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ABSTRACT: Kaempferol has been shown to inhibit vascular formation in endothelial cells. However, the underlying 

mechanisms are not fully understood. In the present study, we evaluated whether kaempferol exerts antiangiogenic ef-

fects by targeting extracellular signal-regulated kinase (ERK)/p38 mitogen-activated protein kinase (MAPK) and phos-

phoinositide 3-kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) signaling pathways in endothelial cells. En-

dothelial cells were treated with various concentrations of kaempferol for 24 h. Cell viability was determined by the 3- 

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay; vascular formation was analyzed by tube formation, 

wound healing, and mouse aortic ring assays. Activation of hypoxia-inducible factor-1α (HIF-1α), vascular endothelial 

growth factor receptor 2 (VEGFR2), ERK/p38 MAPK, and PI3K/Akt/mTOR was analyzed by Western blotting. Kaempfer-

ol significantly inhibited cell migration and tube formation in endothelial cells, and suppressed microvessel sprouting in 

the mouse aortic ring assay. Moreover, kaempferol suppressed the activation of HIF-1α, VEGFR2, and other markers of 

ERK/p38 MAPK and PI3K/Akt/mTOR signaling pathways in endothelial cells. These results suggest that kaempferol in-

hibits angiogenesis by suppressing HIF-1α and VEGFR2 activation via ERK/p38 MAPK and PI3K/Akt/mTOR signaling 

in endothelial cells.
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INTRODUCTION

Angiogenesis is the development of new blood vessels, 

and is required for the growth of new tissues. This is a 

normal physiological phenomenon associated with rou-

tine processes, including wound healing and embryogen-

esis. However, it also occurs in response to the expan-

sion of solid tumors and their subsequent growth away 

from the existing blood supply (1). Therefore, the study 

of angiogenic processes and the identification of novel 

antiangiogenic agents are important for cancer therapy. 

Angiogenesis depends on cell proliferation, migration, 

and invasion of endothelial cells (2). It requires the acti-

vation of several signaling molecules, such as extracellu-

lar signal-regulated kinase (ERK) (3,4), p38 mitogen-ac-

tivated protein kinase (MAPK) (5), and Akt (6). There-

fore, regulating these angiogenic factors could inhibit 

angiogenesis (7). Vascular endothelial growth factor re-

ceptor 2 (VEGFR2) is a predominant inducer of both 

normal and pathophysiological angiogenesis (8). It is ac-

tivated by the transcription factor, hypoxia-inducible fac-

tor-1α (HIF-1α), which binds to the hypoxia response 

element within the vascular endothelial growth factor (VEGF) 

gene promoter (9). Mechanistic target of rapamycin 

(mTOR), a protein kinase of the phosphoinositide 3-kin-

ase (PI3K)/Akt pathway, regulates several fundamental 

cellular functions; its deregulation may be associated with 

tumorigenesis (10). PI3K/Akt/mTOR signaling has been 

reported to play a key role in the proliferation and angio-

genesis of endothelial cells (11).

Flavonoids are natural polyphenols present in a wide 

variety of fruits and vegetables (12). They are reported to 

reduce the risk of cardiovascular diseases in humans and 

modulate various signaling pathways to regulate cell pro-

liferation, angiogenesis, and metastasis (13-15). Kaemp-

ferol, 3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzo-

pyran-4-one, is a bioflavonoid structurally similar to 

quercetin (Fig. 1A); it is one of the most common diet-

ary flavonoids that possesses antioxidant and antitumor 

properties. It is reported to exert antiproliferative effects 
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Fig. 1. Chemical structure of kaempferol (A) and the effects of 
kaempferol on endothelial cell viability (B). Endothelial cell via-
bility was evaluated by the MTT assay after exposure to kaemp-
ferol (50, 100, 200, 400, and 800 μM) for 24 h; cell viability is 
expressed as the percentage of viable cells cultured in the ab-
sence of kaempferol. Values represent the mean±SD. *P<0.05 
and **P<0.01 compared with control (0 μM).

on human endothelial and lung cancer cells by activating 

MAPK signaling (16-18). However, the mechanisms un-

derlying its antiangiogenic activity are not fully under-

stood.

Therefore, we evaluated whether kaempferol inhibits 

angiogenesis by targeting ERK/p38 MAPK and PI3K/ 

Akt/mTOR signaling pathways in endothelial cells.

MATERIALS AND METHODS

Reagents 

Kaempferol (Fig. 1A) was purchased from Sigma-Aldrich 

Co. (St. Louis, MO, USA) and dissolved in 100% dimeth-

yl sulfoxide (DMSO). A stock solution of 100 mmol/L 

kaempferol was prepared and stored as small aliquots at 

−20oC until use. We purchased 3-(4,5-dimethyl-2-thia-

zolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 

DMSO, gelatin, and horseradish peroxidase (HRP)-con-

jugated anti-mouse and anti-rabbit antibodies from Sig-

ma-Aldrich Co.. Growth factor-reduced Matrigel was pur-

chased from BD Biosciences (San Jose, CA, USA). The 

phospho-specific antibodies (anti-p38, anti-PI3K, anti- 

AKT, anti-mTOR, anti-p70S6K, anti-VEGFR2, and anti- 

HIF-1α) and the MAPK inhibitors (SB203580 and PD 

98059) were purchased from Cell Signaling Technology 

(Danvers, MA, USA). The HRP-conjugated β-actin and 

phospho-ERK antibodies were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). 

Endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs) were 

obtained from ATCC (Rockville, MD, USA) and cultured 

in endothelial basal medium-2 (EBM-2) growth medium 

(Lonza, Walkersville, MD, USA), containing hydrocorti-

sone, epidermal growth factor, basic fibroblast growth 

factor, insulin-like growth factor-1, VEGF, ascorbic acid, 

heparin, and 10% fetal bovine serum (FBS) at 37oC in a 

humidified atmosphere of 5% CO2. The cells were seeded 

in culture flasks or on plates coated with 1% gelatin and 

allowed to grow to confluence before experimental treat-

ment. The HUVECs used in the experiment were be-

tween passages 3 and 5. The commercially available vas-

cular endothelial cell-specific supplement EGMⓇ-2 MV 

Bullet Kit (Lonza) was used (19).

Cell viability assay

Endothelial cell viability was assessed by the MTT assay. 

The effects of kaempferol on cell viability were calculated 

as a percentage relative to solvent-treated control. The 

cells (5×103 cells/well) were seeded into a 96-well plate 

with EGM-2 medium supplemented with 10% FBS. Af-

ter the cells were allowed to adhere, the culture medium 

was removed, the cells were rinsed twice with phos-

phate-buffered saline (PBS), and then incubated with se-

rum-free medium for 12 h. After serum starvation, the 

cells were cultured in fresh medium supplemented with 

2% FBS and various concentrations of kaempferol at 37 
oC for 24 h. Following incubation, the MTT solution was 

added, and the plate was incubated for an additional 4 h. 

The resulting formazan deposit was solubilized in DMSO, 

and the absorbance at 570 nm was measured by using a 

VersaMax ELISA microplate reader (Molecular Devices, 

Sunnyvale, CA, USA). 

Scratch-wound migration assay

Endothelial cells were allowed to grow to confluence in 

6-well plates pre-coated with 0.1% gelatin and then in-

cubated with 10 mg/mL mitomycin C (Sigma-Aldrich 

Co.) at 37oC under a 5% CO2 atmosphere for 2 h to in-

activate the cells. The monolayers of endothelial cells 

were wounded by scratching with a 0.2-mL pipette tip, 

and fresh medium containing various concentrations of 

kaempferol was added. Images were captured with an in-

verted phase contrast light microscope (Olympus Optical 

Co. Ltd., Tokyo, Japan) after incubation for 24 h. The 

migrated cells from three randomly selected fields were 

quantified by manual counting (DMC advanced program) 

under an optical microscope at 200× magnification, and 

the inhibition was calculated as a percentage relative to 

the control. 
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Fig. 2. Effects of kaempferol treatment on migration and tube 
formation in endothelial cells. (A) Cells were grown to con-
fluence in 6-well plates, scratch-wounded, and treated with the 
indicated concentrations of kaempferol. (B) Cells were seeded 
in 96-well plates coated with Matrigel and incubated in the ab-
sence or presence of kaempferol for 4∼8 h. The tubular struc-
tures were photographed, and the migrated cells were manual-
ly counted. (C) The numbers of migrated cells and tube forma-
tions in HUVECs after kaempferol treatment are shown. Values 
represent the mean±SD. **P<0.01 compared with control.

Tube formation assay with endothelial cells on Matrigel 

Matrigel (70 μL/well) was added to a 96-well plate and 

polymerized for 30 min at 37oC. The endothelial cells 

(3×104 cells) were seeded onto each well of the Matri-

gel-coated 96-well plate and then incubated in 2% FBS- 

EBM-2 with various concentrations of kaempferol. After 

incubation for 8 h, the formation of the endothelial cell 

tubular structures was visualized under an inverted mi-

croscope and photographed at 40× magnification. Fur-

thermore, the tube formation was quantified from the cal-

culation of the tube length, normalized, and expressed 

as a percentage relative to untreated control cells. 

Western blotting analysis

The cells were treated with kaempferol for 24 h, har-

vested, and lysed in protein extraction solution (Intron 

Biotechnology, Inc., Gyeonggi, Korea) containing pro-

tease inhibitors and phosphatase inhibitors for 10 min at 

4oC. The total protein concentration in the supernatant 

was measured by using the Bradford assay. After heating 

at 95oC for 5 min, the samples of total protein (40 μg) 

were subjected to 6∼15% sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis. The proteins were trans-

ferred onto polyvinylidene difluoride membranes (Mil-

lipore, Bedford, MA, USA) by the application of 100 V 

for 60∼100 min. The membranes were incubated with 

5% bovine serum albumin (BSA) in Tris-buffered saline 

(TBS) with 0.05% Tween 20 (TBST) for 30 min at room 

temperature and then with primary antibodies diluted 1: 

200∼1:1,000 in 5% BSA in TBST overnight at 4oC. The 

membranes were washed three times with TBST and in-

cubated with the appropriate secondary antibodies. The 

protein bands were detected by using an enhanced chem-

iluminescence detection kit (Intron Biotechnology, Inc.) 

and an LAS-1000 Imager (Fuji Film Corp., Tokyo, Japan). 

Mouse aortic ring assay

The mouse aortic ring assay was performed as previous-

ly described (20). First, 48-well plates were covered with 

150 μL Matrigel and incubated at 37oC in 5% CO2 for 30 

min. The aortas isolated from mice (Central Laboratory 

Animal Inc., Seoul, Korea) were cleaned of periadventi-

tial fat and connective tissues and cut into 1∼1.5 mm 

long rings. The aortas were rinsed with PBS, placed in 

the Matrigel-covered wells, and covered with an addition-

al 200 μL Matrigel. After the artery rings were cultured 

in 1 mL serum-free EGM-2 medium for 24 h, the medium 

was replaced with 1 mL EGM-2 medium supplemented 

with vehicle or kaempferol (0 or 40 μM). The medium 

was replaced every 2 days with medium described above. 

After 7 days, the microvessel growth was measured 

through photographs captured with an OLYMPUS in-
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Fig. 3. Effect of kaempferol treatment on microvessel outgrowth
from mouse aortic rings. Aortic rings isolated from mice were 
embedded in Matrigel-coated 48-well plates and cultured in 
media containing various concentrations of kaempferol for sev-
en days followed by the measurement of microvessel length. 
Representative photographs of three independent experiments 
are shown. Values represent the mean±SD. **P<0.01 com-
pared with control.

verted microscope (40× objective, Olympus Optical Co. 

Ltd.,). The length of the capillary was estimated by using 

a phase-contrast microscope to measure the distance 

from the cut end of the aortic segment to the approx-

imate center point of the capillary. The length of the ca-

pillary was measured by using Adobe Photoshop soft-

ware (DMC advanced program). Each value represents 

an average of 3∼4 culture samples. 

Statistical analysis

The results are expressed as the mean±standard devia-

tion (SD). Statistical significance was determined by us-

ing one-way analysis of variance (ANOVA) and Student’s 

t-test for paired data. A P-value of <0.05 indicated stat-

istical significance. All statistical calculations were com-

puted using SPSS for Windows Version 10.0 (SPSS, Chi-

cago, IL, USA).

RESULTS

Effect of kaempferol treatment on endothelial cell viability 

To determine the non-cytotoxic concentration of kaemp-

ferol in endothelial cells, we evaluated their viability by 

the MTT assay. The cells were treated with different con-

centrations of kaempferol (50, 100, 200, 400, and 800 

μM) for 24 h. It was found that concentrations higher 

than 100 μM significantly decreased endothelial cell via-

bility (Fig. 1B). Therefore, subsequent studies on the bi-

ological activity of kaempferol were conducted at lower 

concentrations (10, 20, and 40 μM).

Inhibition of endothelial cell migration and tube formation 

by kaempferol 

Endothelial cell migration and tube formation are essen-

tial steps in angiogenesis. Therefore, we determined the 

effects of kaempferol on endothelial cell migration by a 

wound healing assay. Wound healing by endothelial cell 

migration was almost complete after 24 h of incubation; 

however, it was inhibited by kaempferol in a concentra-

tion-dependent manner (Fig. 2A and 2C); it was signifi-

cantly suppressed by treatment with 40 μM kaempferol 

(P<0.01). We also found that kaempferol significantly 

inhibits tube formation in cultured endothelial cells in a 

concentration-dependent manner (P<0.01) (Fig. 2B and 

2C).

Suppression of capillary sprouting by kaempferol in a 

mouse aortic ring assay

A mouse aortic ring assay was used to investigate the ef-

fect of kaempferol on capillary sprouting/vascular forma-

tion. Treatment with 40 μM kaempferol significantly sup-

pressed microvessel outgrowth from aortic rings (P< 

0.01) (Fig. 3).

Suppression of ERK/p38 MAPK and PI3K/Akt/mTOR signal-

ing pathways by kaempferol in endothelial cells

To determine whether kaempferol exerts antiangiogenic 

effects by targeting ERK/p38 MAPK and PI3K/Akt/ 

mTOR signaling pathways, we investigated the phos-

phorylation of ERK, p38, and JNK by western blotting. 

Kaempferol treatment (10, 20, and 40 μM) reduced the 

phosphorylation of ERK and p38 in endothelial cells (Fig. 

4A). To further confirm its effects on the MAPK signaling 

pathway, we co-treated the cells with kaempferol along 

with an ERK inhibitor (PD98059) or a p38 inhibitor 

(SB203580). A synergistic suppression of ERK and p38 

phosphorylation was observed in these co-treated cells 

compared to that in cells treated with either inhibitor 

alone. We found that kaempferol suppresses the activa-

tion of Akt, mTOR, and a downstream effector, p70S6K 

(Fig. 4B). It also reduced the activation of HIF-1α and 

VEGFR2 in endothelial cells. Our results suggest that 

kaempferol inhibits the phosphorylation of ERK, p38, 

Akt, and mTOR to reduce HIF-1α and VEGFR2 phos-

phorylation.
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Fig. 4. Effect of kaempferol treatment on (A) MAPK and (B) PI3K/Akt/mTOR signaling pathways. Endothelial cells were treated 
with the indicated concentrations of kaempferol for 24 h. Protein samples (40 μg) were subjected to 10% SDS-PAGE, and phosphory-
lated ERK, p38, PI3K, Akt, mTOR, p70S6K, VEGFR2, and HIF-1α were detected by western blotting. The cells were treated with 
kaempferol in combination with MAPK inhibitors (ERK inhibitor, PD98059; p38 inhibitor, SB203580), and the activation of ERK 
and p38 was detected by western blotting; β-actin was used as an internal control. Values represent the mean±SD of three in-
dependent experiments. *P<0.05 and **P<0.01 compared with control.

DISCUSSION

Flavonoids are one of the most abundant constituents of 

fruits and vegetables; they exert anticancer effects through 

their antioxidant, antiestrogenic, antiproliferative, anti-

angiogenic, and anti-inflammatory properties (21). Plant- 
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based antiangiogenic drugs are gaining importance in 

cancer treatment (22-24). We demonstrated that kaemp-

ferol inhibits vascular formation both in vitro and ex vivo 

by suppressing HIF-1α and VEGFR2 activation via ERK/ 

p38 MAPK and PI3K/Akt/mTOR signaling in endothe-

lial cells. Kaempferol exhibits notable anti-proliferative 

activity in cancer cells (16,17). However, we demonstrated 

that it exerts antiangiogenic effects at non-cytotoxic con-

centrations in endothelial cells. These cells spontaneous-

ly form capillary-like networks in Matrigel in vitro (25). 

Tube formation, which depends on the maturation of 

migrated endothelial cells, is also involved in the initial 

steps of angiogenesis. Further, the mouse aortic ring as-

say is an ex vivo assay system widely used for the evalua-

tion of antiangiogenic activities of test compounds that 

effectively simulates the interaction among endothelial 

cells, fibroblasts, pericytes, and smooth muscle cells (26). 

At a concentration of 40 μM, kaempferol significantly in-

hibited migration and tube formation in endothelial cells, 

and suppressed microvessel outgrowth from aortic rings. 

Angiogenesis is critical for tumor growth, invasion, and 

metastasis (27). ERK/p38 MAPK and PI3K/Akt/mTOR 

signaling pathways regulate the growth, survival, and 

migration of vascular endothelial cells in angiogenesis 

(21,28). PI3K is an important intracellular signal-trans-

ducing enzyme (29), and Akt stimulates angiogenesis by 

increasing cell migration and invasion (30). The deregu-

lated expression of phosphatase and tensin homolog leads 

to the aberrant activation of Akt as well as its down-

stream effectors, including mTOR, in prostate cancer 

(25). Further, the increased activation of ERK/MAPK sig-

naling is observed in many prostate tumors (17). We ob-

served that kaempferol reduces the activation of ERK/ 

p38 MAPK and PI3K/Akt/ mTOR signaling pathways to 

suppress the phosphorylation of VEGFR2 and HIF-1α in 

endothelial cells.

In conclusion, we demonstrated that kaempferol sig-

nificantly inhibits migration and tube formation in vitro, 

as well as microvessel outgrowth in an ex vivo aortic ring 

model by suppressing HIF-1α and VEGFR2 activation 

via ERK/p38 MAPK and PI3K/Akt/mTOR signaling in 

endothelial cells. These findings provide an understand-

ing of the mechanisms involved in the antiangiogenic ac-

tions of kaempferol and highlight its anticancer potential.
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