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Abstract: Bladder cancer has become the most common malignant urinary carcinoma. Studies have
shown that significant antioxidant and bladder cancer-fighting properties of several plant-based diets
like Psidium guajava, ginger and amomum, are associated with their high kaempferol content. In this
paper, we evaluated the antioxidant and anticancer activities of kaempferol and its mechanism of
induction to apoptosis on bladder cancer cells. Our findings demonstrated that kaempferol showed
an obvious radical scavenging activity in erythrocytes damaged by oxygen. Kaempferol promoted
antioxidant enzymes, inhibited ROS generation and lipid peroxidation and finally prevented the
occurrence of hemolysis. Additionally, kaempferol exhibited a strong inhibitory effect on bladder
cancer cells and high safety on normal bladder cells. At the molecular level, kaempferol suppressed
EJ bladder cancer cell proliferation by inhibiting the function of phosphorylated AKT (p-AKT),
CyclinD1, CDK4, Bid, Mcl-1 and Bcl-xL, and promoting p-BRCA1, p-ATM, p53, p21, p38, Bax and Bid
expression, and finally triggering apoptosis and S phase arrest. We found that Kaempferol exhibited
strong anti-oxidant activity on erythrocyte and inhibitory effects on the growth of cancerous bladder
cells through inducing apoptosis and S phase arrest. These findings suggested that kaempferol might
be regarded as a bioactive food ingredient to prevent oxidative damage and treat bladder cancer.

Keywords: kaempferol; antioxidant activity; anti-bladder cancer cell activity; apoptosis; p53 pathway

1. Introduction

Nowadays, bladder cancer has become the most common malignant urinary carcinoma because
people are easily exposed to many carcinogens including tobacco and odorous chemical fumes [1].
Moreover, bladder cancer is more vulnerable to dispersal or metastasis throughout the body and to
relapse. These factors make bladder cancer more difficult to cure. Generally, the most effective methods
to treat most cancers involve chemotherapeutic drugs, including doxorubicin, hydroxyl-camptothecin
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and mitomycin [2]. However, the bladder cancer cells display insensitivity to these drugs due to their
general drug resistance and acidic environment. Therefore, finding compounds with high antioxidant
and antitumor activities from plant-derived foods becomes the focus of research attention.

Kaempferol (Figure 1) is a flavonoid abundantly found in Psidium guajava, ginger, propolis and
teas [3-5]. The anti-inflammation and anti-diabetic activity of kaempferol has gained much
attention [6,7]. Studies also demonstrated that kaempferol could obviously protect the cell viability
from ROS, which would cause extensive oxidative damage by oxidizing macromolecules such as
DNA, protein, and lipid. In addition, evidence has shown that the application of kaempferol
could suppress the risk of developing tumors, such as pancreatic cancer, gastric cancer and lung
cancer [8,9]. Moreover, researchers have discovered that kaempferol showed antiproliferation and
induced apoptosis of bladder cancer cells such as 5637 and T24 cells [10]. All these findings
highlight that kaempferol would be a potential chemotherapeutic agent to treat bladder cancer.
However, abundant underlying mechanisms of apoptosis and cell cycle arrest of kaempferol in bladder
cancer EJ cells have not been declared.
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Figure 1. Chemical structure of kaempferol.

In this work, we study the intracellular antioxidant oxidative stress and anti-hemolysis of
kaempferol in human erythrocytes. Since intracellular oxidative damage was closely involved in
the tumorigenesis, we investigated the kaempferol-induced antiproliferative effect and the molecular
mechanisms of apoptosis and cell cycle arrest in bladder cancer EJ cells. Collectively, our results
discovered that kaempferol could inhibit hemolysis by mediating intracellular antioxidant enzymes.
Kaempferol induced apoptosis and S phase arrest effect bladder cancer cells by inhibiting the function
of phosphorylated AKT (p-AKT), CyclinD1, CDK4, Bid, Mcl-1 and Bcl-xL and promoting p-BRCA1,
p-ATM, p53, p21, p38, Bax and Bid expression. This study suggests that kaempferol would be
a therapeutic agent to treat bladder cancer.

2. Results

2.1. Kaempferol Suppresses 2,20-azobis (2-amidinopropane)(AAPH)-Induced Oxidative Damage in Human Erythrocytes

AAPH could initiate water-soluble free radicals to induce radicals such as ROO., and cause
DNA peroxidation and erythrocyte hemolysis through attacking the lipids and proteins of cell
membranes [11]. We set out to examine the protective effects of kaempferol on erythrocytes from
AAPH-induced oxidative damage.

As shown in Table 1, the hemolysis inhibition rate was 42.15 £ 0.0025% when erythrocytes were
only treated with 200 mM AAPH. However, co-treatment of the erythrocytes with kaempferol could
improve hemolysis inhibition rate in a dose-dependent manner. The results demonstrated that 80 uM
kaempferol exhibited nearly equal protective effects of vitamin C at the same concentration on the
AAPH-induced erythrocyte hemolysis (p > 0.05).

To further investigate the protective effects of kaempferol on erythrocytes from AAPH-induced
oxidative injury, 2/,7'-dichlorofluorescin diacetate (DCF) dye was applied to determine intracellular
ROS. As shown in Figure 2A, intracellular ROS production, which was 377.3% at the
control, markedly increased when erythrocytes were treated with 200 mM AAPH for 2 h.
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However, when erythrocytes were pretreated with 5, 20 and 80 pM kaempferol, intracellular ROS
experienced a significant drop to 243.4%, 204.6% and 147.3%, respectively. Moreover, the absence
of significant differences between 80 tM kaempferol alone and the control (p > 0.05) indicated that
kaempferol had no obvious cytotoxicity towards normal erythrocytes.

Table 1. Kaempferol suppresses AAPH-induced erythrocyte hemolysis.

Group Final Concentration Hemolysis Inhibition Rate (%)
VC (positive control) 80 uM 96.84 + 0.0010 2
Kaempferol 20 uM 81.00 + 0.3270 P
Kaempferol 40 uM 93.63 £0.0180 2
Kaempferol 80 uM 94.80 £ 0.0058 @
Damaging group (AAPH) 200 mM 42.15 +0.0025 ©
All data are expressed as means + SD of triplicates. Means with different letters (a, b, c) are significantly different at
p <0.05 level.
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Figure 2. Protection of kaempferol against AAPH-induced oxidative damage. (A) Kaempferol inhibited
AAPH-induced ROS generation in erythrocytes. (B) Kaempferol attenuated AAPH-induced MDA
generation in erythrocytes. (C) Kaempferol enhanced AAPH-induced SOD activity in erythrocytes.
(D) Kaempferol enhanced AAPH-induced GPx activity in erythrocytes. All data are expressed as
means =+ SD of triplicates. Means with different letters (a, b, c) are statistically different at p < 0.05 level.

As shown in Figure 2B, the content of MDA in the erythrocytes obviously increased to
67.10 nmol/mg protein when erythrocytes were treated with 200 mM AAPH alone for 2 h.
However, this effect was remarkably reversed by pretreating with kaempferol, dependent on the
concentration. As displayed in Figure 2C,D, kaempferol did increase the content of superoxide
dismutase (SOD) and GPx in erythrocytes, which might help erythrocytes avoid AAPH-induced
oxidative damage. SOD activity was up to 41.79% of control when erythrocytes were exposed to 20 uM
kaempferol in advance, and the SOD activity dropped to 24.70% of control when erythrocytes were
treated with 200 mM AAPH alone. Abundant studies have already shown that the antioxidancy of
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flavonoids is associated with their influence on intracellular antioxidant enzymes including SOD and
GPx. Our experiments showed similar results as in Figure 2D. The activity of GPx was 7.41 U/mg
protein when erythrocytes were pretreated with 80 uM kaempferol for 20 min, while the GPx activity
decreased to 2.37 U/mg protein when exposed to 200 mM AAPH.

To further investigate the protective effects of kaempferol from ROS-induced hemolysis,
the morphologic changes of human erythrocytes were obtained by SEM. Normal human erythrocytes
as controls are shown in Figure 3A, displaying the tridimensional state with typical arched shape.
When erythrocytes were treated with 200 mM AAPH for 2 h, it resulted in cell collapse and structure
failure as shown in Figure 3B. However, 80 uM kaempferol could neutralize the AAPH perturbing
effect and restore the three-dimension structure (Figure 3C). This intuitive observation confirmed that
kaempferol could protect erythrocytes against AAPH-induced oxidative damage.

Figure 3. Protective effects of kaempferol on the images of human erythrocytes by scanning electron
microscopy. (A) Normal human erythrocytes. (B) Damaged erythrocytes by 100 mM AAPH alone
for 2 h. (C) Pretreated erythrocytes with 80 uM kaempferol before erythrocytes were cultured with
100 mM AAPH for 2 h.

2.2. Antiproliferative Effect of Kaempferol on Bladder Cancer Cells

To demonstrate the antiproliferative effect of kaempferol on bladder cancer cells, MTT assay
was performed. As displayed in Figure 4A, the viability of bladder cancer EJ cells decreased in
a dose-dependent manner when treated with concentrations ranging from 10 to 320 uM. For instance,
EJ cell viability decreased from 58.26% to 50% when treated with kaempferol from 20 uM to 54.7 pM.
In addition, our results showed that there was no significant effect on the growth of normal bladder
cell SV-HUC-1 when treated with kaempferol from 10 to 40 uM. Nevertheless, kaempferol with
concentration as high as 80 tM demonstrated cytotoxicity to SV-HUC-1. Furthermore, the effect of
kaempferol on EJ cell morphology was further confirmed by phase-contrast microscopy observation.
Figure 4B showed that morphological changes on EJ cells were attenuated by different concentrations
of kaempferol. Moreover, the numbers of EJ cells decreased gradually and the cells became rough with
shrinkage compared to control cells, with the increasing concentrations of kaempferol. These results
were also consistent with our investigation of EJ cell viability.

To further clarify how kaempferol inhibits E]J cells proliferation, flow cytometric analysis was
carried out to observe the cell cycle distribution. As illustrated in Figure 4C, the SubG1 phase and
S phase of EJ cells dramatically increased when EJ cells were treated with increasing concentration
of kaempferol. So, the SubG1 proportion increased from 1.2% (control) to 4.0%, 5.1% and 12.9% at
concentration of 20 pM, 40 uM and 80 uM kaempferol, respectively. Additionally, there was an increase
in the S phase from 33.3% (control) to 34.2%, 42.8% and 48.8%, respectively. It can be concluded that
kaempferol inhibited E]J cells growth mainly through induction of apoptosis and S cell cycle arrest.
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Figure 4. Protective effects of kaempferol on bladder cancer EJ cells. (A) The effects of kaempferol on
the cell viability of an EJ cell and a normal bladder cell SV-HUC-1. (B) Morphological changes of E]J
cells as examined by phase-contrast microscopy (magnification, 200 x ). (C) Kaempferol-induced S cell
cycle arrest in EJ cells. Cell cycle distribution of EJ cells treated with kaempferol was analyzed by flow
cytometric analysis. * p < 0.05 versus the control.

2.3. Molecular Mechanism of Kaempferol-Induced Apoptosis and S Phase Arrest in EJ Cells

To further confirm the underlying molecular mechanism to clarify the kaempferol-induced
apoptosis, western blotting was employed to detect the expression of p53, ATM and Bcl-X2 family.
As shown in Figure 5A, when EJ cells were treated with kaempferol varying from 20 uM to 80 uM.,
the expression levels of p-BRCA-1 and p-p53 increased, while the expression level of total p53 (T-p53)
slightly decreased compared to the negative control. Meanwhile, kaempferol down-regulated the
expression of anti-apoptotic proteins (Bid, Mcl-2, and Bcl-xL), while up-regulated the pro-apoptotic
proteins (Bax and Bad) in E]J cells, as shown in Figure 5B.

On the basis of an observed S cycle arrest, we also examined the expression level of
p-AKT. As displayed in Figure 5C, S-related proteins (CyclinD1 and CDK6) showed a noticeable
down-regulation in EJ cells when treated with increasing dose of kaempferol. In addition, p21, p27,
and p38 exhibited an upward trend, leading to the inhibition of Cyclin D1 and CDK6, which induced S
phase arrest. Figure 5D illustrates that EJ cells exposed to kaempferol did not generate any change in
the expression level of total AKT (t-AKT), but the p-AKT level decreased in a dose-dependent manner.
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Figure 5. The expression levels of signal protein in EJ cells treated with kaempferol by western blotting.
(A) p-BRCAL1, p-ATM, p-p53, and T-p53. (B) Bax, Bad, Bid, Mcl-1, and Bcl-xL. (C) Cyclin D1, CDK6,
P27, p21, and p38. (D) Phosphorylated AKT (p-AKT) and total AKT (t-AKT). 3-actin was used as the
loading control. The protein expression levels are percentages of the control. Relative intensity was
shown above each immunoblotted protein and condition. Representative images of three independent
experiments are presented.

3. Discussion

Heme-containing proteins promote oxidative processes and make human erythrocytes susceptible
to peroxidative damage. The membrane is an oxygen-rich environment with hemoglobin that is
iron-rich [12,13]. The lipid bilayer structure of erythrocyte is critical to the cytoskeletal network
organization with the red blood cells. Increasing evidence has demonstrated that excessive free
radicals such as O;-, H,O; and NO might damage the lipid bilayer structure of erythrocyte and induce
several diseases including atherosclerosis, hypertension, inflammatory arthritis and diabetes [14,15].
Meanwhile, ROS initiates lipid peroxidation reactions. All of these together could cause the membrane
integrity damage and even cell death [16,17]. MDA is the final product of membrane lipid peroxidation.
Accumulating MDA might lead to the impairment of membrane-related functions and diminish
erythrocyte survival [18,19]. In this investigation, 20 uM kaempferol displayed obvious protective
effects on erythrocytes against AAPH-induced oxidative damage (Table 1). This might partially be
ascribed to kaempferol-induced increased activities of antioxidant enzymes (GPx) and decreased MDA
content, which would directly scavenge ROS in oxidative erythrocytes (Figure 2). These results were
consistent with previous research, showing kaempferol could mediate the activities of antioxidant and
pro-oxidant enzymes [20]. Furthermore, some reports have shown that kaempferol induced energetic
failure by inhibiting both Complex I and glucose uptake of the mitochondrial respiratory chain in
HeLa cells [21]. In addition, kaempferol could regulate mitochondrial function through preventing
mitochondrial membrane potential dissipation, complex IV inactivation, and ROS production in
MC3T3-E1 cells treated with antimycin A [22]. All these actions suggested that kaempferol could
remarkably attenuate oxidative stress. Unexpectedly, we discovered that the SOD content was reduced
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in erythrocyte treated with 80 uM kaempferol compared to the control. The phenomena suggest
that high doses of kaempferol may cause some potential side-effects. Similar studies conducted by
Vellosa et al. discovered that while pretreatment with kaempferol does could reduce AAPH effects,
kaempferol alone could cause even stronger hemolysis inhibition rate than AAPH [23]. Therefore, it is
very important to make decisions about the most effective dose of kaempferol to avoid additional
adverse effects. Further research would be needed to evaluate the safe dosage for clinical trials.

Studies have demonstrated that intracellular antioxidant oxidative stress had a direct association
with the occurrence of cancer [24]. Kaempferol shows remarkable intracellular antioxidant ability,
which may lead to the growth inhibition effect on cancer cells. In the present study, kaempferol
exhibited strong antiproliferative effects on EJ cells. These results were consistent with the recent
research results [10,25]. The antiproliferative activity of cancer cells was related to the induction of
apoptosis. Our results of flow cytometric analysis displayed that kaempferol obviously inhibited EJ
cell growth mainly through induction of S cell cycle arrest and apoptosis. CDK6 exhibits a vital role
in the G0/1-S transition through modulating cyclin D [26]. It has become a desirable target in cancer
therapies [27]. Our mechanistic investigations indicated that kaempferol obviously down-regulated
the expression level of CyclinD1 and CDK®6, and up-regulated the expression level of p21, p27 and p38
which would induce to the inhibition of Cyclin D1 and CDK6 (Figure 5). These results were consistent
with the flow cytometric analysis. Some similar results were declared in a research elucidating that
kaempferol affected the cell cycle of EJ cells by up-regulated p21 wafl/cip1.

P53, a tumor suppressor protein, played a significant role in the processes of apoptosis and
S cell cycle arrest. It could indirectly or directly up-regulate pro-apoptotic proteins such as Bax,
and down-regulate anti-apoptotic proteins such as Bcl-2 [28]. Besides, p53 could activate p21,
a multifunctional tumor suppressor, which would induce apoptosis and cell growth arrest [29]. In this
study, EJ cells exposed to kaempferol resulted in up-regulated expression level of phosphorylated
status of p53 (p-p53). The p-p53 could affect mitochondria-mediated apoptotic signaling pathways
characterized by up-regulated Bax and Bad and down-regulated Bid, Mcl-1, and Bcl-xL (Figure 5).
Moreover, the enhancement of p53 could increase the expression level of p21, p27 and p38, which were
members of the CDK inhibitors related to S cell cycle arrest [30]. In addition, kaempferol increased
expression level of p-ATM and p-BRCA1, which would induce DNA damage.

Additionally, we examined the expression level of t-AKT and p-AKT. AKT signal pathway showed
a vital role in regulating cell progression and inhibiting the pro-apoptotic protein expression [31].
It was reported that most of bladder cancers exhibited obviously higher p-AKT levels compared to
control groups. Therefore, AKT is the switching locus for the cancer phenotype [32]. In the present
study, we found that kaempferol decreased the p-AKT level, while the t-AKT level did not change
in EJ cells. These results were consistent with previous research [33]. Therefore, kaempferol is an
inducer of EJ cells apoptosis. While the bioavailability of kaempferol is relatively low due to first-pass
metabolism in the gut and liver [34], evidence has demonstrated that kaempferol could exhibit effective
antineoplastic potential in bladder cancer by actions in both blood and urine [35]. Moreover, Qiang
Dang et al. pointed out that kaempferol could obviously inhibit the growth of bladder cancer tumor
through inducing apoptosis [10]. All these findings indicated that kaempferol would be an effective
herbal medicine to use as a novel chemotherapeutic drug to treat bladder cancer.

4. Materials and Methods

4.1. Materials

Kaempferol, ascorbic acid (vitamin C), AAPH, MTT and PI were obtained from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA). ROS assay kits, GPx assay kits and SOD assay Kkits
were purchased from Beyotime Institute of Biotechnology (Shanghai, China). BCA protein and
MDA kits were purchased from Nan Jing Jian Cheng Bioengineering Institute (Nanjing, China).
All antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA). The antibiotic
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mixture (penicillin—streptomycin), Dulbecco’s modified Eagle’s medium (DMEM), and fetal bovine
serum (FBS) were purchased from Invitrogen (Carlsbad, CA, USA). The human bladder cancer EJ cells
and normal bladder cells SV-HUC-1 were purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA).

4.2. Erythrocyte Hemolytic Assay Mediated by AAPH

The method was carried out according to Zhao et al. [36]. Briefly, fresh blood including heparin
from a healthy volunteer was collected and centrifuged at 1500 g for 10 min. A 20% erythrocytes
suspension was obtained after erythrocytes were washed and suspended in phosphate buffer saline
(PBS, pH 7.4). Different concentrations of kaempferol were added to 0.1 mL obtained erythrocytes
suspension, and were then incubated at 37 °C for 2 h. Then we added 0.2 mL of 200 mM AAPH
and incubated at 37 °C for 2 h. Then, 0.3 mL of PBS and Milli-Q water were co-incubated with
20% erythrocytes as a hemolytic and completely hemolytic control, respectively. After incubation,
the mixture was centrifuged at 1500 g for 10 min. The absorbance of supernatant was determined at
540 nm by microplate reader. Ascorbic acid (80 M) was used as a positive control.

4.3. Scanning Electron Microscope (SEM) Observation

A 10 pL treated erythrocytes suspension was dropped on the silicon pellet. Then 2.5%
glutaraldehyde was applied to fix erythrocytes for 5 min [37]. After the cells washed with PBS,
its morphology was obtained under SEM (Jena, Carl Zeiss AG, Merlin, Germany).

4.4. Determination of ROS Generation, MDA Content, and Enzyme Activities of SOD and Gpx

Intracellular ROS, MDA, GPx and SOD content were detected according to Zhao et al. [36].
The intracellular ROS of the collected erythrocytes was examined by DCF assay. Briefly, 10 pM
DCFH-DA was applied to the treated erythrocytes for 20 min (37 °C). The cells were added to
96-well plates for incubation after being washed by PBS. The fluorescence intensity was examined by
a fluorescence reader (Thermo Fisher Variosban Flash, Waltham, MA, USA) (Ex = 488 nm, Em = 525 nm).
The MDA contents and determination of enzyme activities of GPx and SOD were measured according
to instructions of the corresponding assay Kkits.

4.5. Culture and Cell Viability Assay

EJ and normal bladder SV-HUC-1 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin and 50 units/mL
streptomycin in a humidified atmosphere at 37 °C with 5% CO,. These two types of cells viabilities
were quantified by MTT assay [38]. The EJ cells and SV-HUC-1 cells were seeded at 2 x 10* cells/well
and 5 x 10* cells/well in 96-well culture plates overnight, respectively. After pretreated with different
concentrations of kaempferol for 72 h, 30 uL of 5 mg/mL MTT was added and incubated for another
4 h. The crystals were dissolved in 150 pL/well of DMSO following that the supernatant fluid was
deprived. A microplate reader was applied to examine absorbance with wavelength at 570 nm.

4.6. Flow Cytometric Analysis

Flow cytometric analysis was applied to detect cell cycle distribution reported previously [39].
Briefly, bladder cancer EJ cells were treated with 20, 40, and 80 M kaempferol for 48 h, respectively.
Then EJ cells were fixed with 70% cold ethanol after being washed with PBS. A flow cytometer
(Beckman Coulte, Miami, FL, USA.) was applied to determine the stained cells which were stained
with PI (a fluorescent intercalating agent that can be used to stain cells) for 30 min in darkness.
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4.7. Western Blotting Analysis

The cellular proteins of E]J cells were determined by western blotting [40]. Briefly, the proteins were
harvested after cells lysed with radioimmunoprecipitation assay (RIPA) buffer and centrifugated at
12,000 rpm (4 °C). After proteins were quantified with BCA kit, protein samples were separated
via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were incubated with primary antibodies
after being blocked in 5% nonfat milk. Then they were incubated with secondary antibodies and finally
detected with X-ray films. The densities the bands were calculated by the Image ] software (Image J
1.8.0, National Institutes of Health, Bethesda, MD, USA). 3-actin was used as a loading control.

4.8. Statistical Analysis

All experiments were performed in triplicate. Data were expressed as mean & SD and analyzed
by SPSS (SPSS 13.0 for Windows; SPSS, Inc., Chicago, IL, USA). p < 0.05 was regarded as significant.

5. Conclusions

In summary, kaempferol could exert remarkable anti-oxidant activity through down-regulated
MDA and ROS and up-regulated SOD and GPx activities in human erythrocytes. Kaempferol also
showed antiproliferative activity on bladder cancer EJ cells by inducing apoptosis accompanied with
S phase arrest through activating p53 signal pathway, as shown in Figure 6. Therefore, kaempferol
exhibited highly antioxidant and antiproliferative activity on bladder cancer cells E]J. All these results
provided scientific validations of kaempferol bioactivities. This study showed the public that they could
prevent much oxidative injury and treat bladder cancer by simply developing healthy eating habits.
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Figure 6. Proposed signaling pathway triggered by kaempferol in EJ cells.
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