C). To verify the 
effects of apigenin on caveolin-1 expression, we transfected 
the HUVECs with caveolin-1 siRNA. The results showed 
that caveolin-1 silencing inhibited the mRNA (Fig. 7A) and 
protein expression of caveolin-1 (Fig. 7B and C). Apigenin 
increased caveolin-1 protein expression after the transfection 
of HUVECs with caveolin-1 siRNA (Fig. 7B and C), but it did 
not upregulate the expression of caveolin-1 mRNA (Fig. 7A). 
These results indicated that apigenin may regulate translation 
and/or post-translational processing of caveolin-1 protein but 
not the transcription of caveolin-1 mRNA.

Effects of apigenin on VEGF levels in HUVECs. To examine 
the effect of apigenin on angiogenesis, we assessed the 
well-established pro-angiogenic mediator VEGF by western 
blot analysis. We found that apigenin promoted VEGF 
expression after HR. The results revealed that transfection 
with caveolin-1 siRNA did not significantly affect VEGF 
protein expression; apigenin increased VEGF expression, 
but it did not upregulate VEGF expression after caveolin-1 
silencing (Fig. 7B and D).

Effects of apigenin on eNOS levels in HUVECs. Since eNOS 
also plays a critical role in angiogenesis and vascular permea-
bility, we next examined the role of eNOS in apigenin-induced 
angiogenesis. Incubation of HUVECs with apigenin rapidly 
increased the protein expression of eNOS. Compared with the 
NC group, blocking the caveolin-1 pathway with caveolin-1 
siRNA significantly increased the protein level of eNOS, 

whereas compared with the caveolin-1-KD group, apigenin 
downregulated the level of eNOS (Fig. 7B and E).

Discussion

Angiogenesis is involved in physiological processes, such as 
development, and pathological states such as stroke, cancer, and 
inflammatory diseases. Recent studies suggest that angiogenesis 
in the ischemic penumbra area may play a crucial role in neural 
protection and tissue recovery. Apigenin is orally bioavailable 
and non-toxic (28) and has potential effects on both endothelial 
and nerve cells. We previously showed that apigenin increases 
the expression of both VEGF and caveolin-1 at the brain-infarct 
border zone after stroke in rats, and that caveolin-1 expression 
correlates with improved functional recovery. However, we 
did not investigate the angiogenic effects of apigenin after 
stroke. Therefore, in the present study, we first investigated 
the angiogenic effects of apigenin on HUVECs after HR 
injury and the underlying mechanism. Caveolin-1 has attracted 
attention due to its contribution to angiogenesis. Caveolin-1 
plays an important role in the mechanisms of cellular repair 
in many pathological conditions including stroke (10,29). 
Previous studies, including our own, have demonstrated that 
ischemia/reperfusion increases caveolin-1 protein expression 
in association with increased microvessel density and better 
outcomes (24,25,30). In the present study, we explored the 
involvement of caveolin-1 in the angiogenic effects of apigenin.

For this purpose, we examined the effects of apigenin on the 
viability, migration and tube formation of HUVECs after HR. 

Figure 6. Effect of apigenin and caveolin-1 silencing on tube formation of human umbilical vein endothelial cells (HUVECs) after hypoxia-reoxygenation (HR). 
Cells were analyzed after hypoxia for 6 h and reoxygenation for 24 h under three conditions: normal conditions (NC group), transfection of caveolin-1 short 
interfering RNA (siRNA) (caveolin-1-KD group), and treatment with apigenin (NC + apigenin and caveolin-1-KD + apigenin groups). (A) Representative light 
microscopy images of tube formation were obtained after treatment with apigenin and caveolin-1 siRNA. Arrows indicate new tube formation. (B) The tube 
formation assay was performed by counting branch points. All values are presented as the mean ± SEM of three experiments (n=3). **P<0.01 vs. NC group; 
∆∆P<0.01 vs. NC + apigenin group.
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Figure 7. Effects of apigenin and caveolin-1 silencing on caveolin-1, vascular endothelial growth factor (VEGF) and endothelial nitric oxide synthase (eNOS) 
levels in human umbilical vein endothelial cells (HUVECs) after hypoxia-reoxygenation (HR). Cells were analyzed after hypoxia for 6 h and reoxygenation 
for 24 h under three conditions: normal conditions (NC group), transfection of caveolin-1 short interfering RNA (siRNA) (caveolin-1-KD group), and treatment 
with apigenin (NC + apigenin and caveolin-1-KD + apigenin groups). (A) RT-PCR analysis of caveolin-1 in HUVECs. Caveolin-1 silencing affected caveolin-1 
mRNA expression. Apigenin did not recover caveolin-1 mRNA expression after caveolin-1 silencing. (B) Western blot analysis of protein levels of caveolin-1, 
VEGF and eNOS in HUVECs. (C) Apigenin promoted caveolin-1 protein expression after HR. Caveolin-1 silencing affected caveolin-1 protein expression. 
Apigenin restored caveolin-1 protein expression after caveolin-1 silencing. (D) Apigenin promoted VEGF expression after HR. Caveolin-1 silencing did not 
affect the expression of VEGF. Apigenin did not increase VEGF expression after HUVECs were transfected with caveolin-1 siRNA. (E) Apigenin promoted 
eNOS expression after HR. Caveolin-1 silencing downregulated eNOS expression. Apigenin did not upregulate eNOS expression after caveolin-1 silencing. 
All values are presented as the mean ± SEM of three experiments (n=3). **P<0.01 vs. NC group; #P<0.05 vs. caveolin-1-KD group; ##P<0.01 vs. caveolin-1-KD 
group; ∆∆P<0.01 vs. NC + apigenin group. 
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In vitro angiogenesis can be evaluated by migration and tube 
formation assays. As expected, our results showed that apigenin 
promoted cell viability, migration, and tube formation. However, 
this stimulatory effect was significantly inhibited by caveolin-1 
siRNA, suggesting that caveolin-1 induction by apigenin is 
important to control angiogenesis. Apigenin could not recover 
tube formation, but increased the migration and proliferation of 
HUVECs, which were inhibited by caveolin-1 siRNA. 

The underlying mechanisms of the angiogenic effect of 
apigenin remain unclear. In the present study, we demon-
strated for the first time that apigenin promotes angiogenesis 
via caveolin-1 in HUVECs after HR. As shown previously, 
caveolin-1 is downregulated in the core and penumbra in 
ischemic brains (31,32). Our results showed that HR decreased 
caveolin-1 expression in HUVECs. We also found that apigenin 
treatment restored high caveolin-1 protein levels. Although 
the protein level was increased in cells treated with apigenin 
and exposed to HR, transcription of caveolin-1 was unaltered, 
suggesting that apigenin may affect post-translational processes 
of caveolin-1 expression.

We also investigated the involvement of apigenin in promo-
tion of angiogenesis through VEGF and eNOS pathways. VEGF 
and eNOS-derived NO are important regulators of angio-
genesis. However, the underlying mechanism regarding the 
modulation of caveolin-1 in the secretion of VEGF and eNOS 
remain ambiguous. VEGF is an angiogenesis accelerator, and 
caveolin-1 may play an important role in angiogenesis induced 
by VEGF (33). It is well established that VEGF is induced 
when tissue is subjected to hypoxic and ischemic attack. VEGF 
stimulates the proliferation and migration of vascular endothe-
lial cells and increases the permeability of vessels as well as the 
differentiation of endothelial cells into capillary tubes (34,35). 
In this study, VEGF expression was increased in HUVECs after 
HR, and apigenin upregulated VEGF expression, indicating that 
apigenin may directly activate angiogenic signaling pathways. 
Intriguingly, after treatment of endothelial cells with caveolin-1 
siRNA, the expression of VEGF protein did not significantly 
change. This result may be attributed to the association of 
VEGF with other molecules in the cells. It has been demon-
strated that VEGF enhances the expression of eNOS in native 
and cultured endothelial cells, an effect that may be important 
in the process of VEGF-induced angiogenesis. VEGF-induced 
vascular permeability and angiogenesis were found to be mark-
edly reduced in eNOS-deficient mice (36). In this study, the 
increased expression of eNOS may have upregulated VEGF 
expression. Therefore, further studies are needed to confirm 
the involvement of the eNOS-VEGF pathway in the angiogenic 
effect of apigenin. However, apigenin-increased VEGF protein 
expression was inhibited by caveolin-1 silencing. Therefore, the 
increase in angiogenesis by apigenin may be partly mediated 
via caveolin-1 regulating VEGF expression.

Several lines of evidence have shown upregulation of 
eNOS activation by hypoxia (37). This study produced the 
same results. The only direct protein-protein interaction 
demonstrated in vivo between caveolin-1 and a non-homol-
ogous protein is with eNOS. Studies have demonstrated that 
caveolin-1 functions as an endogenous negative regulator of 
eNOS activity (38-41). Binding of eNOS to caveolin-1 often 
leads to its inactivation (42). Our results demonstrated that 
apigenin promoted eNOS protein expression in HUVECs 

after HR, suggesting the involvement of eNOS in angiogenesis 
after HR injury. Furthermore, our data showed an increase 
in the protein expression of eNOS after caveolin-1 silencing, 
which is supported by a previous study (43). They showed that 
caveolin-1 deficiency induced the activation of eNOS and the 
generation of NO. It is important that eNOS is downregulated 
when cells are treated with apigenin. We believe that upon 
treatment with apigenin after caveolin-1 silencing, caveolin-1 
was upregulated by apigenin, which bound to eNOS and 
inhibited its activity. Activation of eNOS promoted caveolin-1 
phosphorylation and eNOS/caveolin-1 binding, creating 
an inhibitive feedback loop for eNOS (44). Nevertheless, 
our data suggest that caveolin-1 modulated angiogenesis of 
HUVECs after HR in part through its negative regulation of 
eNOS activity. Therefore, apigenin may promote angiogenesis 
through the caveolin-1/eNOS pathway.

Although apigenin treatment enhanced angiogenesis of 
HUVECs via caveolin-1 after HR, other studies showed that 
apigenin is a natural chemopreventive agent with clear anti-
angiogenic effects in tumors (45,46). Tong et al (47) showed that 
50 µM apigenin affected ultraviolet B-induced cutaneous prolif-
eration and angiogenesis. In the present study, we examined the 
viability of HUVECs treated with various concentrations of 
apigenin after HR. The results showed that ≥50 µM apigenin 
had a cytotoxic effect, but had protective effects on cells at 
lower concentrations. Therefore, we speculate that the effects 
were dose-dependent in these assays. Furthermore, the effects 
of apigenin may be different in various tissues and cell types.

Taken together, our findings suggest that apigenin may be a 
novel agent to promote angiogenesis after HR injury. However, 
there are several important caveats to consider. Although our 
data provide cellular and pharmacological proof of principle for 
apigenin in endothelial cell angiogenesis, in vitro endothelial 
cell cultures may not recapitulate similar changes occurring in 
primary cultures or stroke models in vivo. Therefore, the pro-
angiogenic utility of apigenin as a potential stroke recovery 
therapy should be explored in future studies.
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