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Puerarin inhibits growth and induces apoptosis in
SMMC-7721 hepatocellular carcinoma cells
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Abstract. Puerarin, a predominant isoflavonoid compound
extracted from the Chinese medicinal herb Radix Puerariae, is
considered to exhibit an antitumor effect. In the present study,
the effects of puerarin on SMMC-7721 human hepatocellular
carcinoma cells were investigated. Cell viability was assessed
by MTT assay. Apoptosis was detected by flow cytometry with
Annexin V-fluorescein isothiocyante staining and morpho-
logical observation of nuclear changes by Hoechst staining.
The mitochondrial membrane potential (MMP) was moni-
tored using rhodamine 123. The generation of reactive oxygen
species (ROS) was quantified using dichloro-dihydro-fluo-
rescein diacetate. Polymerase chain reaction and western
blot analysis were used to detect the expression levels of
apoptosis-associated genes. The results revealed that high
concentrations of puerarin (500, 1,000 and 1,500 pg/ml)
significantly inhibited the proliferation of SMMC-7721 cells
in a time- and dose-dependent manner. Simultaneously, apop-
totic rates were increased and cell morphology was changed
following puerarin treatment. Furthermore, puerarin-induced
apoptosis of SMMC-7721 cells was associated with loss of
MMP and generation of ROS. Puerarin treatment increased
caspase-3,8,9 and apoptosis-inducing factor (AIF) mRNA
expression levels in SMMC-7721 cells, while the phosphory-
lation levels of P38, extracellular signal-regulated kinase
(ERK1) and c-Jun N-terminal kinase were also increased.
Furthermore, caspase-9 and AIF protein expression was
upregulated. In conclusion, puerarin inhibited proliferation
and induced apoptosis in SMMC-7721 cells via the mitochon-
dria-dependent pathway; however, the specific mechanisms
require further investigation.
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Introduction

Hepatocellular carcinoma (HCC) is a predominant cause of
cancer-associated mortality in numerous countries, particu-
larly in Central and West Africa, and East and Southeast
Asia (1). The disease is commonly diagnosed at an advanced
stage and recurrence rates are high, typically 30-40% within
five years (2). Patients with advanced HCC have a median
survival time of 6-8 months and treatment brings few benefits
for these patients (2). Conventional chemotherapeutic and
radiotherapeutic treatments are not effective in HCC (3).
Recently, patients with advanced HCC have been treated with
a comprehensive series of vascular interventional therapeutic
agents, but median life expectancies have not been markedly
prolonged. Thus, novel therapeutic strategies are required
to improve the clinical outcomes for HCC patients. Certain
Chinese Traditional Medicines were found to be effective in
cancer therapy; drugs including bufalin, berberine and tetran-
drine were reported to inhibit the proliferation and induce
apoptosis in HCC cells (4-6).

Puerarin, 7-hydroxy-3-(4-hydroxyphenyl)-1-benzopyran-
4-one 8-B-p-glucopyranoside (C,,H,,Cy), is a predominant
iso-flavonoid compound extracted from the Chinese medicinal
herb Radix Puerariae. This compound has been suggested to
be useful in the management of various disorders, including
endothelial dysfunction, liver fibrosis, neurotoxicity and bone
injury (7-10). Recently, the anticancer properties of puerarin
have attracted attention; one study suggested that Pueraria
mirifica possesses an estrogenic effect and may inhibit the
growth of breast cancer cells at high concentrations, similar to
other flavonoids (11). Another two studies reported that puer-
aria induced apoptosis in HT-29 colon cancer cells, and that a
novel puerarin nanosuspension exhibited anticancer activity
against colon cancer in vitro and in vivo, with high efficacy and
low toxicity (12,13). However, the anticancer effect of puerarin
in HCC has, to the best of our knowledge, not been analyzed.
Thus, the anticancer effects of puerarin were determined in
the SMMC-7721 HCC cell line.

Materials and methods
Cell line. The SMMC-7721 human HCC cell line was

purchased from the the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China) and cultured in RPMI 1640
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medium (Gibco, Carlsbad, CA, USA) containing 10% fetal
bovine serum (Hangzhou Sijiging Biological Engineering
Materials Co., Ltd., Hangzhou, China) and ampicillin and
streptomycin (Beyotime, Shanghai, China) at 37°C in a
humidified atmosphere of 95% air and 5% CO,.

Cell viability assay. The standard MTT assay was used to
assess cell viability. Briefly, cells (5x10° cells/well) were
seeded in 96-well microtiter plates. Following exposure
to various concentrations of puerarin for 48 h (99% pure;
Sigma-Aldrich, St. Louis, MO, USA), 50 ml MTT solution
[2 mg/ml in phosphate-buffered saline (PBS); Sigma-Aldrich]
was added to each well and the plates were incubated for
additional 4 h at 37°C. The MTT solution in the medium was
aspirated off. To solubilize the formazan crystals formed in
viable cells, 200 ml dimethylsulfoxide (DMSO) was added to
each well. The absorbance was measured at 490 nm on a auto-
matic microwell plate reader, using DMSO alone as a blank.
All assays were performed in quintuplicate and repeated at
least three times.

Cell apoptosis analysis. The cells were seeded at a density of
5x10° cells per well in six-well plates, cultured overnight, and
then treated with 0, 500, 1,000 or 1,500 ug/ml puerarin for
either 12 or 24 h. The cells were then harvested and washed
with ice-cold PBS. An Annexin V-fluorescein isothiocyanate
apoptosis detection kit (KeyGEN Biotech, Nanjing, China)
was used to detect cell apoptosis, measured with a FACScan
instrument (Becton-Dickinson, Mountain View, CA, USA).

Hoechst staining. The cells were seeded on coverslips on a
six-well plate and treated with 0, 500, 1,000 or 1,500 pg/ml
puerarin for 12 or 24 h. The attached cells were washed with
PBS and fixed in freshly prepared 4% paraformaldehyde for
30 min, then washed with PBS and incubated with 10 pg/ml
Hoechst 33258 staining solution (Sigma-Aldrich) for 10 min.
Following treatment, the cells were washed with PBS and
Antifade Mounting Medium (Beyotime) was added. Apoptosis,
indicated by condensed and fragmented nuclei, was observed
under a Leica DM 500B fluorescence microscope (Leica
Microsystems, Wetzlar, Germany).

Mitochondrial membrane potential (MMP). Rhodamine 123
dye (Rho-123; Sigma-Aldrich) was used to detect the changes
in the MMP. Cells (5x10* cells/well) were cultured in a
24-well plate. Following 24 h exposure to various concentra-
tions of puerarin (0, 500, 1,000 and 1,500 ug/ml), the cells
were washed with PBS, incubated with 10 mg/ml Rho-123
and subsequently subjected to flow cytometric analysis using
a BD FACScan instrument (Becton Dickinson, Mountain
View, CA, USA).

Detection of reactive oxygen species (ROS). Detection of
ROS was performed by flow cytometric analysis as described
previously (14). In brief, 5x10* cells/well were cultured in a
24-well plate. Following 12 h exposure to puerarin (0, 500,
1,000 and 1,500 ug/ml), the cells were washed with PBS
and resuspended in complete medium followed by incuba-
tion with 0.5 uM dihydrorhodamine 123 (Sigma-Aldrich) for
30 min at 37°C. ROS fluorescence intensity was determined
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Figure 1. Puerarin inhibits the proliferation of SMMC-7721 human hepato-
cellular carcinoma cells. The effects of various concentrations of puerarin
(0, 50, 100, 250, 500, 1,000, 1,500 and 2,000 gg/ml) on the viability of
SMMC-7721 cells for 12,24 and 48 h were assessed by MTT assay. Data are
presented as the mean.

by flow cytometry with excitation at 490 nm and emission at
520 nm.

Quantitative polymerase chain reaction (qPCR). Cells were
seeded at a density of 5x10° cells per well in six-well plates,
cultured overnight and then treated with 0, 30 (IC,s), 500
(ICsy) or 2,000 ug/ml (IC;5) puerarin for 12 h. Total RNA
from drug-treated cells was isolated using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA). The
reverse transcription reaction was conducted using 2 ug total
RNA with a first strand cDNA kit (Takara Bio, Inc., Shiga,
Japan), according to the manufacturer's instructions. PCR
amplification was performed for 10 min at 95°C, followed by
40 cycles at 95°C for 15 sec and annealing/extension at 60°C for
45 sin an ABI 7300 Thermocycler (Applied Biosystems, Foster
City, CA, USA), using the SYBR Premix Ex Taq kit (Takara
Bio, Inc.). The specific primer sequences for each gene were
as follows: Caspase-3, 5" AACTGGACTGTGGCATTGAG-3'
and 5-ACAAAGCGACTGGATGAACC-3' (product size,
161 bp); caspase-8, 5'-CTGGGAGAAGGAAAGTTG-3'
and 5'-TTGGAGAGTCCGAGATTG-3' (product size,
184 bp); caspase-9, 5'-GGAAGAGGGACAGATGAATG-3'
and S5'-TTGTTTGGCACCACTCAG-3' (product
size, 242 bp); apoptosis-inducing factor (AIF),
5'-GCTACAAGCACGCTCTAACATC-3'" and
5'-CAGCCAATCTTCCACTCACAAC-3' (product size,
119 bp); GAPDH, 5-CACCCACTCCTCCACCTTTG-3' and
5'-CCACCACCCTGTTGCTGTAG-3' (product size, 110 bp).
Data analysis was conducted using the 2724°T method for
relative quantification and all sample expression levels were
normalized to those of GAPDH, which served as an endog-
enous control.

Western blot analysis. Cells were seeded at a density of
5x10° cells per well in six-well plates, cultured overnight
and then treated with 500 xg/ml puerarin for 1, 3 and 6 h.
Cell lysates were made with standard methods, then 20 ug
protein samples were separated by 10% SDS-PAGE, and
transferred to polyvinylidene fluoride membranes (PVDF;
Roche Diagnostics, Manheim, Germany). After blocking
with a buffer containing 5% low fat milk and 0.1% Tween-20
in Tris-buffered saline (TBST), the membrane was incubated
with mouse monoclonal anti-human primary antibodies
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Figure 2. Flow cytometric analysis of apoptosis in SMMC-7721 human hepatocarcinoma cells treated with puerarin. Cells were incubated for 12 and 24 h with
0, 500, 1,000 and 1,500 pg/ml puerarin. (A) Representative results. (B) Data pooled from three independent experiments reveal the percentage of apoptotic

cells. "P<0.05 as compared with the untreated cells.

against AKT1, phosphorylated (p-)AKT, P38, p-P38, extra-
cellular signal-regulated kinase 1 (ERK1), p-RK1, c-Jun
N-terminal kinase (JNK), p-JNK, AIF and caspase-3,8 and 9
(Univ-Bio Inc., Shanghai, China) and then incubated with
secondary bovine anti-mouse IgG antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). Finally, results
were photographed with an enhanced chemiluminescence
substrate (horseradish peroxidase, cat no. WBKLS0100;
Millipore, Billerica, MA, USA). Protein loading was esti-
mated using mouse anti-GAPDH monoclonal antibody. Lab
Works Image Acquisition and Analysis Software version
4.5 (UVP, Upland, CA, USA) was used to quantify band
intensities.

Statistical analysis. The SPSS 16.0 software system (SPSS,
Inc., Chicago, IL, USA) was used for statistical analysis. Data
are expressed as the mean =+ standard error. The differences
between groups were analyzed using Student's t-test for two
group comparisons or one-way analysis of variance when
more than two groups were compared. All tests performed
were two-sided. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

SMMC-7721 cell growth following puerarin treatment. The
effects of 12,24 and 48 h puerarin treatment on the viability of

SMMC-7721 cells were assessed by MTT assay. As shown in
Fig. 1, high concentrations of puerarin (500, 1,000, 1,500 and
2,000 pg/ml) inhibited the proliferation of SMMC-7721 cells.

Apoptotic rate of SMMC-7721 cells treated with puerarin.
The treatment of SMMC-7721 cells with puerarin resulted
in a significant increase in apoptotic rates in a time- and
dose-dependent manner, quantified by Annexin V analysis
(Fig. 2). In concordance with the cell viability rate results,
depicted in Fig. 1, these results suggested that the induction of
apoptosis may be the main mechanism of the antiproliferative
effect of puerarin in SMMC-7721 cells.

Morphological changes of SMMC-7721 cells treated with
puerarin. To verify puerarin-induced apoptosis, the morpho-
logical changes in SMMC-7721 cells were observed using
Hoechst 33258 staining (Fig. 3). Following puerarin treatment,
the blue emission became markedly brighter than that in the
control cells, indicating a higher rate of apoptosis. Condensed
chromatin was also identified in a number of puerarin-treated
cells and apoptotic body-like structures were formed in the
treated cells.

Induction of apoptosis via the mitochondrial pathway
following puerarin treatment. The loss of MMP is associ-
ated with activation of the mitochondrial apoptotic pathway.
To assess the effect of puerarin on the changes of MMP in
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Figure 3. Morphological changes of SMMC-7721 human hepatocarcinoma cells exposed to puerarin. Cells were incubated for 12 and 24 h with 0, 500, 1,000
and 1,500 pg/ml puerarin. The cells were then fixed and stained with Hoechst 33258 and observed under a fluorescent microscope (magnification, x200).
Puerarin treatment significantly induced the quantity of condensed chromatin and fragmented nuclei.
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Figure 4. Puerarin reduces the mitochondrial membrane potential in SMMC-7721 human hepatocarcinoma cells. The cells were treated with 0, 500, 1,000 and
1,500 pug/ml puerarin for 24 h, then incubated with rhodamine 123 and analyzed by flow cytometry. (A) Representative results. (B) Data pooled from three
independent experiments analyzing fluorescence intensity. "P<0.05 as compared with the untreated cells.

SMMC-7721 cells, flow cytometric analysis was performed
to detect the fluorescence intensity of Rho-123. As shown in
Fig. 4, treatment of SMMC-7721 cells with 500, 1,000 and
1,500 pg/ml puerarin for 24 h resulted in a significant depolar-
ization of MMP in a dose-dependent manner (P<0.05).

ROS generation is also associated with mitochondria. The
dichloro-dihydro-fluorescein diacetate fluorescence probe was
used to determine the levels of ROS production in SMMC-7721
cells. As shown in Fig. 5, cells exposed to 500, 1,000 and
1,500 pg/ml puerarin for 12 h exhibited a significant increase
in the intracellular accumulation of ROS in a dose-dependent
manner (P<0.05).

Expression levels of apoptosis-associated genes. To clarify
the mechanism of SMMC-7721 cell apoptosis induced by
puerarin, the mRNA expression levels of apoptosis-associated
molecules were determined by qPCR. As shown in Fig. 6A,
the expression levels of caspase-3,8,9 and AIF mRNA, partic-
ularly those of caspase-9, were increased in a dose-dependent
manner following puerarin treatment for 12 h.

Subsequently, western blot analysis was used to detect
the expression levels of apoptosis-associated proteins and
the phosphorylation levels of kinases. As shown in Fig. 6B,
treatment with 500 yg/ml puerarin for 3 or 6 h increased
AKT, P38, ERK1 and JNK phosphorylation in a time-depen-
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Figure 5. Puerarin increases the number of intracellular ROS in SMMC-7721 human hepatocellular carcinoma cells. The cells were treated with 0, 500, 1,000 and
1,500 peg/ml puerarin for 24 h. A dichloro-dihydro-fluorescein diacetate fluorescence probe was used to determine the levels of ROS production; (A) Representative
results. (B) Data pooled from three independent experiments indicate the ROS levels. ‘P<0.05 as compared with the untreated cells; ROS, reactive oxygen species.

dent manner. caspase-9 and AIF protein expression was
upregulated.

Discussion

Radix Puerariae, the root of Pueraria lobata, is extensively
used in Chinese Medicine and may also serve as a food in
oriental countries. Radix Puerariae contain a large quantity of
isoflavones, including puerarin, daidzein, daidzin and genis-
tein. These flavonoids possess various beneficial biological
properties, including antiallergic, anti-inflammatory, antiviral,
antioxidant and antitumor activities (15). One isoflavone,
puerarin, has been shown to exhibit beneficial effects in
liver diseases, including cirrhosis and alcohol-induced liver
injury (8,16). Furthermore, numerous studies have demon-
strated the anticancer activity of puerarin in animal models,
as well as proliferation inhibition and apoptosis induction in
a variety of cancer cell lines in vitro. One study found that
puerarin treatment resulted in a dose-dependent inhibition
of cell growth in HS578T, MDA-MB-231 and MCF-7 breast
cancer cell lines (11). Results from cell cycle distribution
and apoptosis assay studies revealed that puerarin induced
cell apoptosis through a caspase-3-dependent pathway and
mediated cell cycle arrest in the G2/M phase (11). Similarly,
c-jun was found to be downregulated in RL95-2 endometrial
carcinoma cells following low-dose puerarin treatment,
resulting in reduced aromatase P450 expression levels and
substantially decreased growth of endometrial cancers with
P450 overexpression (17). In addition, puerarin reduced cell
proliferation in acute myeloid leukemia and promyelocytic
leukemia cells through cell cycle arrest in S phase or induction
of apoptosis (18,19). Recently, newly developed puerarin nano-
suspensions exhibited an enhanced antiproliferative effect by
reducing cell viability and inducing morphological changes.
The puerarin nanosuspensions inhibited HT-29 human colon
cancer cell growth by the induction of early apoptosis. /n vivo,
the puerarin nanosuspensions were better tolerated and induced
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Figure 6. Expression levels of apoptosis-associated genes in SMMC-7721
human hepatocellular carcinoma cells. (A) Cells were incubated for 12 h
with 0, 30 (IC,5), 500 (ICs,) and 2,000 pg/ml (IC;5) puerarin. Reverse tran-
scription polymerase chain reaction revealed that the mRNA expression
levels of caspase-3,8,9 and AIF, particularly caspase-9, were increased in a
dose-dependent manner. (B) Cells were treated with 500 yg/ml puerarin for
1,3 and 6 h. The AKT, P38, and JNK phosphorylation levels were increased,
and caspase-9 and AIF protein expression levels were upregulated. AIF,
apoptosis-inducing factor; p-ERK1, phosphorylated extracellular signal-reg-
ulated kinase 1; JNK, c-Jun N-terminal kinase.

significantly higher anticancer efficacy than the puerarin-free
solution (13). Furthermore, the inhibitory effects of puerarin
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on the invasive and metastatic abilities of tumor cells have also
been demonstrated (20,21).

In accordance with previous reports, the present study
confirmed that high concentrations of puerarin significantly
inhibited proliferation of SMMC-7721 cells in a time- and
dose-dependent manner. Simultaneously, apoptotic rates were
increased and cell morphology was changed following puer-
arin treatment, which suggested that induction of apoptosis
may be the main mechanism of the antiproliferative effect of
puerarin in SMMC-7721 cells.

Apoptosis, programed cell death, is the predominant
mechanism for targeted chemotherapies that induce cancer
cell death or sensitize the cells to established cytotoxic drugs
or radiation treatment. Two signaling pathways that result
in apoptosis have been identified: The extrinsic cell death
pathway (cell death receptor pathway) and the intrinsic cell
death pathway (the mitochondria-initiated pathway) (22). The
breakdown of the MMP occurs at an early stage of the apop-
totic process and precedes nuclear disintegration disruption.
During MMP breakdown, mitochondrial membrane pores are
opened, resulting in the loss of MMP (23). This results in an
increase in the permeability of the mitochondrial membrane,
followed by the release of proapoptotic molecules, such as
cytochrome c, released from the mitochondria. Cytochrome c
interacts with adenosine triphosphate, apoptotic protease
activating factor 1 and caspase-9, and subsequently activates
caspase-3, which consequently elicits caspase-dependent
apoptotic cell death (24). In the present study, caspase-3, -8
and -9 as well as AIF mRNA expression levels were signifi-
cantly increased following puerarin treatment for 12 h, while
caspase-9 and AIF protein expression was also upregulated
following puerarin treatment for 6 h.

ROS production and consequent oxidative stress have
long been implicated in cell apoptosis (25). A previous study
found that ROS are predominantly generated in the mitochon-
dria (26). Theoretically, as a consequence of excessive ROS
generation in cells, mitochondrial dysfunction may occur (27).
As expected, in the present study, the intracellular ROS were
significantly increased when SMMC-7721 cells were exposed
to puerarin. Therefore, the mitochondria-dependent pathway is
important in puerarin-induced apoptosis in SMMC-7721 cells.

Accumulating evidence indicated that activation of
mitogen-activated protein kinases (MAPKS) is associated
with cell cycle arrest and the induction of apoptosis (28,29).
Three predominant parallel MAPK family signaling pathways
have been identified: ERK, JNK and P38. Activation of the
ERK signaling pathway by puerarin in human osteoblasts has
been reported (30). In the present study, the phosphorylation
levels of ERK, INK and P38 in SMMC-7721 cells were all
increased following puerarin treatment. AKT is a master
regulator involved in transcriptional regulation of the anti-
apoptotic protein B-cell lymphoma 2, which is critical in the
prevention of cell death. Activation of the phosphoinositide
3-kinase/AKT signaling pathway was observed to be involved
in the protective effect of puerarin against iodide-induced
SH-SYS5Y neuroblastoma cell death (31). In the present study,
the AKT phosphorylation levels were increased, which may be
an adaptive response. Furthermore, in a human breast cancer
multidrug-resistant cell line, nuclear factor kappa-B activity
and IkappaB degradation were inhibited by puerarin (32).

2757

Puerarin stimulated AMP-activated protein kinase, acetyl-CoA
carboxylase and glycogen synthase kinase-3beta phosphoryla-
tion, but reduced cAMP-responsive element-binding protein
phosphorylation (32). Thus, the anticancer mechanisms of
puerarin may be multi-target and therefore require further
analysis.

In conclusion, in the present study, puerarin inhibited
proliferation and induced apoptosis in SMMC-7721 cells via
the mitochondria-dependent pathway, which may provide a
novel, safe and effective option for the treatment of HCC in
the future.
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