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Abstract. Kaempferol (KF), a flavonoid compound isolated 
from herbal medicines, has been reported to play a significant 
role in inhibiting certain types of cancer. Although recent 
studies reported that KF exerted inhibitive activity on liver 
cancer, they failed to elucidate the signaling pathways and 
synergistic effects in combination with chemotherapeutic 
drugs currently in use in the clinical setting. In the present 
study, the signaling pathways and synergistic effects of KF 
in liver cancer cells were investigated. Nine liver cancer cell 
lines were used to assess the inhibitive activity and syner-
gistic effects of KF. Cellular behavioral experiments, such 
as viability, colony formation, cell cycle arrest, apoptotic, 
wound healing, and Transwell assays were used to assess the 
effects of KF on the proliferation, apoptosis, migration, and 
invasion of liver cancer cells. Western blotting was performed 
to validate the key signaling pathway elements underlying 
those cellular behaviors. KF exhibited inhibitory effects 
on nine liver cancer cell lines in time‑ and dose‑dependent 
manners and was mostly nontoxic to the normal hepatocyte 
cells. The combination of KF and doxorubicin revealed a 
stronger inhibitive effect on the viability of liver cancer cells. 
Combination therapy also revealed higher suppressive effects 
on colony formation, cell cycle progression, survival, DNA 
damage response, and mitochondrial function. By western 
blotting assay, mitochondrial and caspase signaling pathways 
were determined to be involved in proliferation inhibition. In 
wound healing and Transwell invasion assays, combination 

therapy also exhibited more robust inhibitory activity in 
blocking the migration and invasion of liver cancer cells. 
PI3K/mTOR/MMP protein pathways were also revealed to 
be related to cell migration inhibition. KF alone exhibited an 
inhibitory effect on proliferation, migration, and invasion of 
liver cancer cells, and its synergistic effects revealed stronger 
inhibitory activities. The present data indicated that KF is a 
promising candidate as a complementary medicine to conven-
tional chemotherapeutic drugs.

Introduction

Liver cancer is the most common type of primary liver cancer. 
It usually occurs in people with chronic liver diseases, such 
as cirrhosis caused by hepatitis B or hepatitis C infection (1). 
In 2012, over 70,000 cases were diagnosed worldwide, and 
the mortality rate due to liver cancer and its incidence are 
increasing annually. Among these cases, over 80% occurred 
in East Asia and sub‑Saharan Africa (1). Although chemo-
therapy is an important therapeutic method for liver cancer in 
combination with surgery and radiotherapy, its side effects are 
obvious, such as drug resistance and toxicity (2). Traditional 
Chinese medicine (TCM) is a system of medical care that has 
been developed in China over thousands of years (3‑7). It has 
been used for treating cancers in clinical application due to 
advantages such as low toxicity, high efficacy, moderate costs, 
and high acceptability (8‑10). In recent years, TCM has been 
widely accepted as a type of complementary and alternative 
medicine (CAM) in numerous countries around the world, such 
as the United States, Canada, and the European Union (11).

Kaempferol (KF), or 3,4',5,7‑tetrahydroxyflavone, is a 
natural flavonoid found in numerous herbal medicines and 
fruits (12). A few studies reported that the application of KF 
may reduce the risk of various diseases, such as cancers, 
diabetes, cardiovascular disorders, bacterial infection, and 
viral infection (13,14). In vitro studies along with some animal 
testing have demonstrated the wide range of potential anti-
tumor properties of KF (15,16). Antitumor effects have been 
identified for certain malignant cancer cells (including breast 
cancer, ovarian cancer, leukemia, as well as bladder, gastric, 
colorectal, pancreatic and lung cancer), revealing an ability 
to interrupt cell growth, limit angiogenesis, induce apoptosis, 
and reduce the ability to metastasize (17,18).
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Doxorubicin (DOX) is a chemotherapy medication used 
to treat numerous cancers. It works through interaction with 
DNA by the intercalation and inhibition of macromolecular 
biosynthesis, leading to cellular apoptosis. However, the 
therapeutic effects of DOX are hampered by its significant 
side effects and acquired drug resistance (19). In addition to 
hair loss, bone marrow suppression, vomiting, rash, and other 
slight side effects, DOX can induce serious allergic reactions, 
heart damage, radiation recall, treatment‑related leukemia, 
and hand‑foot syndrome  (20‑22). Numerous studies have 
revealed that the combination of chemotherapy with various 
types of TCMs can reduce the side effects of DOX and 
enhance its drug sensitivity. For example, Lin et al revealed 
that Astragaloside IV could significantly reduce DOX‑induced 
cardiotoxicity (23). Li et al revealed that oridonin could assist 
DOX against aggressive breast cancer by promoting apop-
tosis and suppressing angiogenesis (24). Tanshinone IIA, a 
compound found in the plant Danshen, exhibited the capacity 
to overcome DOX resistance in gastric cancer cells (25). As 
a result, a question arises regarding whether the combination 
of doxorubicin with KF could lead to a better therapeutic 
outcome than monotherapies.

Materials and methods

Reagents. KF was purchased from Sigma‑Aldrich; Merck 
KGaA (cat. no. K0133) and was initially dissolved in dimethyl 
sulfoxide (DMSO) into a 50 mg/ml solution according to the 
manufacturer's instructions, and then diluted in Dulbecco's 
modified of Eagle's medium (DMEM) (Gibco/BRL; Thermo 
Fisher Scientific, Inc.) to the desired working concentrations. 
DOX was purchased from Sigma‑Aldrich; Merck KGaA 
(cat. no. D1515) and directly dissolved in DMEM into the 
desired concentration. The structure of KF is presented 
in Fig. 1.

Cell lines and culture. Liver cancer cell lines Huh‑7, Huh‑1, 
HepG2, HepG2.2.15, SK‑Hep‑1, PLC/PRF/5, HLE, HLF, and 
Hep3B were purchased from the Chinese Academy of Sciences 
affiliated cell bank. The HepG2 and SK‑Hep‑1 cell lines 
were authenticated via STR profiling method. The normal 
hepatocyte cell line was purchased from Lonza Group, Ltd. 
Hepatocyte cells were cultured in the growth medium supplied 
by the manufacturer and liver cancer cells were maintained 
in DMEM medium (cat. no. 11965084) supplemented with 
10% fetal bovine serum (FBS; cat. no. 12483020; both from 
Gibco/BRL; Thermo Fisher Scientific, Inc.), 100 U/ml peni-
cillin, and 100 mg/ml streptomycin at 37˚C in a humidified 
incubator with 5% CO2.

Cell viability. Cells were seeded in cell culture medium at a 
concentration of 3x104 cells/100 µl/well in microtiter plates 
(tissue culture grade, 96 wells, flat bottom) and incubated for 
24 h at 37˚C and 5% CO2. After the incubation period, 10 µl 
of MTT‑labeling reagent was then added to each well to a final 
concentration of 0.5 mg/ml. The cells were then incubated 
for an additional 4 h at 37˚C in a humidified atmosphere. 
Solubilization solution (Sigma‑Aldrich; Merck KGaA) was 
then added at 100 µl per well and allowed to stand overnight 
in the incubator in a humidified atmosphere. After overnight 

incubation, the cells were checked to ensure the complete 
solubilization of purple formazan crystals, and absorbance 
was then measured at a wavelength 570 nm using a microplate 
(ELISA) reader. 

Colony formation assay. Cells were separated into a 6‑well 
plate at a density of 500 cells/well and cultured for 10 days 
until most of the single colonies contained >50  cells per 
colony. The growth medium was refreshed every three days. 
After 10 days of growth, the colonies were then stained with 
0.25% crystal violet for at least 15 min at room temperature, 
washed three times with phosphate‑buffered solution (PBS), 
and dried at room temperature. The number of colonies was 
then counted under a light microscope (magnification, x100).

Fluorescence‑activated cell sorting analysis (FACS). To 
validate the cell cycle progression and apoptotic ratio, flow 
cytometry was performed. Liver cancer cells were seeded 
at a density of 2x105 cells per dish. After culturing for 48 h 
(37˚C, 5% CO2), cells were harvested and fixed in 75% ethanol 
overnight at 4˚C. The cells were then stained with 50 µg/ml 
propidium iodine (PI) solution and incubated at 4˚C for 1 h 
in the incubator. PI‑stained cells were then analyzed by flow 
cytometry (FACSCalibur, BD Biosciences). Cell cycle analysis 
was then performed using the accompanying flow cytometric 
software (CellQuest Pro, BD Biosciences).

Hoechst 33258 staining. Hoechst 33258 staining kit (Dojindo 
Molecular Technologies, Inc.) was used to detect changes in 
cellular apoptosis. Cells were cultured in 12‑well plates and 
incubated at 37˚C for 24 h. Then reagents were then added and 
cells were incubated at 37˚C for another 24 h. The cells were 
then fixed in 4% methanol and permeabilized for 20 min at 4˚C 
and stained with Hoechst 33258 reagent at room temperature 
for 15 min. After washing three times with PBS, the morpho-
logical changes of liver cancer cells and nuclear chromatin 
agglutination were validated with a fluorescence microscope 
(magnification, x400). The images were then acquired and 
documented.

Mitochondrial apoptosis detection. A fluorometric mitochon-
drial apoptosis detection kit was purchased from BioVision, 
Inc. (cat. no. K250). Cells (2x105 cells/ml) were seeded in 
12‑well plates and incubated at 37˚C for 24 h. After incubation 
with reagents at 37˚C for another 24 h, the MitoCapture reagent 
diluted at 1:1,000 in pre‑warmed incubation buffer was then 
added. Cells were incubated with the MitoCapture working 
solution in the incubator at 37˚C for 20 min and washed with 
pre‑warmed incubation buffer. After washing, cells were 
visualized and documented with fluorescence microscopy 
(magnification, x40).

Wound healing assay. Liver cancer cells were seeded in 6‑well 
plates and cultured until confluent, generally after 24 h. A 
100‑µl pipette tip was used to produce a straight scratch to simu-
late a wound. Then, the scratch was washed with pre‑warmed 
PBS to remove cell debris. After washing, cells were cultured 
in DMEM which contained 1% FBS in order to inhibit cell 
proliferation. Images were captured under a light microscope 
(magnification, x40) at 24, 48, and 72 h after wounding.
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Transwell assay. A 6.5‑mm Transwell with an 8‑µm pore poly-
ester membrane insert was used to perform this experiment. 
Before being applied to the Transwell insert, the Matrigel 
was pre‑cooled on ice, and then 100  µl was used for one 
chamber. Then, the Transwell inserts were placed in the 
incubator for 30 min at 37˚C to complete precoating. Next, 
5x104 cells were seeded in the upper chamber and cultured 
in DMEM without serum. DMEM with 10% FBS was added 
to the lower chamber. Cells were administered with chemo-
therapeutic agents at 37˚C for 48 h and then fixed in 4% 
methanol for 15 min and stained with 0.25% crystal violet for 
15 min at room temperature. Subsequently, invasive cells in 
the lower chamber were visualized and documented with light 
microscopy (magnification, x100).

Western blotting. After being treated with drugs for 24 h, 
the cells were lysed in an ice bath for 30 min in RIPA Lysis 
Buffer (Solarbio Life Sciences). The lysates were centrifuged 
at 10,000 x g for 10 min at 4˚C and the supernatant was 
harvested. Protein concentrations of the supernatants were 
estimated using a DC Protein assay kit (Bio‑Rad Laboratories, 
Inc.). Then, 30 µg protein sample per lane was loaded into the 
10% SDS‑PAGE which was performed to separate the various 
proteins by their molecular weight. The separated proteins 
were then transferred onto Bio‑Rad polyvinylidene difluoride 
membranes in a semi‑dry transmembrane device. The trans-
ferred membranes were firstly soaked in the blocking solution 
(with 3% BSA) for 1 h at room temperature and then incubated 
with corresponding primary antibodies at 4˚C overnight. 
These antibodies which were purchased from Cell Signaling 
Technology, Inc. included: Bax (1:1,000; product no. 5023), 
Bcl‑2 (1:1,000; product no. 3498), cytochrome c (1:1,000; 
product  no.  4280), Bid (1:1,000; product  no.  2002), 
pro‑caspase‑3 (1:1,000; product  no.  9662), cleaved 
caspase‑3 (1:1,000; product no.  9664), cleaved caspase‑8 
(1:1,000; product  no.  8592), cleaved caspase‑9 (1:1,000; 
product  no.  9509), MMP‑2 (1:1,000; product  no.  40994), 
MMP‑9 (1:1,000; product  no.  13667), PI3K (1:1,000; 
product no. 4249), Akt (1:2,000; product no. 4685), mTOR 
(1:1,000; product no. 2983), S6K (1:1,000; product no. 9202), 
and β‑actin (1:1,000; product  no.  4970). After they were 
washed with TBST solution three times, the membranes were 
incubated with HRP‑labeled secondary antibody (1:3,000; 
product no. 7074; Cell Signaling Technology, Inc.) at 37˚C for 
1 h and then washed with TBST three more times. Finally, 
protein bands were then detected by an ECL detection kit 
(cat. no. RPN2209; Cytiva). The protein expression level was 
analyzed by ImageJ 1.53 (National Institutes of Health). 

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation (SD). Differences between the two groups were 
compared using unpaired Student's t‑test, while differences 
between multiple groups were compared by Tukey's post hoc 
tests following ANOVA, using SPSS 19.0 (IBM Corp.). Results 
with a P‑value <0.05 were considered to indicate a statistically 
significant difference.

Results

Inhibitive effect on proliferation by KF and DOX in liver 
cancer cells and toxicity assessment in normal cells. The 
inhibitive effect of KF on the proliferation of liver cancer cells 
was assessed by MTT assay. The viability of Huh‑7, Huh‑1, 
HepG2, HepG2.2.15, SK‑Hep‑1, PLC/PRF/5, HLE, HLF, and 
Hep3B cells treated with increasing concentrations of KF 
was detected at 24, 48, and 72 h post‑treatment. As revealed 
(Fig. 2A‑I), KF had an inhibitive effect on the nine cell lines 
in time‑ and dose‑dependent manners. After treatment with 
40 µM KF for 72 h, the growth inhibition rate of HepG2 cells 
was 47.15% (Fig. 2C) while in SK‑Hep‑1 cells it was 52.05% 
(Fig. 2E). Due to it being close to the IC50 of both cell lines, 
40 µM KF was used for future experiments. After treatment 
with KF for 72 h, the growth inhibitory effect on hepatocytes 
(Fig. 2J) was not noticeable compared with the control group.

HepG2, which is one of the most commonly used liver 
cancer cell lines, was used to determine the effect of KF and 
the combined therapy on cell proliferation and apoptosis in the 
next experiment. As a positive control, the inhibitory effect of 
DOX at 24 h was detected in HepG2 cells (Fig. 2K). The effect 
was also revealed to be in a dose‑dependent manner. At a 
concentration of 900 nM, doxorubicin had a similar inhibitory 
effect as KF at 40 µM. Four treatment groups (the DOX group, 
KF group, DOX+KF combination group and control group) 
were then detected for changes in cellular viability. The result 
revealed that the combination group had a more substantial 
inhibitive effect in HepG2 cells (Fig. 2L). The examination 
of the four treatment groups in HepG2 cells revealed that a 
combination treatment could significantly inhibit the colony 
formation of the liver cancer cells (Fig. 3A and B).

KF and DOX induce apoptosis in HepG2 cells. To ascertain 
whether KF and DOX in combination induce apoptosis in 
HepG2 cells, mitochondrial potential staining was performed. 
Marked changes in mitochondrial potential were observed in 
the combined treatment group as compared with slight changes 
in the KF group (Fig. 3C). Furthermore, DAPI staining also 
revealed an increased number of highlighted nuclei, indica-
tive of apoptosis (Fig. 3C). The cellular apoptotic ratio was 
then measured by Annexin V‑FITC/PI double‑staining and 
analyzed by flow cytometry. The percentage of HepG2 cells 
was significantly increased in the combination group, and 
in the two monotherapy groups the apoptotic ratio was also 
observed to be increased compared with the control group 
(Fig. 4A and B).

KF and DOX induce cell cycle arrest in HepG2 cells. To inves-
tigate whether cell cycle arrest contributed to cell proliferation 
and colony formation inhibition, the cell cycle of HepG2 
cells was analyzed using flow cytometry. Administration of 

Figure 1. Chemical structure of Kaempferol.
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Figure 2. Growth inhibitory effect of KF and doxorubicin. (A‑I) Cells were treated with various concentrations of KF for 24, 48, and 72 h, and cell viability 
was determined by MTT assay. (J) Normal hepatocytes were treated with 0 and 40 µM of KF and the cell viability was determined by MTT assay. (K) Cells 
were treated with various concentrations of DOX for 24 h, and cell viability was determined by MTT assay. (L) Four treatment groups (DOX, KF, DOX + KF, 
and Control) were assessed in cells for 72 h, and cell viability was determined by MTT assay. The data represent the mean ± SD. (n=3). *P<0.05 compared with 
the DOX group; #P<0.05 compared with the KF group; &P<0.05 compared with the Control group. KF, Kaempferol; DOX, doxorubicin.

Figure 3. Inhibition of HepG2 cell colony formation, mitochondrial potential disruption, and DNA damage by KF. (A and B) The results revealed that the 
combination treatment group led to stronger colony formation inhibition. (C) KF and DOX both triggered mitochondrial potential disruption and DNA damage 
in liver cancer cells (scale bar, 1,000 and 200 µm, respectively). The data represent the mean ± SD (n=3). *P<0.05 compared with the Control group; #P<0.05 
compared with the DOX group; &P<0.05 compared with the KF group. KF, Kaempferol; DOX, doxorubicin.
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KF and DOX arrested liver cancer cells in the G1 phase and 
accordingly decreased the cell ratio in the G2/M and S phases 
(Fig. 4C and D).

Effect of KF on the production of apoptotic proteins in HepG2 
cells. To determine changes in the level of apoptotic proteins 
impacted by drug treatments in HepG2 cells, the expression 
levels of apoptotic proteins, such as caspase‑3, caspase‑8, 
caspase‑9, Bcl‑2, Bax, Bid, and cytochrome c were detected 
by western blotting assay. The cells were separated into four 
groups: The KF, DOX, combination of DOX and KF group, 
and control group (Fig. 5A and B). Following a 72‑h treatment, 
protein expression levels of Bcl‑2, Bid, and pro‑caspase‑3 were 
clearly reduced in the combined treatment group compared 
with KF and DOX single‑treatment groups (Fig.  5C, E 
and G). The protein expression levels of Bax, cytochrome c 
(CC), caspase‑3, caspase‑8, and caspase‑9 were upregulated 
in the combined treatment group compared to KF and DOX 
single‑treatment groups (Fig. 5D, F and H‑J).

KF inhibits migration of SK‑Hep‑1 cells. To study the functions 
of KF on cell migration and invasion, the liver adenocarcinoma 
cell line, SK‑Hep‑1, which had a higher level of malignancy 
was used. The migration was assessed by monolayer scratch 
wound healing assay. The results revealed impaired wound 

closure of cells treated with KF and/or DOX. The combination 
group exhibited the largest opening area from the scratch, while 
KF treatment alone had a weaker effect than the combined 
treatment (Fig. 6A and B). This finding indicates that KF alone 
or in combination with DOX can inhibit the motility of liver 
cancer cells.

KF inhibits invasion of SK‑Hep‑1 cells. To further evaluate the 
function of KF on the invasion capability, Transwell chamber 
assay was performed using SK‑Hep‑1 cells. The results from 
the Transwell invasion experiments indicated that KF alone 
and combined treatment could restrict the invasive ability of 
liver cancer cells (Fig. 6C and D) and significantly decrease 
the number of invasive cells.

Effect of KF on the expression of migration and invasion-
related proteins in SK‑Hep‑1 cells. To validate the expression 
of migration and invasion‑related proteins affected by KF 
and the combination group in liver cancer cells, the expres-
sion levels of MMP‑2, MMP‑9, PI3K, Akt, mTOR, and S6K 
were measured by western blotting assay. There were four 
groups: The DOX group, KF group, combination of DOX and 
KF group, and control group. Following treatment for 72 h, 
downregulated levels of MMP‑2, MMP‑9, PI3K, Akt, mTOR, 
and S6K were observed in the combined treatment group 

Figure 4. Effect of KF and DOX on cell cycle arrest and apoptosis based on flow cytometry. (A and B) KF, DOX, and combination KF and DOX groups all 
induced apoptosis in HepG2 cells, as revealed by flow cytometry. The apoptotic ratio of the combination group was markedly higher than the two monotherapy 
groups. (C and D) Following 48 h of treatment, the four groups of cells were collected to assess the cell cycle distribution. The combination group exhibited 
higher G1‑phase cells than the two monotherapy groups. The data represent the mean ± SD (n=3). *P<0.05 compared to the Control group; #P<0.05 compared 
to the DOX group; &P<0.05 compared to the KF group. KF, Kaempferol; DOX, doxorubicin; Ctrl, control.
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compared with the group treated with either KF or DOX alone 
in SK‑Hep‑1 cells (Fig. 7A‑G).

Discussion

Liver cancer is one of the most lethal gastrointestinal malig-
nancies worldwide. It is typically characterized by late‑stage 
presentation, which limits treatment options and results in poor 
prognoses (26). At present, surgery and chemotherapy are the 
main preferred therapeutic strategies for advanced liver cancer. 
However, with metastasis, and given the drug‑resistant nature 

of terminal liver cancer, patients with advanced liver cancer 
are generally not suitable for surgery. In addition, there have 
been few effective chemotherapeutic agents available for liver 
cancer treatment (27). To date, sorafenib was the only approved 
targeted drug for advanced liver cancer, and numerous attempts 
using other monoclonal antibodies or small‑molecule tyrosine 
kinase inhibitors failed to demonstrate their efficacy (28). Thus, 
combination chemotherapeutic strategies were investigated to 
contribute to the development of a more effective treatment 
for liver cancer. Some studies have reported that traditional 
Chinese medicine has the ability to inhibit liver cancer growth 

Figure 5. Expression level of apoptosis‑related proteins following treatment with a combination of drugs in liver cancer cells. The HepG2 cells were treated for 
72 h, and then the expression levels of (A and C‑F) Bcl‑2, Bax, Bid, and cytochrome c and (B and G‑J) pro‑caspase‑3, cleaved caspase‑3/8/9 were analyzed by 
western blotting. The data represent the mean ± SD (n=3). *P<0.05 compared to the KF group; #P<0.05 compared to the DOX group; &P<0.05 compared to the 
Control group. KF, Kaempferol; DOX, doxorubicin; Ctrl, control; CC, cytochrome c.
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Figure 6. Inhibitive effect of DOX and KF on the migration and invasion of liver cancer cells. (A and B) In the wound healing experiment, the SK‑Hep‑1 cells 
were administered with chemotherapeutic agents for 72 h, and then the changes in the scratched wound width were observed and recorded under a microscope 
(scale bar, 1,000 µm). Changes in the wound widths are presented in the histograms of B. (C and D) For the Transwell invasion experiment, the SK‑Hep‑1 cells 
were administered with chemotherapeutic agents for 48 h, and then the cells were removed and fixed in methanol, stained with cell labeling dye, and recorded 
under a microscope (Scale bar, 400 µm). The number of invasive cells were presented in the histograms of D. The data represent the mean ± SD (n=3). *P<0.05 
compared to the Control group; #P<0.05 compared to the DOX group; &P<0.05 compared to the KF group. DOX, doxorubicin; KF, Kaempferol.

Figure 7. Expression level of migration‑ and invasion‑related proteins after being administered with combination therapy in liver cancer cells. (A‑G) The 
SK‑Hep‑1 cells were administered with chemotherapeutic agents for 72 h, and then the expression levels of MMP‑2, MMP‑9, PI3K, Akt, mTOR, and S6K 
were detected by western blotting. The data represent the mean ± SD (n=3). *P<0.05 compared to the DOX group; #P<0.05 compared to the KF group; &P<0.05 
compared to the Control group. DOX, doxorubicin; KF, Kaempferol.
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by inducing apoptosis and suppressing invasion through the 
blocking of crucial cellular signaling pathways (29,30). KF 
was reported to be able to inhibit numerous cancers both 
in vitro and in vivo (31). Hepatocellular carcinoma, as a major 
cancer worldwide, has also been reported to be inhibited by 
KF by several research groups. Seydi et al reported that KF 
exhibited selective cytotoxicity toward hepatocellular carci-
noma cells in a rat model (32). Han et al revealed that KF could 
induce autophagic cell death in hepatocellular carcinoma cells 
by activating adenosine 5'‑monophosphate (AMP)‑activated 
protein kinase (AMPK) signaling (33). Another study indi-
cated that KF induced apoptosis in HepG2 cells via activation 
of the endoplasmic reticulum stress pathway (34). However, 
these studies were only performed using monotherapy in liver 
cancer cells, and no data showing the effects of combination 
therapy of KF with conventional chemotherapeutic agents 
were available. Thus, in the present study it was examined 
whether KF or a combination of KF and DOX could achieve 
more robust antitumor effects.

In our initial studies, liver cancer cells treated with KF 
alone exhibited inhibitive effects in time‑ and dose‑dependent 
manners. KF was then used in combination with DOX. The 
results indicated that a combination of KF and DOX exhibited 
a significantly stronger growth inhibition than either KF or 
DOX alone (P<0.05).

Previous studies have revealed that f lavonoids can 
induce cell death by activating apoptosis and mitochondrial 
signaling pathways, and inhibit cell migration and invasion by 
suppressing mTOR signaling pathways (35,36). The results of 
the present study revealed that KF could induce apoptosis in 

liver cancer cells by inducing changes in the protein expres-
sion levels of critical factors involved in the mitochondrial 
apoptotic signaling pathways. Furthermore, combination 
treatment exhibited a more significant effect on apoptotic 
activity. However, through wound healing and Transwell 
invasion assays, it was observed that KF exhibited obvious 
inhibitive activities on liver cancer cells. Combination treat-
ment also revealed higher inhibitive activity on migration and 
invasion‑related proteins (including MMP‑2, MMP‑9, PI3K, 
Akt, mTOR, and S6K) than in the case of KF or doxorubicin 
treatment alone.

Notably, our research indicated that KF could inhibit the 
proliferation of liver cancer cells by activating mitochondrial 
signaling pathways and suppressing migration and invasion by 
inhibiting the PI3K/mTOR/MMP signaling pathway (Fig. 8). 
By contrast, KF treatment on normal cells revealed markedly 
low toxicity, which suggests that KF may be a safer complemen-
tary medicine for clinical application. Furthermore, combined 
treatment with DOX and KF induced a higher inhibitive 
effect than either of the monotherapies. In a future study, the 
safety and efficacy of this combined therapy in vivo will be 
confirmed, in order to determine the theoretical basis on its 
clinical application. Additionally, the effects of KF combined 
with other chemotherapeutics will be explored as well. It is 
theorized that KF as a hypotoxic compound could affect carci-
noma cells by interrupting cell survival signaling pathways 
and could compensate for the shortcomings of the present 
monotherapies. Moreover, the merit of the multi‑targeting 
effect of KF could lead to a less drug‑resistant response. 
Therefore, KF, as an adjuvant medicine, combined with other 

Figure 8. Apoptosis, migration, and invasion‑related signaling pathways affected by kaempferol combined with doxorubicin.
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chemotherapeutics, even targeted drugs could potentially be a 
more effective approach to advance the therapeutic outcomes 
and quality of life of patients with liver cancer.
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