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Abstract

Purpose Tetrandrine (Tet), a bis-benzylisoquinoline
alkaloid that was isolated from the dried root of Hang-
Fang-Chi (Stephania tetrandra S. Moore), is well
known as processing a marked antitumor effect in vitro
and in vivo. The aim of this study was to assess the
interaction between tetrandrine and chemotherapeutic
agents widely used in gastric cancer treatment, and to
investigate the influence of tetrandrine on chemothera-
peutic agent-associated gene expression and apoptosis.
Methods Synergistic interaction on human gastric
cancer BGC-823 and MKN-28 cells was evaluated
using the combination index (CI) method. The double
staining with both Annexin-V-FITC and Pl was
employed to distinguish the apoptotic cells from living
cells. Expression of chemotherapeutic agent-associated
genes, i.e., excision repair cross-complementing 1
(ERCC1), thymidylate synthase (TS), class III B-tubu-
lin (B-tubulin IIT) and tau, of BGC-823 cells with or
without tetrandrine treatment were measured by real-
time quantitative PCR.

Results Tetrandrine had a synergistic effect on the
cytotoxicity of chemotherapeutic agents in both two
gastric cancer cell lines. The combination of tetran-
drine and chemotherapeutic agents could also induce
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apoptosis in a synergistic manner. Tetrandrine could
suppress the mRNA expression of ERCC1, TS, B-tubu-
lin IIT and tau. Most prominently, ERCC1, TS and -
tubulin III mRNA levels were markedly suppressed at
0.29-, 0.12- and 0.60-fold, respectively, by the presenta-
tion of tetrandrine.

Conclusion Tetrandrine appears a promising candi-
date for combining with three chemotherapeutic
agents. The possible mechanisms might be the syner-
gistic apoptotic effect and the downregulation of che-
motherapeutic agent-associated genes.

Keywords Synergy - Tetrandrine - Chemotherapeutic
agents - Combination index - Gastric cancer

Introduction

Gastric cancer is second leading cause of cancer death
worldwide and continues to carry a poor prognosis,
making it a therapeutic challenge for oncologists. Cur-
rently, it remains unclear to agree with the standard
care, and even it differs in each country. Platinum com-
pounds, 5-fluorouracil and taxanes might be consid-
ered the mainstay of chemotherapy for treatment of
gastric cancer. Complete responses with single-agent
therapy are uncommon, and partial response ranged
10-20% [1]. Antineoplastic agents often achieve anti-
tumor activity at the expense of close to unacceptable
toxicity. Various attempts have been made to improve
the objective response rate to chemotherapy, including
chemotherapeutic agents in combination, but the opti-
mal combination regimen has remained elusive, possi-
bly until now [2]. The rationale for combination two or
more therapeutic agents is to achieve lower drug doses,
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reduce toxicity and minimize or delay the emergence
of resistance by target cells, and to identify potential
synergistic effect. Some compound derived from Chi-
nese medicine has been used as an adjunct to chemo-
therapy, demonstrating a great satisfactory prospective
role in sensitization to chemotherapy [3].

Tetrandrine (Tet) is one member of bis-benzyliso-
quinoline alkaloid which was accepted as cytotoxic
agent and fulfills certain structural requirements for
antitumor activity [4]. It was isolated from the dried
root of Hang-Fang-Chi (Stephania tetrandra S. Moore),
and possessed a remarkable pharmacological profile,
such as anti-inflammation [5], antioxidant [6] and anti-
fibrotic [7]. It also elicits cytotoxic effect on cancer
cells [8] and enhances the cytotoxicity of drug affected
by multidrug resistance (MDR) via modulation of
p-glycoprotein (P-gp) [9]. However, its potential role in
cancer therapy has not been clearly addressed.

This preclinical study was therefore undertaken to
investigate whether combination of tetrandrine and a
series of chemotherapeutic agents resulted in a marked
synergistic anticancer activity against gastric cancer
cells. Those anticancer drugs tested, were selected for
their differing modes of action and wide usage in gas-
tric cancer chemotherapy. To elucidate further the
mechanisms possibly involved in this action, we also
investigated apoptosis induced by tetrandrine and che-
motherapeutic agents singly and in combination and
the influence of tetrandrine on expression of chemo-
therapeutic agent-associated genes.

Materials and methods
Cell lines and cell culture

Human well-differentiated gastric cancer MKN-28 cells
and poorly differentiated BGC-823 cells were obtained
from Shanghai Institute of Cell Biology (Shanghai,
China). All cell lines were propagated in RPMI 1640
medium (GIBCO BRL), supplemented with 10%
bovine serum, penicillin (100 U/ml)-streptomycin
(100 pg/ml), pyruvate, glutamine and insulin at 37°C in
a water-saturated atmosphere with 5% CO,.

Drugs

Tetrandrine (molecular formula C;H,,N,O4) was
obtained as a powder with a purity of >98% from
Jiangxi Yibo Pharmaceutical Development Company
(Jiangxi, China). S5-fluorouracil (5-FU), oxaliplatin
(Oxa) and docetaxel (Doc) were supplied from Jiangsu
Hengrui Medicine Company (Jiangsu, China). All of
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the reagents were prepared extemporaneously in com-
plete culture medium immediately prior to use in vitro.
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) was purchased from Sigma Chemical
Company (St Louis, MO, USA). All other chemicals
used were of the highest pure grade available.

Measurement of ICys for tetrandrine
and chemotherapeutic agents

Tumor cells growing in log-phase were trypsinized and
seed at 2 x 10° cells per well into 96-well plates and
allowed to attach overnight. Medium in each well was
replaced with fresh medium or medium with various
concentrations of drugs in at least five replicate wells
and left contact for 72 h. The medium-containing drug
was decanted and the ICs, doses of each drug were
determined by MTT assay described below. The ICs,
was defined as the concentration required for 50%
inhibition of cell growth. Each experiment was allo-
cated ten wells containing drug-free medium for the
control and performed on at least three separated
occasions.

Determination of synergism and antagonism

Subconfluent gastric cancer cells were seeded at
2 x 10 cells/well in 96-well plates. Drugs were added
either concomitantly or sequentially with six different
concentrations of the single agents and six different
concentrations of both agents at their fixed ratio based
on their respective individual ICs, values for 72 h. The
fractional inhibition of cell proliferation was calcu-
lated by comparison to control cultures. Dose—
response curves were obtained for each drugs, and for
multiple dilutions of a fixed-ratio combination of the
two drugs.

Median effect analysis using the combination index
(CI) method of Chou and Talalay [10] was employed to
determine the nature of the interaction observed
between tetrandrine and chemotherapeutic agents.
The Cl is defined by the following equation: CI = (D),/
(Dx), + (D),y/(Dx), + a(D),(D),/(Dx){(Dx), in which
(Dx), and (Dx), are the concentrations for D, (tetran-
drine) and D, (chemotherapeutic agent) alone that
gives x% inhibition, whereas (D); and (D), in the
numerators are the concentrations of tetrandrine and
another drug that produce the identical level of effect
in combination. o =0 when the drugs are mutually
exclusive (i.e., with similar modes of action), while
a=1 of they are mutually non-exclusive (i.e., with
independent modes of action). CIs > 1 indicate antago-
nism, CIs <1 indicate synergy, and CIs=1 indicate
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Table 1 The ICs, doses of

tetrandrine and Cell line ICy, (mean £ SD, pm)

chemotherapeutic agents Tetrandrine 5-Fluorouracil Oxaliplatin Docetaxel
BGC-823 1228 £1.15 3223 +1.98 12.27 £0.77 0.05 £ 0.01
MKN-28 3.55+£0.38 5.88 £ 0.31 9.16 £ 0.58 14.86 £ 4.48

additivity. Each CI ratio represented here is the mean
value derived from at least three independent experi-
ments.

Cytotoxicity assay

The in vitro drug-induced cytotoxic effects were mea-
sured by the MTT reduction assay [11]. After treat-
ment, 1/10 volume of MTT was added to each well, and
the plate was further incubated at 37°C for another 4 h.
Two hundred microliter DMSO was added to each well
to solubilize the MTT-formazan product after removal
of the medium. Absorbance at 570 nm was measured
with a multiwell spectrophotometer (BioTek, VT,
USA). Growth inhibition was calculated as a percent-
age of the untreated controls, which were not exposed
to drugs.

Apoptosis assay

Cells were cultured in a 60-mm Petri disk and allowed
to grow to 75-80% confluency. They were exposed to
tetrandrine and anticancer durgs added singly or in
combination for 48 h and compared with control cells
not treated with drugs. Then they were collected and
incubated with Annexin-V-FITC (Bender Medsys-
tems, Burlingame, CA, USA) for determining surface
exposure of phosphatidyl serine in apoptotic cells.
Analyses were performed with a FACScan flow
cytometer (Becton Dickinson, Sunnyvale, CA, USA).

Quantitative RT-PCR

BGC-823 cells were seeded on 6-well plates and
treated with tetrandrine at its ICs, value for 72 h and
harvested with trypsin, washed with PBS, and collected
by centrifugation at 1,000 rpm for 5 min. Total RNA
was extracted using Trizol reagent (Invitrogen, CA,
USA) following the manufacture’s protocol. cDNA
was generated with random primers and the target
cDNA sequences were amplified by quantitative PCR
in a fluorescent temperature cycler (Mx3000P Real
Time PCR System, Stratagene). Briefly, total RNA
1 pg was used for each RT reaction. The 20 ul PCR
reaction mixture contained 1x primers and probe mix-
ture [Applied Biosystems, Foster city, CA. Assay IDs:

Hs00157415_m1 (ERCC1); Hs00426591_m1 (TS);
Hs00964965_m1 (B-tubulin I1T); Hs00213491_m1 (tau);
Hs99999903_m1(p-actin)], 1x Absolute QPCR Mix
(ABgene, Surrey, UK). The PCR conditions were 50°C
for 2 min, 95°C for 15 min, followed by 45 cycles at
95°C for 15 s and 60°C for 1 min.

Relative gene expression quantifications were calcu-
lated according to the comparative Ct method using
B-actin as an endogenous control and cells without tet-
randrine treatment as calibrators. Final results were
determined by the formula 2724 [12] and were analy-
sed with the Stratagene analysis software.

Statistical methods

Statistical comparisons were performed using Stu-
dent’s ¢ test.

Results

Cytotoxicities of tetrandrine and chemotherapeutic
agents against BGC-823 and MKN-28 cells

We first examined the cytotoxicity of each drug for
BGC-823 and MKN-28 cells lines. As expected, tetran-
drine and each chemotherapeutic agent individually
increased the cytotoxicity of both two cell lines in a
dose-dependent fashion. Table 1 shows the ICy, doses
for both BGC-823 and MKN-28 cells lines following
exposure to tetrandrine or chemotherapeutic agents.
The response of BGC-823 cells to these drugs (except
docetaxel, discussed additionally below) tended to be
weaker than that of MKN-28 cells, suggesting the
genetic make-up of the cells plays an important role in
the response to drug treatment. The ICs, concentra-
tions were then used to generate fixed ratios for subse-
quent combination studies and for the calculation of
combination indices (ClIs).

Effects of combination of tetrandrine
and chemotherapeutic agents

To explore whether tetrandrine could enhance the

effects of the chemotherapeutic agents currently used
to treat gastric cancer, the effects of 72-h treatment
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Fig. 1 Analysis of synergy between tetrandrine and 5-fluoroura-
cil/oxaliplatin/docetaxel for BGC-823 cells. a Dose-response
curve of tetrandrine and chemotherapeutic agents for BGC-823
cells. Data point, means of at least three independent experiment;
bars, SD; b CI values at different level of growth inhibition effect

with tetrandrine, 5-fluorouracil, oxaliplatin and docet-
axel singly and in combination were examined. The
combination ratios were designed to approximate the
ICs, ratios of the individual component compounds, so
that the contribution of anti-proliferative effect for
each compound in the combinations is roughly the
same [13].

Figures 1 and 2 show the dose-response curves for
BGC-823 (Fig. 1a) and MKN-28 (Fig.2a) cell lines
exposed to tetrandrine and chemotherapeutic agents
singly and in combination. For both cell lines, drug
combinations gave a more decrease of cell survivals.
To fully evaluate the nature of the interaction
between tetrandrine and chemotherapeutic agents, we
analysed the combination of both drugs using media-
effect analysis, which resolves the degree of synergy,
additivity, or antagonism at various levels of cell
death.
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pendent experiment; bars, SD. al, bl tetrandrine plus 5-fluoro-
uracil; a2, b2 tetrandrine plus oxaliplatin; a3, b3 tetrandrine plus
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We failed to detect the combination of tetrandrine
and docetaxel on MKN-28 cells because the effect of
docetaxel on MKN-28 cells shows a weak linear rela-
tionship (the linear correlation coefficient < 0.9) and
weak reproducibility, indicating the inconformity of
the data to the median-effect principle.

Figures 1 and 2 also illustrate the multiple drug
effect obtained for BGC-823 (Fig. 1b) and MKN-28
(Fig. 2b) cells, respectively, which were treated simul-
taneously with tetrandrine and anticancer drugs and
represented as fractional cell growth inhibition (FA) as
a function of the CI. The results are summarized in
Table 2, which shows, for each combination, the com-
puter-calculated CI for 20, 50 and 80% cytotoxicity
(Fa=0.2,0.5, 0.8, respectively). It was different in some
extent of concentrations between two cell lines. But in
all combinations, the CI values were below 1 at
Fa=0.5, indicating a synergistic anti-proliferative



Cancer Chemother Pharmacol

100 —0— Tet

Al

—) = 5-FU

= 0 = Tet+5-FU

Survival (%)
n
(=]

N

T O--o0--0

AN
N é
-
1

1

Tet (uM) 1.01 2.01 4.02 8.03 16.06 32.12
5-FU (uM) 1.66 3.32 6.65 13.30 26.60 53.20
A2 100 —o— Tet

— —OXQ

= =0 = Tet+oxa

Survival (%)
n
(=]

O @ Uu =

1 1 1 1 J

2.01 4.02 8.03 16.06 32.12

Tet (uM) 1.01

Oxa (uM) 2.62 524 10.47 20.94 41.88 83.77

Fig. 2 Analysis of synergy between tetrandrine and 5-fluoroura-
cil/oxaliplatin for MKN-28 cells. a dose-response curve of tetran-
drine and chemotherapeutic agents for MKN-28 cells. Data point,
means of at least three independent experiment; bars, SD; b CI

Table 2 Summary of CI values at 20, 50 and 80% fraction
affected

Regimen CI at fraction affected (mean + SD)
20% 50% 80%
BGC-823 Tet+Doc  045+020 0.71+£031 1.77+0.83
Tet+5-FU 10.13+£2.60 0.93+0.06 0.35+0.09
Tet+Oxa  0.55+034 0.65+025 0.87+0.19
MKN-28 Tet+5-FU 037 £0.03 048+0.04 0.66=+0.05
Tet + Oxa 0.77£0.12 0.84+£0.05 0.99+0.28

effect. Some of CI values were below 1 across the
almost entire dose inhibition range. Moreover, the CI
values obtained for MKN-28 cells indicated a more
pronounced synergistic effect for the drug combination.

We also evaluated the effects of sequential drug
exposure, in which either tetrandrine or chemothera-
peutic agents was administered alone for 24 h before
administration of the second drug. The treatment
schedule with tetrandrine preceding chemotherapeutic
agents showed a similar synergistic growth inhibitory
effect to the simultaneous treatment regimen, while the
synergism were not observed in another occasion
(sequential exposure to chemotherapeutic agents fol-
lowed by tetrandrine). For example, the CI values for
MKN-28 cells at 50% fraction affected were
0.48 £0.04, 0.73 £ 0.003 and 1.47 £ 0.45, respectively
for simultaneous treatment, tetrandrine preceding
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values at different level of growth inhibition effect (FA). Data
point, means of at least three independent experiment; bars, SD.
al, b1 tetrandrine plus 5-fluorouracil; a2, b2 tetrandrine plus oxa-
liplatin

S-fluorouracil and 5-fluorouracil preceding tetrandrine.
The results suggested that the simultaneous treatment
and administration of tetrandrine followed by chemo-
therapeutic agents treatments were better than the
reverse sequence treatment.

Apoptosis effects mediated by tetrandrine
and chemotherapeutic agents

To test the hypothesis that tetrandrine plus chemother-
apeutic agents would increase cell death by inducing
apoptosis, flow cytometric analysis was performed to
better understand the apoptosis effects of combining
tetrandrine and chemotherapeutic agents. The double
staining with both Annexin-V-FITC and PI was
employed to distinguish the apoptotic cells from others
[14].

BGC-823 and MKN-28 cell lines were treated with
tetrandrine and anticancer drugs singly and in combi-
nation. The doses of agents chosen were close to their
respective 75% inhibitory concentrations (IC;5). The
percentage of the early apoptotic cells produced by the
individual chemotherapeutic agents was significant
increased by the presence of tetrandrine, indicating
that the simultaneous treatment of tetrandrine and
anticancer drugs induced apoptotic in a synergistic
manner (Fig. 3). For example, the percentage of early
apoptosis MKN-28 cells induced by tetrandrine, 5-fluo-
rouracil and oxaliplatin were 30.29, 7.90 and 8.88%,
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Fig. 3 Annexin-V and PI double staining for apoptosis on BGC-823 (a) and MKN-28 (b) cells. Early apoptotic cells were defined as

Annexin V-positive, PI-negative cells

respectively, while the percentage of them induced by
drug combination were 91.39 and 95.70% for tetran-
drine plus 5-fluorouracil and tetrandrine plus oxalipla-
tin, respectively. Moreover, the apoptosis effect
obtained for BGC-823 cells indicated a weaker syner-
gistic effect for the drug combination than what for
MKN-28 cells, which is similar to the results observed
in the cytotoxicity effects.

Tetrandrine influence mRNA expression
of chemotherapeutic agents-associated genes

To extend the observation made in two gastric cancer
cell lines that the cytotoxicity of chemotherapeutic
agents was potentiated in the presence of tetrandrine,
we hypothesized that tetrandrine might affect the
expression of the investigated chemotherapeutic
agents-associated genes, i.e., excision repair cross-com-
plementing (ERCC1), thymidylate synthase (TS), class
IIT B-tubulin (B-tubulin III) and tau, in gastric cancers,
influencing sensitivity to those drugs. After incubation
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with tetrandrine, mRNA expressions of these genes in
gastric cancer BGC-823 cells were assessed by quanti-
tative RT-PCR. As shown in Fig. 4, a significant change
was observed in the expression of those genes. Most
prominently, ERCC1, TS and B-tubulin III mRNA lev-
els were markedly suppressed at 0.29-, 0.12- and 0.60-
fold respectively by the presentation of tetrandrine.
Meanwhile, the mRNA expression of tau was slightly
inhibited. Although the mechanism of the interaction
of tetrandrine and chemotherapeutic drugs was not
clear enough, it is notable that tetrandrine could influ-
ence the expression of chemotherapeutic agent related
genes, which might increase the sensitivity to these
agents.

Discussion
Currently, the treatment of cancer with chemothera-

peutic agents has two major problems: time-dependent
development of tumor resistance to chemotherapy and
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Fig. 4 Tetrandrine suppressed the mRNA expressions of chemo-
therapeutic agents-associated genes for BGC-823 cells. Fold
changes: relative gene expression after treatment of tetrandrine
at its ICy, for 72h to control. *P=0.009; **P =0.005;
kP =(0.009

nonspecific toxicity toward normal cells. Many plant-
derived compounds have been studied intently for
their potential chemo-preventive properties and are
pharmacological safe. Recent research has suggested
that these compounds, such as genistein, curcumin,
emodin etc., might be used to sensitize tumor cells to
chemotherapeutic agents by inhibiting pathway that
leads to treatment resistance [3].

The data presented here demonstrate a synergistic
interaction between tetrandrine and series of chemo-
therapeutic agents for two gastric cancer cell lines. The
potentiating action of tetrandrine in combination with
other drugs was also found in the chloroquine [15],
doxorubicin and vincristine [16] invitro. Overall,
MKN-28 cells were more sensitive to the tetrandrine,
5-fluorouracil and Oxaliplatin as well as the combina-
tions. The synergy with these drug combinations is also
shown in BGC-823 cells, eventhough, in some extent of
concentrations, it was demonstrated as an antagonism
interaction.

Several previous studies have demonstrated that the
effects of combinations of antitumor drugs can vary
depending on the tumor cell line tested [17, 18]. In this
study, a synergy interaction of the combinations of tet-
randrine and chemotherapeutic agents was observed in
two different differentiated gastric cancer cell lines.
Similar experiments could be carried out in other cell
lines to evaluate further the potential of such combina-
tions against different types of tumor cells.

We have examined the apoptosis effects of tetran-
drine and chemotherapeutic agents on two gastric can-
cer cell lines, both singly and in combination, to
determine whether the synergistic antiproliferative
effects of the drugs observed might be because of a syn-
ergistic effect on apoptosis.Results of apoptosis analy-
sis indicated that tetrandrine appears to be a promising
candidate for combining with these three anticancer

drugs, especially 5-fluorouracil and oxaliplatin. These
drugs induced DNA damage directly or indirectly [19]
and induced cell death predominatly via a p53-depen-
dent pathway [20]; several recent reports have sug-
gested that tubulin-interacting agents such as docetaxel
induce cell death predominantly via another pathway
[21, 22], such as caspase-dependent pathway. On other
hands, several researches found out tetrandrine
induced apoptosis of cancer cells via caspase-depen-
dent pathway [8, 23]. Therefore, the pathway induced
by tetrandrine leading to apoptosis would be comple-
mentary to that induced by these chemotherapeutic
agents. This would at least in part explain the synergy
effects of tetrandrine in combination of these three
drugs. Nevertheless, this hypothesis needs to be
explored by specific studies on the cell cycles and apop-
tosis.

The quantitative determination of synergism or
antagonism by itself does not provide information
about how and why synergism or antagonism occurs.
We have considered how tetrandrine and these three
anticancer agents might act together at a cellular level.
Since several drug associated genes have been shown
to be prognostic markers of 5-fluorouracil, oxaliplatin
and docetaxel, we detected the influence on those
genes by the presence of tetrandrine.

TS is a target enzyme for the antimetabolite 5-fluo-
rouracil and plays a very important part in the efficacy
of 5-fluorouracil. High TS expression level is reported
to contribute to a resistance to 5-fluorouracil and poor
clinical outcome [24, 25]. Although Some studies have
shown opposite results using cancer cell lines or colo-
rectal cancer tissue [26, 27], a meta-analysis [28] dem-
onstrated that TS expression level was considered to be
one of the most important marker to 5-fluorouracil
response.

The cytotoxicity effects of the platinum agents are
principally attributable to the formation of intrastrand
adducts leading to the DNA damage [29]. ERCC1 is a
critical element of DNA repair pathway. High ERCC1
expression is associated with resistance to platinum-
containing therapy in human ovarian [30], lung [31]
and gastric [32] cancer. ERCCI1 has been shown to be
an independent prognostic marker of platinum-based
chemotherapy [33].

B-tubulin III and tau were microtuble-associated
genes that were both involved in taxanes resistance. It
was reported that B-tubulin III is remarkably overex-
pressed in paclitaxel-resistance tumors, and most
importantly, the differences noticed at the mRNA level
are actually translated at the protein level [34]. So,
B-tubulin IIT overexpression is a prominent mechanism
of paclitaxel resistance. Moreover, low tau expression
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represents a unique molecular mechanism of hypersen-
sitivity to paclitaxel. Inhibition of tau function could be
explored as a potential therapeutic strategy to increase
the anticancer activity of paclitaxel [35].

In the present study, we found that TS, ERCCI,
B-tubulin IIT and tau were downregulated by tetran-
drine: this might be a potential factor to sensitize 5-fluo-
rouracil, oxaliplatin and docetaxel. It might be a potential
reason to explain why synergistic effects of simultaneous
treatment and administration of tetrandrine preceding
chemotherapeutic agents differ from the reverse sched-
ule. Therefore, further studies of how tetrandrine influ-
ence these gene expressions should be carried out.

In conclusion, this study has first demonstrated that
tetrandrine might have a promising role in enhancing
the efficacy of 5-fluorouracil, oxaliplatin and docetaxel
in the treatment of human gastric cancer. Its potential
mechanism would be their synergistic effects on apop-
tosis and the downregulation of chemotherapeutic
agent-associated genes. Further, preclinical and clinical
studies should provide additional insights and assist in
determining the optimal dose and schedule for this
combination in clinical use. It is clear, however, that
tetrandrine has considerable promise as an adjuvant to
chemotherapy.
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