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Abstract. The aim of the present study was to determine whether 
kaempferol has a radiosensitization potential for lung cancer 
in vitro and in vivo. The in vitro radio-sensitization activity of 
kaempferol was elucidated in A-549 lung cancer cells by using 
an MTT (3-(4 5-dimethylthiazol-2-yl)-25-diphenyltetrazolium 
bromide) assay, cell cycle analysis and clonogenic assay. The 
in vivo activity was evaluated in the BALB/c nude mouse 
xenograft model of A-549 cells by hematoxylin and eosin 
staining and immunohistochemistry, and the tumor volume 
was recorded. Protein levels of the apoptotic pathway were 
detected by western blot analysis. Treatment with kaempferol 
inhibited the growth of A-549 cells through activation of apop-
totic pathway. However, the same doses did not affect HFL1 
normal lung cell growth. Kaempferol induced G2/M cell cycle 
arrest and the enhancement of radiation-induced death and 
clonogenic survival inhibition. The in vivo data showed that 
kaempferol increased tumor cell apoptosis and killing of radia-
tion. In conclusion, the findings demonstrated that kaempferol 
increased tumor cell killing by radiation in vitro and in vivo 
through inhibition of the AKT/PI3K and ERK pathways and 
activation of the mitochondria apoptosis pathway. The results 
of the present study provided solid evidence that kaempferol is 
a safe and potential radiosensitizer.

Introduction

Lung cancer is the leading cause of cancer-associated mortali-
ties worldwide, with an estimated 1.61 million new cases and 
1.38 million mortailies in 2008 (1,2). Approximately 85% of 

primary lung cancer patients have non-small‑cell lung cancer 
(NSCLC) (3). Surgery is the standard treatment for early‑stage 
NSCLC. However, the majority of patients diagnosed at an 
advanced stage are unsuitable for surgical resection or extensive 
mediastinal lymphadenopathy (4,5). Chemo‑ and radiotherapy 
are the current standard of care for patients with unresectable 
advanced NSCLC (6,7). However, there are several limiting 
factors of chemo‑ and radiotherapy, including dose tolerance 
limitation of normal tissue and tumor radioresistance  (8). 
Accordingly, identifying effective agents for enhancing tumor 
sensitivity to radiation and reducing adverse effects on normal 
tissues are crucial.

Acting as radiosensitizers, drugs can accelerate the killing 
of cancer cells by increasing the effectiveness of radiation 
with little effect on normal cells (9). The PI3K/Akt and ERK 
pathways play an essential role in confirming sensitivity or 
resistance to radiation by inhibiting a survival pathway that 
induces cell apoptosis (10,11). Previous studies also showed 
that treatment with the ERK inhibitor can reduce radiore-
sistance and suppressed activation of PI3K/Akt can promote 
radiosentization (12,13). Inhibition of growth of cancer cells 
and the induction of apoptosis are important determinants of 
the response to anticancer therapy (14).

Bioflavonoids, which are the phytochemicals that are abun-
dant in a variety of plants have a vital role in cancer prevention 
as they can scavenge free radicals (15,16). Kaempferol is a 
flavonol that is present in tea, broccoli, grapefruit, Brussels 
sprouts and apples. It is claimed to have an anti-proliferative 
effect on colon cancer cell lines (17,18). The anti-angiogenic 
properties of kaempferol have also been well documented (19). 
Among the flavonols, kaempferol is absorbed particularly well 
when administered orally, even in low doses, with minimal 
inter‑individual variation  (20). Kaempferol is reportedly 
effective against pancreatic cancer, human lung non-small 
carcinoma and glioma cells (21-23). It has been reported to 
act synergistically with quercetin to cause a considerable 
anti-proliferative effect in human gut cells and breast cancer 
cells  (24). However, the combination of kaempferol with 
radiation against cancer remains to be evaluated. In the present 
study, the anticancer capacity of kaempferol and its ability to 
sensitize tumors radiation were assessed in in vitro and in vivo 
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studies. Its effects on signal transduction in lung cancer cells 
were also investigated.

Materials and methods

Materials and chemicals. Kaempferol was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals 
and reagents were of analytical grade. Chemicals were 
obtained from Sigma-Aldrich, except where otherwise indi-
cated. The antibodies for α-tubulin, p-ERK (E-4) and PI3K 
p85α(Z-8) were purchased from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA). The antibodies for phospho-Akt 
(Ser473) and caspase-7 were purchased from Cell Signaling 
Technology (Danvers, MA, USA). The antibody for caspase-3 
was purchased from Millipore (Billerica, MA, USA). MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) was purchased from USB Corp. (Cleveland, OH, 
USA). The annexin V conjugates and PI (propidium iodide) 
solid were all purchased from Invitrogen Corp. (Carlsbad, CA, 
USA).

Cell culture. The human A-549 lung carcinoma and the 
human HFL1 normal lung fibroblast cell lines were obtained 
from BCRC (Bioresource Collection and Research Center) in 
Taiwan. A-549 cells were cultured in Ham's F12K medium 
supplemented with 10% fetal bovine serum (FBS), 2 mM 
L-glutamine and 1.5 g/l sodium bicarbonate. HFL1 cells were 
also cultured in Ham's F12K medium supplemented with 10% 
FBS. The cells were maintained under standard cell culture 
conditions at 37˚C and 5% CO2 in a humid environment.  
Adherent cells were harvested using trypsin and re-suspended 
in a serum-containing medium before use in the assays, as 
described below.

MTT assay. MTT assay was performed to determine the 
effect of kaempferol on cell growth. This assay is based 
on the cleavage of the yellow tetrazolium salt MTT to the 
purple formazan crystal by mitochondrial succinate dehy-
drogenase from living cells. This reduction occurs only 
when mitochondrial reductase enzymes are active, thus the 
extent of the reduction is directly associated with the number 
of viable cells.

Briefly, A-549 cells were seeded at a density of 1x104 
cells/well in 24-well plates and pre-incubated for 24 h. The 
medium was then replaced with serum-free medium, to which 
indicated doses of kaempferol were added for 48 h. Following 
treatment with kaempferol, the medium was replaced with 
0.5 mg/ml MTT medium and incubated for 4 h. The MTT 
solution was removed from the wells and the formazan crys-
tals were dissolved in DMSO. The concentration was then 
determined using a microplate reader at 570 nm.

Western blot analysis. After the cells were treated with kaemp-
ferol, they were rinsed three times with PBS. The cells were 
then directly solubilized on ice in a lysis buffer (0.5 M Tris-HCl, 
pH  7.4, 1.5  M NaCl, 2.5% deoxycholic acid, 10% NP-40, 
10 mM EDTA) that contained a protease inhibitor cocktail. 
After 5 min, the cells were scraped and the lysate was collected 
in an Eppendorf tube. The lysate was cleared by centrifugation 
at 12,000 x g for 30 min at 4˚C, and the protein concentration in 

the supernatant was determined by the Bradford method (Bio-
Rad protein assay; Hercules, CA, USA).

For western blotting, equal amounts of proteins were 
resolved over 10-12% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto a polyvi-
nylidene fluoride (PVDF) membrane. The non-specific sites on 
the blots were blocked by incubating them in a blocking buffer 
(5% non-fat dry milk/TBS, pH 7.4) for 1 h at room temperature. 
Incubation was performed using an appropriate monoclonal 
primary antibody in TBS overnight at 4˚C, and then incubated 
with a horseradish peroxidase‑conjugated secondary antibody 
for 1 h at room temperature. Immunoreactive bands were visu-
alized using an enhanced chemiluminescence system.

Cell cycle analysis. To determine the effect of kaempferol 
on the cell cycle, A-549 cells (1x106/10-cm dish) were treated 
with 56 µM kaempferol for the indicated time points (0, 3, 6, 
12, 24 and 48 h). Each time-point was evaluated with at least 
three plates. Briefly, the cells were treated with kaempferol 
at the specified time points. The cell pellet was washed with 
cold phosphate-buffered saline (PBS), fixed with 95% ethanol 
overnight, and stained with 1.0 ml PI/Triton X-100 for 30 min 
in the dark. The stained cells were analyzed using a flow 
cytometer (BD FACSCanto; BD Biosciences, San Diego, CA, 
USA). The data were analyzed using ModFit LT 3.0 software 
(Verity Software House, Inc., Topsham, ME, USA).

Radiation exposure. The A-549 cells in dishes with diameters 
of 10 cm were exposed to radiation by photons from a linear 
accelerator. The dishes were placed within the exposure area 
on an acrylic sheet with an area of 25x25 cm and covered by 
a bolus with an area of 1.5x1.5 cm. The cells were exposed to 
the indicated doses (2, 4, 6, 8, 10 and 12 Gy). The summarized 
radiation dosage on the cells and exposure period was well 
calculated and monitored from the control room. Following 
exposure, each dish was immediately transferred to a cell 
culture incubator.

Clonogenic assay. Cell survival via radiation alone or the 
combination of kaempferol with radiation was analyzed using 
a clonogenic assay. A-549 cells were seeded in 10-cm dishes 
with an appropriate amount of radiation or kaempferol with 
radiation. The cells were exposed to 0, 2, 4, 6, 8, 10 and 12 Gy 
radiation and treated with 56 µM kaempferol for 48 h, followed 
by different doses of radiation. The cell medium was replaced 
with a new medium and cultured in an incubator for two weeks. 
After fixation and staining with 5% crystal violet, colonies 
containing ≥50 cells were counted under a microscope. The 
plating efficiency was defined as the average number of cell 
colonies counted divided by the number of initial cells for the 
control group which were not exposed to kaempferol or radia-
tion. The surviving fraction was determined as the average 
number of cell colonies counted divided by the number of 
seeding cells multiplied for the plating efficiency.

Tumor xenograft studies. A-549 cells (2x106 in 200 µl PBS) 
were implanted subcutaneously in BALB/c nude mice near the 
left hind leg. The mice were obtained from BioLasco Taiwan 
Co., Ltd. (Taipei, Taiwan). The tumors were allowed to reach 
a volume of 350 mm3 prior to initiation of treatment (3 weeks 
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after tumor implantation). The mice (3 mice per group) were 
treated (intraperitoneally) with radiation at 4 Gy alone or 
radiation plus kaempferol (4 h before radiation). The tumor 
volume and size were recorded every 5 days.

Histological stains. The mice were sacrificed and tissues were 
harvested and placed in tissue wells filled with Tissue-Tek 
OCT. The tissue wells were rapidly frozen and then dried. The 
frozen specimens were sectioned using a cryostat microtome. 
hematoxylin and eosin (H&E)‑stained specimens were used to 
determine histological morphology and nuclear structures. An 
anti-caspase-3 immunohistochemical (IHC) stain was used to 
label the apoptotic cells. The cryosections were fixed with 4% 
formaldehyde overnight and washed with PBS. Non-specific 
binding sites were blocked with 2% (w/v) BSA solution in PBS 
prior to labeling with antibody. The specimens were washed 
several times with PBS, and incubated overnight at 4˚C with 
a 1:200 dilution of polyclonal anti-caspase-3 antibody. The 
sections were then counterstained with hematoxylin and 
mounted on a cover slide for optical microscopic examination.

Statistical analysis. Numerical data were presented as mean ± 
standard deviation from at least three experiments. Statistical 
comparisons were made using the Student's t-test or one-way 
analysis of variance (ANOVA) followed by post hoc Fisher's 
LSD multiple comparison test, as indicated. Any difference 
was regarded as significant at a probability of P<0.05. Data 
were analyzed using the SPSS software version 10.0 (SPSS, 
Inc., Chicago, IL, USA).

Results

Kaempferol selectively suppresses the growth of A-549 cells 
and induces cell apoptosis through inhibition of PI3K/AKT 
and ERK pathways. The cell viability of A-549 lung cancer 
cells and HFL1 normal lung cells when treated with kaemp-
ferol was assessed using an MTT assay. As shown in Fig. 1A, 
the treatment of A-549 cells with kaempferol at doses of 
14-112 µM inhibited growth by 28, 57, 65 and 68%. The same 
doses did not inhibit the growth of HFL1 normal lung cells 
(Fig. 1A). The inhibitory effects on the two cell lines differed 
significantly (P<0.05).

To elucidate the mechanism that underlies the kaempferol-
induced death of A-549 cells, the roles of caspases were 
investigated by examining their activation. As shown in Fig. 1B, 
the expression of caspase-7 increased significantly with the 
dose of kaempferol. Since members of the Bcl-2 family are the 
main regulators of apoptosis, the effect of kaempferol on the 
levels of such proteins in A-549 cells was determined. Western 
blot analysis revealed a dose-dependent increase in the expres-
sion of Bax, verifying the induction of the apoptotic process. 
Inhibition of the PI3K/AKT and ERK pathways also increased 
the level of Bax, thus, we also detected the phosphorylation of 
AKT, PI3K and ERK. Additionally, kaempferol suppressed the 
phosphorylation of AKT, PI3K and ERK.

Kaempferol induces G2/M cell cycle arrest. To determine 
whether kaempferol was a radiosensitizer, cell cycle analysis 
was first performed. The effects of kaempferol on the cell 
cycle progression of A-549 cells are shown in Fig. 2. There 

was an increase in the cell population in the G2/M phase at 
48 h compared with the other groups (0, 3, 6, 12 and 24 h) 
following treatment with 56 µM of kaempferol. The trend line 
of the G2/M phase showed that the cell population exhibited a 
time‑dependent increase following treatment.

Kaempferol induces enhancement of radiation-induced death 
and retards phosphorylation of PI3K and ERK. Kaempferol 
at a dose of 14  µM, which inhibited cell growth by 28% 
(Fig. 1A), was used to examine the radiosensitizing effects 
of kaempferol on A-549 cells. As shown in Fig. 3A, radiation 
exposure alone inhibited cell growth dose-dependently from 
2 to 12 Gy. Kaempferol treatment at 48 h prior to radiation 
exposure enhanced inhibition of cancer cell growth from 2 to 
6 Gy. The application of kaempferol prior to radiation expo-
sure enhanced A-549 cell radiosensitivity and strengthened the 
inhibitory effects.

Figure 1. Effects of kaempferol on cell viability and protein expression. 
(A) Treatment with kaempferol (7-112 µM) on A-549 and HFL1 cells for 
48 h. The data shown are mean ± SD for n=6. *P<0.05 vs. control; #P<0.05 vs. 
counterpart treatment. (B) pPI3K, pAKT, pERK, Bax and caspase-7 expres-
sion of A-549 cells. 

Figure 2. Cell cycle of A-549 cells after treatment with kaempferol (56 µM). 
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To achieve a good prognosis, inhibition of radioresistant 
protein PI3K or ERK activated after radiation exposure was 
crucial. We found treatment with kaempferol before radiation 
exposure inhibited PI3K and ERK, and reduced phosphory-
lation of ERK sustainability after radiation exposure of 6 h 
(Fig. 3B).

Kaempferol decreases the clonogenic survival. To determine 
the effects of kaempferol on the radiosensitivity of A-549 cells, 
clonogenic assays were performed after exposure to 0-12 Gy 
of radiation with and without 48-h pretreatment with 56 µM of 
kaempferol. We found that treatment of the cells with radiation 
alone led to a minimal effect on clonogenic survival. However, 
when pretreated with kaempferol before radiation exposure, 
the surviving fraction decreased significantly (Fig. 4). The 

dose enhancement factor (DEF) was 2, which was the ratio of 
the dose reducing the surviving fraction to 0.5 in the absence 
vs. presence of kaempferol.

Figure 3. Effects of radiation only and radiation plus kaempferol (14 µM) 
on cell viability and protein expression of A-549 cells. (A) Treatment with 
kaempferol for 48 h before radiation exposure and radiation only. The data 
shown are mean ± SD for n=6. *P<0.05 vs. control; #P<0.05 vs. counterpart 
treatment. (B) pPI3K and pERK expression following treatment with radiation 
only and plus kaempferol before radiation exposure.

Figure 4. Effect of radiation only and radiation plus kaempferol on surviving 
fraction by clonogenic assays. Treatment with kaempferol (56 µM) for 48 h 
before radiation exposure and radiation only on A-549 cells.

Figure 5. Effect of radiation only and radiation plus kaempferol on tumor 
volume in vivo. Treatment with radiation only and radiation plus 56 µM 
kaempferol (4 h before radiation). The data shown are mean ± SD for n=3. 
*P<0.05; **P<0.01 vs. control.

Figure 6. Effect of radiation only and radiation plus kaempferol on sec-
tion staining and protein expression of tumor tissue. (A) H&E stain and 
IHC of caspase-3 (dark-brown). (B) pPI3K, pAKT, pERK and caspase-3 
expression of extracted tumor tissues. H&E, hematoxylin and eosin; 
IHC, immunohistochemistry.
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Kaempferol increases tumor cell killing of radiation in vivo. 
To determine the in vivo radiosensitivity of kaempferol, we 
used BALB/c nude mice with A-549 tumor xenografts. As 
shown in Fig. 5, treatment with radiation alone showed no 
significant difference in tumor growth compared to the control 
group (saline-treated). However, treatment with radiation plus 
kaempferol (4 h before radiation) resulted in a significant 
suppression of tumor growth 25 days after treatment. In addi-
tion, the tumor volume of the radiation plus kaempferol group 
decreased ~35% of the starting volume 30 days after treatment.

Kaempferol enhances tumor cell apoptosis of radiation in vivo. 
To investigate histological differences between treated and 
control tumors, we performed tumor sections by H&E staining 
and IHC of caspase-3 (Fig. 6A). Although control tumors exhib-
ited a homogeneous distribution of viable cells, the sections of 
the radiation plus kaempferol‑treated tumors showed apoptotic 
evidence of cell shrinkage, nuclear condensation and fragmen-
tation via H&E staining. IHC staining of caspase-3 was used 
to verify cell apoptosis (dark-brown cells). There was consider-
ably more dark-brown staining of the radiation plus kaempferol 
group, compared with radiation only group.

Tumor tissue sections were extracted and processed for 
western blot analysis. As shown in Fig. 6B, treatment kaemp-
ferol plus radiation, not only inhibited the phosphorylation of 
PI3K, AKT and ERK, but also enhanced the expression of 
caspase-3, inducing tumor cell apoptosis.

Discussion

An important issue is to develop anticancer agents such as 
tumor‑specific radiosensitizers that promote tumor radio-
sensitization to ultimately improve the therapeutic ratio and 
overcome tumor radioresistance. Kaempferol is a common 
flavonoid that is found in vegetables, fruits and tea (25,26). 
Although kaempferol reportedly has anti-proliferative and 
cytotoxic effects on human lung cancer cells, to the best of our 
knowledge, no study has previously demonstrated that it can 
enhance radiosensitivity (27,28). The present study provides 
evidence that kaempferol has radiosensitization potential for 
lung cancer in vitro and in vivo.

Kaempferol dose-dependently reduced the viability of A-549 
cells, but had no significant effect on the normal HFL1 cell line. 
Such properties are relevant to the development of an anticancer 
drug that is not cytotoxic towards normal cells, unlike most 
currently used clinical drugs. Inhibition of the PI3K/AKT and 
ERK pathway may promote apoptosis proteins of Bcl-2 family 
members such as Bax, and then trigger caspase to induce cell 
apoptosis (29,30). In the present stuyd, kaempferol suppressed 
the phosphorylation of AKT, PI3K and ERK, and then increased 
the expression of Bax, and subsequently stimulated caspase-7. 
The data demonstrate that kaempferol inhibited A-549 cells 
through activation of the mitochondria apoptosis pathway, 
which is consistent with the findings of a previous study (31).

Prior to investigating whether kaempferol was capable of 
enhancing the inhibitory effects of radiation on the growth of 
cancer cells, cell cycle regulation is important in mediating 
radiosensitivity. Cells have varying radiosensitivity in different 
phases of the cell cycle. The G2/M phase is most sensitive to 
radiation (32). In the current study, the cell population of G2/M 

phase exhibited a time-dependent increase following treatment 
with kaempferol. Additionally, treatment with kaempferol 
prior to radiation exposure inhibited the growth of A-549 lung 
cancer cells more effectively. Kaempferol also inhibited the 
phosphorylation of PI3K and ERK sustainability after radia-
tion exposure for 6 h. We then verified the radiosentization 
effect of kaempferol using a clonogenic assay, which is also 
used to determine cell reproductive death after treatment with 
ionizing radiation (33). It was found that following pretreat-
ment with kaempferol prior to radiation exposure, the surviving 
fraction decreased significantly. These data demonstrate that 
kaempferol has a radiosensitization potential for A-549 cells.

An animal model was used to determine the radiosensiti-
zation of kaempferol in vivo. Treatment with kaempferol prior 
to radiation (4 h) resulted in significant suppression of tumor 
growth and decreased tumor volume. Additionally, treatment 
with kaempferol prior to radiation enhanced the induction 
of cell apoptosis in tumor tissue by staining the histological 
sections. The protein level of the phosphorylation of AKT, 
PI3K and ERK from tumor tissue was also more inhibited 
following treatment with kaempferol plus radiation, and 
significantly activated caspase-3 to induce tumor apoptosis. 
The results  demonstrate that kaempferol was able to increase 
in vivo tumor cell killing by radiation, indicating that kaemp-
ferol functions as a powerful radiosensitizer.

In conclusion, the results showed that, kaempferol 
increased tumor cell killing by radiation in vitro and in vivo 
through inhibition of the AKT/PI3K and ERK pathways and 
activation of the mitochondria apoptosis pathway. Thus, this 
study provided solid evidence that kaempferol is a safe and 
potential radiosensitizer for NSCLC.
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