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Kaempferol is aflavonoid that has been extensively investigated owing to its antitumor effects. Nevertheless,
littleis known about its underlying mechanisms of action. We aimed to explore therole of kaempferol in breast
cancer (BC), and thus we investigated how kaempferol suppresses the growth of BC cells. The cells were
treated with kaempferol, and the effects on multiple cancer-associated pathways were evaluated. The MTS
assay was used to study the cell growth inhibition induced by kaempferol. The cell cycle was analyzed by
flow cytometry. Western blotting was used to analyze cellular apoptosis and DNA damage. We found that the
proliferation of the triple-negative BC (TNBC) MDA-MB-231 cellswas suppressed effectively by kaempferol.
Interestingly, the suppressive effect of kaempferol on cell proliferation was stronger in MDA-MB-231 cellsthan
in the estrogen receptor-positive BT474 cell line. Furthermore, after the treatment with kaempferol for 48 h,
the population of cellsin the G, phase was significantly reduced, from 85.48% to 51.35%, and the population
of cellsinthe G, phase increased markedly from 9.27% to 37.5%, which indicated that kaempferol contributed
to the induction of G,/M arrest. Kaempferol also induced apoptosis and DNA damage in MDA-MB-231 cells.
Kaempferol increased the expression levels of gH2A X, cleaved caspase 9, cleaved caspase 3, and p-ATM com-
pared to those of the control group. Collectively, these results showed that kaempferol may be a potential drug
for the effective treatment of TNBC.
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INTRODUCTION

As one of the most common malignancies, breast can-
cer (BC) contributes to many deaths in women™. More
than 1 million patients are diagnosed with advanced BC,
over 400,000 of whom die each year®. In the US, approxi-
mately 200,000 patients with advanced BC and 50,000
withinsitu breast carcinomaare diagnosed each year, and
over 40,000 of these patients die®. Since 1990, BC-rel ated
mortality in the US has followed a decreasing trend,
which is mainly attributed to early screening and refined
therapies’. However, BC is still a predominant contribu-
tor to the deaths of women with cancer and accounts for
15% of them in the US’.

There are several subtypes of BC, and each has differ-
ent prognosis and therapeutic indications®. Based on the
markers such as progesterone receptor (PR) and HER-2/
Neu amplification, BC is divided into several subtypes,
such as hormone receptor-positive BC, HER-2/Neu
amplified BC, and triple-negative BC (TNBC)"®, TNBC
accounts for approximately 10-15% of BCs and has poor

prognosis compared with other subtypes’. It is therefore
necessary to extend the available knowledge about TNBC
and develop proper targets for treatment.

Kaempferol is a flavonoid that can be extracted from
various fruits and vegetables'. In traditional medicine,
it is used to treat many disorders, and its multiple bio-
logical effects, including antitumor, anti-inflammatory,
and antioxidant activities, have attracted the attention of
researchers™". However, little is known about the under-
lying mechanism of its antitumor action. In this study,
we aimed to investigate the effects of kaempferol in
TNBC cells.

MATERIALSAND METHODS
Cédll Culture

The human BC cell lines BT474 and MDA-MB-
231 were obtained from the American Type Culture
Callection (ATCC; Manassas, VA, USA). The cell lines
were cultured in RPMI-1640 medium supplemented with
FBS (10%) and penicillin/streptomycin (100 [U/ml).
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Kaempferol was obtained from Sigma-Aldrich (St. Louis,
MO, USA).

MTS Assay

The cell lines mentioned above were seeded in
96-well plates and then incubated with different con-
centrations of kaempferol for 72 h. The cell prolifera-
tion was detected using an MTS assay kit (Promega,
Durham, NC, USA) in accordance with the manufactur-
er'sguideline. A Wallac Victor 1420 Multilabel Counter
(PerkinElmer, Akron, OH, USA) was employed for
luminescence determination.

DAPI Saining

Nuclear morphology was observed by DAPI stain-
ing. FluoView FV10i confocal fluorescence microscopy
(Olympus Corporation, Tokyo, Japan) was used to visual-
ize the apoptotic cells.

Western Blotting

Western blotting of antibodies p-ATM, gH2AX,
cleaved caspase 3, and cleaved caspase 9 was performed
(Cell Signaling Technology, Danvers, MA, USA).

Cell Cycle

Different concentrations of kaempferol were treated
to the cells, and the cell cycle distribution (CCD) was
determined. After the cells were collected and fixed in
70% ethanol for 1 h at 4°C, they were stained with pro-
pidium iodide (PI) solution for 30 min at 4°C and then
analyzed using a Becton Dickinson FACScan cytofluo-
rimeter (Mansfield, TX, USA). ModFIT cell cycle anal-
ysis software (Becton Dickinson, Franklin Lakes, NJ,
USA) was used for the calculation of CCD.

Apoptosis Assay
Hoechst 33258 (Invitrogen, Waltham, MA, USA) was
used as a nuclear stain in the detection of apoptosis™™.
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Pl and annexin-Alexa 488 (Invitrogen) were used to
perform annexin V/PI staining.

Satistical Analysis

Student’s t-test and one-way ANOVA were computed
using GraphPad Prism V software for two group and
multiple group comparisons, respectively. The data are
presented as the mean+SD and the values with p<0.05
indicated significant differences.

RESULTS
Kaempferol Reduces BC Cell Proliferation

To investigate the antiproliferation activity of kaemp-
ferol (Fig. 1A) in BC cells, MDA-MB-231 cells were
treated with different concentrations of kaempferol for
72 h and subjected to MTS assay. The assay showed
that cell proliferation was suppressed by kaempferol in a
dose-dependent manner, with an |C, value of 43 pmol/L
(Fig. 1B). In contrast, when the estrogen receptor-
positive BT474 cell line was treated with kaempferal,
the I1C,, exceeded 100 pmol/L (Fig. 1B). This reveaed
that the suppressive effects of kaempferol on prolif-
eration were strong in TNBC cells, which indicated that
kaempferol might be an ideal drug for the treatment of
TNBC.

Kaempferol Contributed to MDA-MB-231 CC Arrest

As the kaempferol treatment suppressed MDA-MB-
231 cell proliferation, we investigated whether this
occurred through the induction of cell cycle arrest. The
role of kaempferol in MDA-MB-231 cell cycle was
detected by flow cytometry using a cell cycle detection
kit (Fig. 2A). The dataindicated that kaempferol reduced
the population of cells in the G, phase and accordingly
increased the population of cells in the G, phase. After
treatment with kaempferol for 48 h, the population of cells
in the G, phase was significantly reduced, from 85.48%

Proliferation Assay

1 -+ MDA-MB-231, GIS0 = 43 uM

BT474, GI50 > 100 uM

T T T
Log[kaempferol]M

Figure 1. Kaempferol reduced MDA-MB-231 proliferation. (A) Structure of kaempferol. (B) MDA-MB-231 and BT474 cells were
treated with different concentrations of kaempferol for 3 days. Cell proliferation was determined using the MTS assay. The data are

presented as mean+ SD of three independent experiments.
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Figure 2. Kaempferol induced MDA-MB-231 cell arrest in the G,/M phase. (A) The cells were treated with 50 pmol/L kaempferol
and analyzed by flow cytometry to determine the distribution of cellsin different phases of the cell cycle. (B) Quantitation of the data
in (A). The data are presented as mean+ SD of three independent experiments.

to 51.35%, and the population of cells in the G, phase
was increased markedly from 9.27% to 37.5%, which
indicated that kaempferol contributed to the induction of
G,/M arrest (Fig. 2). These results show that kaempferol
promoted the inhibition of MDA-MB-231 cells via the
induction of cell cycle arrest.

Kaempferol Promotes Apoptosisin
MDA-MB-231 Cells

As kaempferol was cytotoxic to cells, we evaluated
whether this was associated with the induction of apo-
ptosis. The apoptotic assays showed that kaempferol
treatment induced apoptosis in a time-dependent manner
(Fig. 3A). Furthermore, kaempferol treatment increased
the population of annexin V* cells in MDA-MB-231
cells (Fig. 3B). Asthe induction of apoptosis was attenu-
ated by the treatment with z-VAD-fmk (a pan-caspase
inhibitor) (Fig. 3C), we concluded that the apoptotic
response was mediated by caspases. These results indi-
cated that kaempferol induced cell apoptosis.

Kaempferol Induces DNA Damage
in MDA-MB-231 Cells

Next we attempted to confirm whether kaempferol
induces MDA-MB-231 apoptosis. DAPI staining showed
that kaempferol induced DNA condensation (Fig. 4A).
The phosphorylation of histone H2AX always occurs
after double-strand bresks (DSBs) that affect DNA™,
Thus, the amount of phosphorylated H2AX (gH2AX) in
cells treated with cytotoxic agents can be used to detect
DNA DSBs. InMDA-MB-231 cdlls, kaempferol increased
the phosphorylation of H2AX and the total levels of
gH2AX compared to those of the control sample, as
shown by Western blotting (Fig. 4B).

Kaempferol Induces the Expression of DNA Damage-
Associated Proteins and Apoptotic Proteins

We next tested whether kaempferol induced the
expressions of apoptotic proteins and DNA damage-
associated proteins. The expression levels of the apo-
ptotic proteins including cleaved caspase 9 and cleaved
caspase 3, and the DNA damage-associated protein
ATM, were anadlyzed (Fig. 5). The results showed that
kaempferol increased the expression levels of cleaved
caspase 9, cleaved caspase 3, and p-ATM compared to
those of the control sample.

DISCUSSION

Flavonoids are prevalent in various plants that rep-
resent an important proportion of our diet™. It has been
reported that some flavonoids, such as quercetin and
kaempferol, have antioxidant and antitumor properties'*>,
The occurrence of kaempferol is widespread in nature;
for example, it is found in Gingko biloba leaves and
red wines®. The effects of kaempferol were concentra-
tion dependent, with a lower concentration attenuat-
ing the apoptosis of smooth muscle cells, and a higher
concentration inducing the apoptosis of lung tumor
cells, proteolytic caspase 7 activation, and PARP clea
vage'®’®. Nevertheless, the mechanism of the apoptosis-
promoting activities is still unclear. The results of this
study showed that kaempferol induced apoptosis in
human BC cells, at least partly through the induction of
DNA damage.

First, we evauated the anticancer effects of kaempferol
on BC cells. MDA-MB-231 and T47D cells were treated
with kaempferol; the M TS results showed that the TNBC
cell line MDA-MB-231 is more sensitive to kaempferol
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Figure 3. Kaempferol induced MDA-MB-231 cell apoptosis. (A) The cells were treated with kaempferol at the indicated concentrations
for 3 days and subjected to nuclear fragmentation. (B) The MDA-MB-231 cells were treated with kaempferol at the indicated concentra-
tions for 2 days and then analyzed by annexin V/propidium iodide (Pl) staining and flow cytometry. (C) The MDA-MB-231 cells were
treated with 50 pmol/L kaempferol in the presence or absence of z-VAD. The nuclear fragmentation assay was employed for analysis.
The data presented in (A) to (C) are presented as mean+ SD of three independent experiments. *p<0.05; **p<0.01; ***p<0.001.
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Figure 4. Kaempferol induced DNA damagein MDA-MB-231 cdlls. (A) 4¢6-Diamidino-2-phenylindole (DAPI) staining of the cells

after kaempferol treatment. (B) The cells were treated with 50 pmol/L kaempferol at the indicated time points, and the protein levels
were analyzed by Western blotting.
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Figure5. Kaempferol affected apoptosis and DNA damage-associated proteinsin MDA-MB-231 cells. The MDA-MB-231 cellswere
treated with 50 pmol/L kaempferol at the indicated time points, and the protein levels were analyzed by Western blotting.
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than T47D cells. Kaempferol has been well studied in
ER" BC cells"™, but its effect on TNBC is poorly under-
stood. Whereas a previous study reported that alow dose
of keempferol effectively retarded the migration of TNBC
cells®, our results indicated that TNBC cells were more
sensitive to kaempferol treatment.

Furthermore, we demonstrated that kaempferol
inhibited cell viability by enhancing arrest in the G,/M
phase. Apoptosis is responsible for the regulation of cell
development, engaging many biological effects, such as
cytochrome C release, membrane blebbing, DNA ladder-
ing, and chromosome condensation, which results in the
removal of unnecessary cells”>. Our results indicated
that the MDA-MB-231 cell apoptosis was successfully
induced by kaempferol via a mitochondria-dependent
pathway. The cleavage of caspases 9 and 3 was observed
after kaempferol treatment. Caspase 9 is closely cor-
related with the appearance of apoptotic cells, which
indicated that caspase 9 activation was correlated with
kaempferol-induced apoptosis. A previous study showed
that kaempferol enhanced apoptosis through the PI3K/
AKT and telomerase pathways in cervical cancer cells?.
Kaempferol also induced the ATM/p53-mediated death
receptor and mitochondrial apoptosis in human umbili-
cal vein endothelial cells™. In this study, we found that
z-VAD blocked kaempferol-induced apoptosis, which
indicated that kaempferol induced caspase-dependent
apoptosis.

Unrepaired DNA damage, including specific DNA
lesions, single-strand breaks (SSBs), and DSBS, is known
to cause cell death®®”’. To maintain genomic stability
and genetic integrity, DNA repair is required to counter-
act the abundance of daily DNA damage in the cells®.
DSBs may induce apoptosis if they are not repaired in a
timely manner®*, ATM and/or ATR, responsible for the
detection of DSBs, send signals to checkpoint kinases
(Chk2 and Chk1) to initiate DNA repair®. It is known
that ATM activation by DNA damage €licits various cel-
lular processes to initiate DNA repair®. DNA damage in
the cells may be regarded as the point of no return for
the execution of cellular apoptotic pathway®. A previ-
ous study reported that kaempferol induces DNA damage
and inhibits DNA repair-associated protein expressions
in human promyelocytic leukemia HL-60 cells®. In the
current study, we found that kaempferol increased the
phosphorylation of H2AX and the total level of gH2AX
in MDA-MB-231 cells. Furthermore, kaempferol treat-
ment promoted AMT activation in the cells. Our results
showed that kaempferol induced DNA damagein TNBC
cells.

In conclusion, kaempferol effectively inhibited several
cancer-associated pathwaysinthe TNBC cells ssimultane-
oudly, indicating that it may be an effective drug for the
treatment of TNBC.
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