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BACKGROUND AND PURPOSE
Tetrandrine, a bisbenzylisoquinoline alkaloid isolated from the Chinese medicinal herb Stephaniae tetrandrae, has a long
history in Chinese clinical applications to treat diverse diseases. Tetrandrine induced apoptosis or, at low concentrations,
autophagy of human hepatocellular carcinoma cells. Here we have tested the effects of inhibitors of autophagy such as
chloroquine, on the response to low concentrations of tetrandrine in cancer cells.

EXPERIMENTAL APPROACH
Cultures of several cancer cell lines, including Huh7, U251, HCT116 and A549 cells, were exposed to tetrandrine, chloroquine
or a combination of these compounds. Cell viability and content of reactive oxygen species (ROS) were measured and
synergy assessed by calculation of the combination index. Western blot and RT-PCR assays were also used along with
fluorescence microscopy and histochemical techniques.

KEY RESULTS
Combinations of tetrandrine and chloroquine were more cytotoxic than the same concentrations used separately and these
effects showed synergy. Such effects involved increased ROS generation and were dependent on caspase-3 but independent
of Akt activity. Blockade of tetrandrine-induced autophagy with 3-methyladenine or bafilomycin-A1 induced apoptosis in
cancer cells. Lack of p21 protein (p21−/− HCT116 cells) increased sensitivity to the apoptotic effects of the combination of
tetrandrine and chloroquine. In a tumour xenograft model in mice, combined treatment with tetrandrine and chloroquine
induced ROS accumulation and cell apoptosis, and decreased tumour growth.

CONCLUSIONS AND IMPLICATIONS
The combinations of tetrandrine and chloroquine exhibited synergistic anti-tumour activity, in vitro and in vivo. Our results
suggest a novel therapeutic strategy for tumour treatment.

Abbreviations
3-MA, 3-methyladenine; ATG7, autophagy-related gene 7; BAF, bafilomycin-A1; CI, combination index; LC3,
microtubule-associated protein 1 light chain 3; MDA, lipid peroxidation product; NAC, N-acetyl-L-cysteine; PI,
propidium iodide; ROS, reactive oxygen species
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Introduction
Cancer is a major public health concern for people all over
the world, and it leads to approximately 12.7 million cases
and 7.6 million deaths every year (Jemal et al., 2011).
Although complete tumour removal via surgery could cure
cancer, there are many restrictive conditions for choosing
surgery, such as small and non-metastatic carcinomas (Forde
et al., 2014; Minuti et al., 2014). To date, systemic chemo-
therapy is still a standardized treatment. The common
mechanism of targeted chemotherapies is to induce cancer
cells to undergo programmed cell death (apoptosis and
autophagy) or sensitize them to established cytotoxic agents
or radiation therapy (Khan et al., 2014). Because many
tumour cells are resistant to single-agent chemotherapeutic
drugs and have poor clinical outcomes, targeting multiple
signalling pathways with synergistic chemotherapy drugs
could potentially increase treatment efficiency in many types
of cancer (Burdach, 2014). The development of novel drugs
and effective combination chemotherapy pattern with
minimal side effects is an urgent necessity to reduce cancer
mortality (Cheng et al., 2013; Lai et al., 2013).

Tetrandrine is a key compound found in the traditional
Chinese medicinal herb Stephania tetrandra S. Moore. It has
been widely used for thousands of years in China to treat
rheumatoid arthritis, sepsis, endotoxin-induced uveitis, sili-
cosis and hypertension (Ho et al., 2004). We recently demon-
strated that relatively high concentrations of tetrandrine
induce apoptosis and low doses trigger autophagy of liver
cancer cells, suggesting that tetrandrine exhibits strong anti-
tumour effects and has the potential to be a cancer chemo-
therapeutic agent (Liu et al., 2011; Gong et al., 2012a). The
induction of apoptosis is a common mechanism underlying
the killing of cancer cells by many chemotherapeutic agents.
However, autophagy is a cellular response to stress in which
organelles, cytoplasm and proteins are degraded and cellular
components are recycled to ensure cell survival during star-
vation (Hurley and Schulman, 2014). This process has
recently received considerable attention in the oncogenesis
field for its role in the response to anti-cancer therapies (Ma
et al., 2013; Munz, 2013). Inhibition of autophagy may

disrupt this compensatory process, resulting in the accumu-
lation of metabolic stress products and induction of cell
death (Zhu et al., 2013; Zhao et al., 2014b). Inhibition of
autophagy or targeting of autophagy pathway inducers may
be useful in the development of anti-cancer agents as treat-
ments (Lamoureux et al., 2013; Altman et al., 2014).

The 4-aminoquinoline drug chloroquine is a lysosomo-
tropic agent that prevents endosomal acidification and was
widely used to treat or prevent malaria and other diseases
(Salas et al., 2013). Chloroquine has been used in recent years
as an autophagy inhibitor because it raises the lysosomal pH,
leading to the inhibition of autophagosome–lysosome fusion
and lysosomal protein degradation (Egger et al., 2013; Kimura
et al., 2013). In basic and clinical research, chloroquine is
often used in combination with chemotherapeutic drugs and
radiation to enhance cancer treatment efficacy (Maycotte
et al., 2012; Lamoureux et al., 2013). However, research that
has been reported to date has not led to incorporation of
chloroquine in widely used cancer treatment protocols
(Vlahopoulos et al., 2014). Thus a refinement of the combi-
nation of chloroquine with other drugs is needed to improve
clinical effects.

Our previous findings showed that low concentrations of
tetrandrine induced autophagy without causing cell death
(Gong et al., 2012a). Tetrandrine treatment results in cellular
stress, including mitochondrial dysfunction resulting in
intracellular reactive oxygen species (ROS) production. ROS
accumulation activates the ERK/MAP kinase pathway, which
contributed to tetrandrine-induced autophagy (Liu et al.,
2011; Gong et al., 2012a). Although autophagy is a survival
mechanism, it has also been suggested that autophagy could
be cytotoxic when cells suffer treatment-induced stress.
Excessive cell damage will lead to autophagic cell death (Fang
et al., 2013; Li et al., 2014b). In the present study, we have
investigated, in cancer cells the effects of tetrandrine-induced
stress in the presence of chloroquine, which prevents
autophagy by blocking autophagosome fusion and degrada-
tion. To test our hypothesis, we treated cancer cells with a
combination of tetrandrine and chloroquine and measured
cell viability. Our results demonstrate that blocking
tetrandrine-induced cell autophagy by chloroquine causes
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the cell to undergo caspase-dependent apoptosis in vitro and
in vivo. Our data suggest that intracellular ROS accumulation
and p21 expression play a role in regulating the cellular
apoptosis induced by the combination therapy. Thus, tetran-
drine and chloroquine combination therapy has a synergistic
anti-tumour activity, representing a promising effective
therapeutic strategy against tumours.

Methods

Cell lines and cell culture
The human hepatoma cell lines (Huh7 and FHCC98), human
glioma cell lines (U87 MG and U251), human lung cancer cell
line (Calu-1), human cervical adenocarcinoma Hela cells,
immortalized non-malignant human normal human hepatic
cells (L02) and mammary epithelial cells (HBL100) were
obtained from the cell culture collection of Wuhan Univer-
sity (Wuhan University, China). These cells were all cultured
in DMEM. Human colon cancer cells (HCT116 and HCT116
p21−/−) cultured in McCoy’s 5A medium and the human lung
cancer cell line (A549) cultured in RPMI1640 medium were
kindly provided by Dr Xiaodong Zhang (College of Life Sci-
ences, Wuhan University, China). All cell culture media were
supplemented with 10% FBS, 100 U·mL−1 penicillin and
100 U·mL−1 streptomycin. Cell culture dishes and plates were
obtained from Wuxi NEST Biotechnology Co., Ltd. (Wuxi,
Jiangsu, China).

Combination index
The effect of agents was defined as combination index (CI), a
synergistic effect as CI < 1, an additive effect as CI = 1 and an
antagonistic effect as CI > 1 (Tazzari et al., 2008; McCormack
et al., 2012). CI values were calculated from dose–response
curves to test for synergistic effects. The computer program
CompuSyn for drug combinations and for general dose–effect
analysis was used and the method of Chou and Talalay was
utilized for formal synergy analyses (Chou, 2006). Synergy
was defined based upon the terminology of Chou.

Cell clone formation assay
Tumour cells were plated in six-well plates at approximately
2000 cells per well and exposed to drugs for 24 h once the
cells were adherent. The medium was then replaced with
fresh media, and the tumour cells were allowed to grow for
approximately 2 weeks at 37°C, 5% CO2 before staining with
crystal violet (Sigma-Aldrich).

Cell viability assay
Tetrandrine was dissolved in DMSO and chloroquine was
dissolved in PBS before use. Cell viability was measured by
Trypan blue dye staining assay. To determine whether the
combined effects were synergistic, the cells were treated with
the indicated doses of tetrandrine and chloroquine for 48 or
72 h, and the CI was determined using the method of Chou
and Talalay, using the software package Calcusyn (Biosoft,
Cambridge, UK) (Chou, 2010).

Western blot analysis
After each treatment, as indicated in the figure legends, pro-
teins were collected and their expression was assessed by
Western blot as previously described (Zhan et al., 2012).

Acridine orange staining
Cells were incubated with or without 5 μM tetrandrine, for
the indicated time after they were seeded on sterile coverslips
overnight. Cells were then incubated with 1 μg·mL−1 acridine
orange dye in serum-free medium for 20 min. The acridine
orange dye was removed, and fluorescence micrographs
were obtained by an inverted fluorescence microscope. The
cytoplasm and nucleus of the stained cells fluoresced bright
green, and the acidic autophagic vacuoles fluoresced bright
orange-red.

Detection of intracellular ROS
ROS levels were measured using a flow cytometer (Beckman-
Coulter, Miami, FL, USA). Following treatment, cells were
harvested and washed with PBS and then suspended in
serum-free DMEM or RPMI1640 containing 1 μM DCFH-DA
at 37°C, 5% CO2 for 20 min. Cells were washed with PBS, and
flow cytometry analysis was performed.

Plasmids and transfections
An empty vector pHAGE.puro plasmid was kindly provided
by Dr Zan Huang (College of Life Sciences, Wuhan University,
China), and pHAGE.puro-p21 plasmid was obtained from our
laboratory (Li et al., 2014a). The empty vector p-USE and
p-USE-CA-Akt plasmids were obtained from Upstate Biotech-
nology (Lake Placid, NY, USA). Cells were seeded in 24-well
plates, and plasmids were transfected for 48 h with FuGENE
HD transfection reagent according to the manufacturer’s pro-
tocol (Roche, Indianapolis, IN, USA).

Tumour xenograft
The animal care and experimental protocols were approved
by the Experimental Animal Center of Wuhan University. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 56 animals were used in the experiments described here.

Athymic nude mice (4- to 5-week-old male BALB/c) were
provided by the Disease Prevention Center of Hubei Province
(Wuhan, Hubei, China). A549 cells (approximately 6 × 106),
HCT116 and HCT116 p21−/− cells (approximately 5 × 106)
were implanted subcutaneously into the right flank of each
mouse. Once the tumour volume of A549 cells reached
approximately 50 mm3, tumour-bearing mice were rand-
omized into four experimental groups. Each group of mice
was given vehicle (0.5% methylcellulose), chloroquine
(50 mg·kg−1), tetrandrine (25 mg·kg−1) or chloroquine with
tetrandrine, three times a week for 30 days via gavage. For
HCT116 and HCT116 p21−/− cells, tumour-bearing mice were
randomized into two test groups and were administered
vehicle (0.5% methylcellulose) or tetrandrine (25 mg·kg−1)
plus chloroquine (50 mg·kg−1) by gavage every other day for
24 days. Mouse weights and tumour volumes were measured
and recorded at the same time. Tumour volumes were esti-
mated by direct measurement with calipers and calculated by
the formula: π/6 × (length) × (width)2.

In vitro apoptosis assay
Treated cells were washed with PBS, resuspended in binding
buffer and stained with Annexin V-FITC and propidium iodide
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(PI) for 15 min according to the protocol kit from Bipec Biorea-
gent (Cambridge, MA, USA). Annexin V-FITC and PI fluores-
cence was estimated with a flow cytometer (Beckman-Coulter).
For TUNEL assays, tumour tissue samples were prepared and
treated according to the TUNEL kit instructions (Roche, Indi-
anapolis, IN, USA), and tumour sections were observed under
a fluorescence microscope (Olympus, Tokyo, Japan).

MDA assay
The tissue samples from the tumours were prepared according
to the MDA assay kit protocol (Beyotimes, Nantong, China).
MDA levels were detected using Multi-Mode Microplate
Readers (SpectramMax M5) at 532 nm.

Data analysis
A Student’s t-test was used for statistical analysis, and all
experiments were performed three times, and the accepted
level of significance was P < 0.05. The data from the flow
cytometer (Beckman) were analysed by Flow-Jo software (Tree
Star Software, San Carlos, CA, USA).

Materials
Tetrandrine was provided by Shanghai Ronghe Medical, Inc.
(Shanghai, China). Z-VAD-FMK was purchased from R&D
Systems (Minneapolis, MN, USA). DCFH-DA was obtained
from Invitrogen (Carlsbad, CA, USA). The antibody against
microtubule-associated protein 1 light chain 3 (LC3) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), and the
antibodies against Bax, p53 and cathepsin D were acquired
from Proteintech Group Inc. (Chicago, IL, USA). The anti-
body against GAPDH was obtained from Beyotime (Shanghai,
China). All other antibodies were purchased from Cell Sign-
aling Technology (Beverly, MA, USA), and all other chemicals
were provided by Sigma-Aldrich.

Results

Tetrandrine and chloroquine
combination therapy showed synergistic
anti-tumour activity
To determine the effect of tetrandrine and chloroquine com-
bination therapy on cancer cells, we first evaluated their
effects on the survival of the lung cancer cell line A549 and
liver cancer line Huh7. As shown in Figure 1A, tetrandrine or
chloroquine given alone had a concentration-dependent
effect on cell survival. The viabilities of A549 and Huh7 cells
were about 80% when they were treated with 5 μM tetran-
drine or 20 μM chloroquine alone. However, after treatment
with 5 μM tetrandrine plus 20 μM chloroquine for 72 or 48 h,
cell viabilities of A549 and Huh7 cells significantly decreased.
Similar results were obtained in other cancer cell lines such as
Hela, Calu1, FHCC98, U251 and U87 cells (Figure 1B), which
suggests that the combination effect of tetrandrine and chlo-
roquine was common to many cancer cell lines, regardless of
tissue source. We examined cell viability after treating the
cells with various concentrations of tetrandrine and chloro-
quine, and we found that 5 μM tetrandrine and 20 μM chlo-
roquine had a clearly synergistic anti-tumour activity

(Figure 1C and Supporting Information Table S1). The colony
formation assay also confirmed that this combined treatment
dramatically suppressed long-term cell survival of cancer cells
(Figure 1D). However, immortalized non-malignant human
normal human hepatic cells (L02) were less sensitive to this
combined treatment (Figure 1E). Taken together, our data
suggest that combination treatment of tetrandrine and chlo-
roquine has a significant synergistic therapeutic effect on
cancer cells but not on normal cells.

Combination therapy induces
caspase-dependent apoptosis independent of
Akt activity
In general, anti-cancer drugs kill malignant cells via pro-
grammed cell death, including apoptosis, autophagic death or
non-programmed cell death (necrosis). Therefore, we deter-
mined the mode of cell death induced by the combination
therapy. As shown in Figure 2A, Annexin V-FITC/PI staining
indicated that tetrandrine and chloroquine combination
treatment induced apoptosis in A549, Huh7 and Hela cells.
Western blot analysis indicated that the tetrandrine and chlo-
roquine combination activated the apoptotic-related proteins
PARP and caspases in cancer cells including A549, Huh7, Hela,
U251, Calu1 and FHCC98 (Figure 2B and Supporting Informa-
tion Fig. S1). To further examine the role of caspases in the
combination-induced apoptosis, cells were pretreated with the
pan-caspase inhibitor Z-VAD-FMK and then treated with com-
bination therapy. The data show that Z-VAD-FMK significantly
blocked cell death in A549 and Huh7 cells induced by the
tetrandrine/chloroquine combination (Figure 2C).

Our previous reports showed that tetrandrine induced
apoptosis of hepatocellular carcinoma (HCC) cells through
the inhibition of Akt activity. Here, we found that the
tetrandrine/chloroquine combination dramatically decreased
total Akt and phospho-Akt protein levels. However, ectopic
Akt overexpression did not rescue cell viability after combi-
nation treatment (Supporting Information Fig. S2). There-
fore, these data demonstrate that the tetrandrine/
chloroquine combination therapy-induced cell apoptosis was
mediated by caspase activation, but not Akt activity.

Intracellular ROS is involved in
tetrandrine/chloroquine combined
therapy-induced apoptosis
Chemotherapeutic drugs have multiple effects on tumour
cells, including ROS production, which has been shown to be
a critical event in anti-cancer drug-induced cell death (Gong
and Li, 2011; Gong et al., 2012b; Lee et al., 2013b). Therefore,
we examined whether tetrandrine/chloroquine combination
therapy-induced apoptosis was associated with intracellular
ROS activation. We measured intracellular ROS production
after treatment with chloroquine, tetrandrine or the combi-
nation in A549 and Huh7 cells. We found that the combina-
tion treatment resulted in significantly higher intracellular
ROS levels compared with the single-agent treatments
(Figure 3A). The free radical scavenger N-acetyl-L-cysteine
(NAC) markedly inhibited combination treatment-induced
ROS generation, which confirms that the tetrandrine and
chloroquine combination results in intracellular ROS accu-
mulation (Figure 3B). To examine whether the enhanced ROS
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generation plays a role in combination therapy-induced apo-
ptosis, we determined A549 and Huh7 cell viability after
pretreatment with NAC for 1 h, followed by combination
treatment. The results indicate that NAC treatment prevented
the decrease in A549 and Huh7 cell viability induced by the
combination treatment.(Figure 3C). Consistent with our
observed cell survival data, Western blot analysis of PARP and
caspases also indicated that NAC treatment reduced combi-
nation treatment-induced cell apoptosis (Figure 3D). Thus,
these results suggest that intracellular ROS activation is an
essential event in the induction of cell apoptosis by the
tetrandrine/chloroquine combination treatment.

Inhibition of tetrandrine-induced cell
autophagy causes cell apoptosis

We have previously demonstrated that tetrandrine is a
potent autophagy agonist and induces cell autophagy but
not death at low concentrations in HCC cells (Gong et al.,
2012a). In the present study, we found that tetrandrine also
induces cell autophagy in several other cancer cell lines. As
shown in Figure 4A and B, tetrandrine significantly
increased the LC3-II level and the number of acidic
autophagolysosome vacuoles. Chloroquine is an established
autophagy inhibitor in the autophagic degradation process

Figure 1
Tetrandrine (Tet) and chloroquine (CQ) combination treatment has a synergistic anti-tumour activity in various cancer cells. (A) A549 cells were
treated with serial concentrations of tetrandrine or chloroquine for 72 h, and Huh7 cells were treated with the same concentrations for 48 h.
Tumour cell viability was determined by cell viability assay. Data represent means from at least three independent experiments ± SD. (B) Cells were
treated with tetrandrine (5 μM), chloroquine (20 μM) or both for 72 h, except Huh7 and U251 were treated for 48 h. *P < 0.05, significantly
different from control ( no treatment). Values represent mean ± SD (N = 3). (C) A549 and Huh7 cells were treated with different concentrations
of tetrandrine (1–10 μM) plus chloroquine (4–40 μM) at a fixed ratio of 1:4 or with single agents for the indicated time, and the combination index
(CI) was calculated. (D) A549 and Huh7 cells were stained with Crystal violet after 14 days of treatment for the colony formation assay. The number
of colonies is shown, and the inset shows a representative figure. (E) Immortalized non-malignant normal human hepatic cells (L02) and cancer
cells (Huh7) were treated with tetrandrine (5 μM), chloroquine (20 μM) or both for 72 h.
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via disruption of lysosomal function, leading to lipid modi-
fication of LC3-I into LC3-II. As shown in Figure 4C, we
further confirmed that chloroquine inhibits tetrandrine-
induced cell autophagy. Combined with the results of
Figure 1, we hypothesized that the inhibition of autophagy
progress would lead to cell death under tetrandrine stress.
To further confirm this hypothesis, we treated cells with
two other widely used autophagy inhibitors, 3-
methyladenine (3-MA) and bafilomycin-A1 (BAF), and com-
bined them with tetrandrine treatment of various cancer
cells, including A549, Huh7, Hela and U251 cells. As
expected, tetrandrine clearly induced cancer cell death
in combination with the autophagy inhibitors 3-MA and
BAF (Figure 4D and E and Supporting Information Fig. S3).

Therefore, the above data suggested that blocking
tetrandrine-induced cell autophagy triggers apoptosis.

p21 expression is involved in apoptosis
induced by combination treatment

p21 CIP1/WAF1, a potent inhibitor of cyclin-dependent kinase
(CDK), has been identified as a key element in chemothera-
peutic agent- and DNA-damaging agent-induced apoptosis
(Stivala et al., 2012; Lee et al., 2013a). We previously reported
that p21 is a critical regulator of combination treatment-
induced apoptosis (Li et al., 2014a). Thus, we next examined
whether p21 expression was related to the sensitivity of
cancer cells to apoptosis induced by tetrandrine/chloroquine

Figure 2
The synergistic effect of tetrandrine (Tet) and chloroquine (CQ) combination induces caspase-dependent apoptosis independent of Akt activity.
(A) FACS analysis was performed for detecting apoptosis after tetrandrine (5 μM), chloroquine (20 μM) or combination treatment of Huh7, A549
and Hela cells for the indicated times. (B) PRAP, caspase-9, procaspase-3, procaspase-8 and GAPDH protein expression levels were determined by
Western blot. (C) Viability of Huh7 and A549 cells after co-treatment of tetrandrine (5 μM) and chloroquine (20 μM) in the absence or presence
of 50 μM Z-Vad-fmk for 48 h (Huh7) or 72 h (A549); *P < 0.05, significantly different as indicated. Values represent the mean ± SD (N = 3).
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combination. We treated the wild-type and p21−/− HCT116
cell lines with tetrandrine and chloroquine for 72 h. Cell
viability results indicated that the p21−/− HCT116 cell lines
were markedly more sensitive to combination treatment
compared with wild-type HCT116 cells and these data were
consistent with the results from Western blot analysis of PARP
and caspases (Figure 5A and B). In contrast, p53 or Bax knock-
out did not affect the sensitivity to combination drug therapy
(Supporting Information Fig. S4). Moreover, the combination
treatment dramatically decreased p21 protein levels
(Figure 5C). To further confirm these observations, we tran-
siently transfected p21 plasmid into Huh7 cells, which
expressed relatively low endogenous p21 levels, and then
analysed their sensitivity to combination treatment. The
results showed that ectopic expression of p21 inhibited com-
bination treatment-induced apoptosis in Huh7 cells
(Figure 5D). These results suggest that p21 expression plays
an important role in apoptosis induced by the tetrandrine
and chloroquine combination treatment.

Because ROS generation and p21 repression are required
for cell sensitivity to combination treatment, we next exam-
ined whether there existed regulatory relationships between

them. Western blot analysis of p21 in the presence of an ROS
scavenger indicated that NAC restored p21 levels when cells
were treated with tetrandrine and chloroquine (Figure 5E).
Meanwhile, ectopic expression of p21 also decreased combi-
nation therapy-induced ROS levels in Huh7 cells (Figure 5F).
These results suggested that intracellular ROS and p21 regu-
late each other to control the effect of combined chemo-
therapy in our treatment model.

Combination therapy has synergistic
therapeutic effects in an in vivo
xenograft model
To assess the synergistic therapeutic effects of tetrandrine/
chloroquine combination treatment in vivo, 28 athymic nude
mice with established A549 tumour xenografts were randomly
divided into four groups and treated with vehicle, tetrandrine
(25 mg·kg−1), chloroquine (50 mg·kg−1) or both compounds
(tetrandrine 25 mg·kg−1 plus chloroquine 50 mg·kg−1) three
times per week for 30 days. The results demonstrated that
combination treatment strongly inhibited tumour growth and
tumour weight compared with monotherapy (Figure 6A).
Consistent with the in vitro results, combined treatment also

Figure 3
Intracellular reactive oxygen species (ROS) are involved in tetrandrine (Tet) and chloroquine (CQ)-induced apoptosis. (A) Huh7 cells were treated
with tetrandrine (5 μM), chloroquine (20 μM) or both for 48 h, and A549 cells were treated for 72 h, then subjected to DCFDA, an indicator for
analysis of intracellular peroxide, fluorescence analysis to evaluate intracellular ROS levels. (B) Cells pretreated with 15 mM NAC for 1 h were
incubated with both tetrandrine (5 μM) and chloroquine (20 μM) for the indicated time, and DCFDA fluorescence intensity was detected by flow
cytometry. (C) After co-treatment with tetrandrine and chloroquine, cellular viability was determined in the presence of 15 mM NAC for 1 h;
*P < 0.05. Values represent the mean ± SD (N = 3). (D) Western blot analysis was performed in cells pretreated with NAC and co-treatment with
5 μM tetrandrine and 20 μM chloroquine.
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induced a significant increase in the number of apoptotic cells
in the tumour tissue (Figure 6B) and the lipid peroxidation
product MDA, which is a measure of ROS-mediated injury in
vivo (Figure 6C). To examine the effect of p21 protein levels on
sensitivity to combination treatment in vivo, nude mice
bearing either HCT116 wild-type or HCT116 p21−/− cell xeno-
graft tumours were treated with the combination of tetran-
drine and chloroquine via gavage every other day for 24 days.
The results showed that the HCT116 p21−/− cell xenograft
tumours were sensitive to combination treatment, but
HCT116 wild-type cells were resistant, which is consistent
with the in vitro results (Figure 6D and E). TUNEL assay of
tissue further confirmed that HCT116 p21−/− cells underwent
apoptosis after combination treatment (Figure 6F). In

addition, the combined treatment was well tolerated by all
mice, as the animals did not display additional weight loss or
other signs of acute trauma compared to the monotherapy
groups (Supporting Information Fig. S5). Therefore, these data
suggest that tetrandrine and chloroquine exert significant
synergistic anti-cancer effects in vivo by inducing cell apopto-
sis. Moreover, p21 protein expression also plays a key role in
combination treatment in vivo.

Discussion

The traditional Chinese medicine tetrandrine displays good
potential anti-cancer efficacy because it can induce cell G1

Figure 4
Inhibition of tetrandrine(Tet)-induced autophagy is linked to apoptotic cell death. (A) Huh7, A549, Hela and U87 cells were treated with
tetrandrine (5 μM), and LC3 levels were determined by Western blot assay. GAPDH was used as a loading control. (B) Tetrandrine (5 μM) induced
the accumulation of autophagic vacuoles in Huh7, A549, Hela and U87 cells. Cells were stained with Acridine Orange for fluorescence detection.
(C) Western blot analysis of LC3 in A549 and Huh7 cells after tetrandrine (5 μM), chloroquine (CQ;20 μM) or combination treatment for the
indicated time. GAPDH was used as a loading control. (D, E) Cell viability of Hela, Huh7, A549 and U251 cells following treatments of 5 μM
tetrandrine and 5 mM 3-methyladenine (3-MA) or 50 nM bafilomycin (BAF) as individual or combination treatments for 72 h. Values represent
the mean ± SD (N = 3).
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blockade, induce apoptosis, impair lysosomal function and
inhibit signalling pathways in many cancer cells (Li et al.,
2012; Qin et al., 2013; Qiu et al., 2014). Although Huang have
reported the combination of tetrandrine and chloroquine
briefly in a previous paper (Huang et al., 2013), in this paper,
chloroquine did not markedly affect tetrandrine-iduced cell
death at high concentrations, which differs from our data
where tetrandrine effects were very clear at low concentra-
tions. We think that the results are different due to the differ-
ences in assay conditions, including cancer cell source,
treatment concentrations and time courses. In our work, we
consider that tetrandrine (5 μM) induced cancer cell death
when the autophagy induced by tetrandrine was suppressed

by the inhibitor of autophagy, chloroquine (20 μM). Our data
showed that tetrandrine (5 μM) alone induced autophagy and
did not markedly affect cell viability in cancer cells later shown
to be sensitive to the combination of tetrandrine and chloro-
quine. However, a concentration of tetrandrine (25 μM) did
increase cell death (to about 50%) and did induce autophagy
in human oral cancer SAS cells (Huang et al., 2013). It is
possible that chloroquine did not markedly affect the cell
death at high concentrations of tetrandrine in human oral
cancer SAS cells, in contrast to our present results, because of
the different cancer cells used and the different treatments.

Autophagy is a double-edged sword in tumour oncogen-
esis and anti-cancer therapies, and the status of autophagy as

Figure 5
p21 suppresses tetrandrine(Tet) and chloroquine (CQ) combination treatment-induced apoptosis. (A) Cellular viability was calculated after
HCT116 wild-type and HCT116 p21−/− cells were treated with tetrandrine (5 μM) plus chloroquine (20 μM) for 72 h. *P < 0.05, significantly
different as indicated. (B) PARP and caspase antibody levels were determined by Western blot analysis. (C) p21 protein levels were determined in
A549 and Huh7 cells after incubation with tetrandrine (5 μM) and chloroquine (20 μM) singly or together for the indicated time. (D) Huh7 cells
were transfected with p21 overexpression plasmid or its vehicle, and cells were treated with tetrandrine (5 μM) and chloroquine (20 μM) for 48 h.
Cellular viability, and p21 and apoptosis-associated protein levels were determined. *P < 0.05, significantly different as indicated. (E) Huh7 cells
were pretreated with 15 mM NAC for 1 h and then incubated with tetrandrine (5 μM) and chloroquine (20 μM) for 48 h. Western blot analysis
of p21 and caspase-9 protein levels was performed. (F) Huh7 cells transfected with pHAGE/pHAGE-p21 plasmids for 48 h were treated with
tetrandrine (5 μM) and chloroquine (20 μM) for 48 h and then intracellular ROS was detected by flow cytometry.
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Figure 6
Tetrandrine(Tet) and chloroquine (CQ) combination synergistically represses tumour growth in an in vivo xenograft model and is dependent upon
p21 expression. Male nude mice bearing A549 tumours were randomly distributed into four groups (n = 7) and treated with control, tetrandrine
(25 mg·kg−1) and chloroquine (50 mg·kg−1) individually or in combination. Male nude mice bearing HCT116 or HCT116 p21−/− tumours were
randomly distributed into two groups (n = 7) and treated with control, tetrandrine (25 mg·kg−1) and chloroquine (50 mg·kg−1) combination. (A)
Tumour sizes were measured with calipers three times per week for 30 days, and the tumour weight was measured after 30 days of treatment.
The data are presented as a scatter plot; the bars represent the SD. *P < 0.05, significantly different as indicated. (B)TUNEL assay of A549 tumour
tissues was performed as described in the Methods section. (C) MDA levels of tumour tissue proteins exacted from A549 xenograft tumours. *P
< 0.05, significantly different as indicated. (D, E) Tumour volumes and tumour weights in HCT116 and HCT116 p21−/− cell xenografts. Mean
tumour volume in each experimental group and tumour weight are presented as a scatter plot; *P < 0.05, significantly different from control
group. (F) TUNEL assay analysis of HCT116 and HCT116 p21−/− tumour tissues. (G) Putative model for combined treatment strategy.
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a crucial target for cancer treatments has recently received
considerable attention (Ma et al., 2013). We previously
reported that tetrandrine induced autophagy through
regulation of autophagy-related gene 7 (ATG7) expression
and ROS/extracellular signal-regulated kinase in human
hepatocellular carcinoma (Gong et al., 2012a; Wang et al.,
2015). As a mechanism for cell survival, autophagy triggers
cells to degrade unnecessary proteins and organelles to obtain
a source of macromolecular precursors to prevent the cells
from dying when they are under adverse stress, such as nutri-
ent starvation or exposure to chemotherapeutic agents. Of
course, ongoing stress will result in cell death (apoptosis and
autophagic death) (Sharma et al., 2014). Several reports have
shown that the inhibition of autophagy, either at early or late
stages of the process, may lead cancer cells to apoptose for
many reasons (Lamoureux et al., 2013; Zhu et al., 2013; Li
et al., 2014b; Zhao et al., 2014b). In the present study, we
found that inhibition of tetrandrine-induced autophagic flux
by the autophagy inhibitor chloroquine caused cancer cells
to undergo caspase-dependent apoptosis. Thus, our results
demonstrate that the combination of tetrandrine and chlo-
roquine has a synergistic anti-tumour activity.

Autophagy is a dynamic process, consisting of initiation,
nucleation, elongation and maturation. 3-MA, chloroquine
and BAF are well-established autophagy inhibitors that
block autophagic flux at different stages. 3-MA inhibits early
autophagy sequestration events by suppressing PI3K activity
and preventing the formation of autophagic vacuoles, which
is essential for autophagy initiation (Li et al., 2009; Wu et al.,
2013). Chloroquine effectively blocks later autophagy events
by inhibiting lysosomal proteases and autophagosome–
lysosomal fusion (Harhaji-Trajkovic et al., 2012; Lamoureux
et al., 2013). BAF prevents autophagic vacuole maturation by
blocking fusion of autophagosomes with lysosomes
(Pivtoraiko et al., 2010; Juhasz, 2012). Here, our data indicate
that, in addition to chloroquine, the other two types of
autophagy inhibitors, 3-MA and BAF, enhanced anti-tumour
activity in combination with tetrandrine. Even when
autophagy was blocked upstream of autophagosome forma-
tion by 3-MA, tetrandrine-induced stress could still lead to
cell death. It is there possible that any inhibition of
tetrandrine-induced autophagy will trigger cell apoptosis. If
this hypothesis is correct, the combination of cell autophagy
agonists with inhibitors may be a useful cancer treatment.
However, the exact mechanism and the relationship between
autophagy and apoptosis in our model need to be further
explored.

Systemic toxicity side effects and acquired drug resist-
ance caused by single-drug therapy have significantly
limited the clinical applications of some established chemo-
therapy agents (Burdach, 2014). The combination of two or
several chemotherapeutic agents will potentially improve
treatment efficacy and enhance tumour response and
patient survival, as well as develop novel therapeutic appli-
cations (Fang et al., 2014; Morfouace et al., 2014; Wang et al.,
2014). With a long history of clinical application in China
to treat various diseases, tetrandrine is considered to be a
safe agent (Wang et al., 2012). Similarly, chloroquine has
been used for the treatment of diverse diseases, including
malaria, rheumatoid arthritis, lupus erythematosus and
amoebic hepatitis, and it has relatively low toxicity and

well-understood pharmacological properties (Meier et al.,
2013; Zhao et al., 2014a). Chloroquine has also been shown
to enhance tumour cytotoxicity and promote tumour cell
death when used in combination with other chemothera-
peutic agents and radiation in clinical trials (Egger et al.,
2013; Kimura et al., 2013). We have previously reported
valid combination therapy strategies for cancer treatments
(Wan et al., 2013). Here, we have demonstrated that the par-
ticular combination of tetrandrine and chloroquine had
considerable synergistic anti-tumour activity in vitro and in
an in vivo xenograft model. Mechanistically, this combina-
tion treatment triggered intracellular ROS accumulation
and subsequently activated the caspase signalling cascade,
leading to cancer cell apoptosis. Moreover, p21, the CDK
inhibitor belonging to the Cip/Kip family, has now been
reported to play additional and key roles in other important
pathways, including oncogenic properties, apoptosis and
DNA repair (Cheng et al., 2010; Stivala et al., 2012; Lee et al.,
2013a; Liang et al., 2014). Overexpression of p21(Cip1)
maintains cells longer in the G1 phase and attenuates
shikonin-induced apoptosis. Immunohistochemistry and in
vitro binding assays showed that the cytoplasmic p21(Cip1)
actually binds to and inhibits the activity of ASK1, regulat-
ing the cell cycle progression at G1 (Ahn et al., 2013).
Moreover, recent studies demonstrate that degradation of
cytoplasmic p21 also by binding to apoptotic proteins such
as caspases or phosphorylated by Lats2, activation of
caspase-3 and caspase-9, thus promotes apoptosis (Abbas
and Dutta 2009; Suzuki et al., 2013). We believe it is possible
that caspase or autophagy-related proteins may interact with
p21,-to mediate degradation p21 protein, which leads to
apoptosis. p21−/− HCT116 cell lines were more sensitive to
the combination treatment compared with wild-type
HCT116 cells in an in vivo xenograft tumour, which is con-
sistent with observations that p21 exerts an anti-apoptotic
function as a tumour suppressor protein.

Overall, our present results reveal that the two agents
already widely used in clinical treatments, tetrandrine and
chloroquine, have a synergistic activity against tumour cells
in both in vitro cell culture experiments and a xenograft
model in vivo. These findings indicate that a tetrandrine and
chloroquine combination treatment may be a potential
therapeutic regimen for tumour patients.
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Figure S1 The protein expression of PARP in Hela, U251,
FHCC98 and Calu 1 cell lines after treatments of tetrandrine
(5 μM), chloroquine (20 μM) or their combination for 48 h or
72 h.
Figure S2 (A) Western blot analysis of p-Akt and Akt after
A549 cells were treated with tetrandrine (5 μM), chloroquine
(20 μM) or both for 72 h. (B and C) A549 cells transfected
with constitutively active Akt (CA-Akt), or vector plasmid
(pUSE) were incubated with tetrandrine (5 μM) and chloro-
quine (20 μM) for 72 h. Western blot analysis and cell viabil-
ity are shown.

BJP L Mei et al.

2244 British Journal of Pharmacology (2015) 172 2232–2245

http://dx.doi.org/10.1111/bph.13045


Figure S3 The protein expression of LC3 in Huh7, following
treatments of 5 μM tetrandrine and 5 mM 3-methyladenine
(or 50 nM bafilomycin) as individual or combination treat-
ments for 72 h.
Figure S4 Cellular viability of HCT116 wild-type, HCT116
p53-/- and HCT116 Bax-/- cells following treatment with
tetrandrine (5 μM) and chloroquine (20 μM) for 72 h.
Figure S5 (A) Weight change (mean) in mice bearing A549
cell xenograft tumours during treatment with vehicle, tetran-
drine (25 mg·kg−1), chloroquine (50 mg·kg−1), or both com-

pounds for 30 days. (B and C) Weight change (mean) in mice
bearing either HCT116 wild type or HCT116 p21-/- cell xeno-
graft tumors when treated with combination of tetrandrine
25 mg·kg−1 and chloroquine 50 mg·kg−1 every other day for 24
days, the data are presented as a scatter plot; the bars repre-
sent the SD. P < 0.05.
Table S1 CI values of tetrandrine at concentrations in com-
bination with chloroquine in U87 and U251 cell lines. CI <
0.9 represents synergism.
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