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Abstract:    Objective: To evaluate the effects of tetrandrine citrate, a novel tetrandrine salt with high water solubility, 
on the growth of imatinib (IM)-resistant chronic myeloid leukemia (CML) in vitro and in vivo, and reveal action mo-
lecular mechanisms. Methods: Cell viability in vitro was measured using methyl thiazolyl tetrazolium (MTT) assay. 
CML cell growth in vivo was assessed using a xenograft model in nude mice. Bcr-Abl and β-catenin protein levels were 
determined using Western blotting. Bcr-Abl messenger RNA (mRNA) was measured by reverse transcription poly-
merase chain reaction (RT-PCR). Flow cytometry (FCM) was used to determine cell cycle status. Results: Tetrandrine 
citrate inhibited the growth of IM-resistant K562 cells, primary leukemia cells, and primitive CD34+ leukemia cells, and 
their inhibition concentration that inhibited 50% of target cells (IC50) ranged from 1.20 to 2.97 μg/ml. In contrast, 
tetrandrine citrate did not affect normal blood cells under the same conditions, and IC50 values were about 
10.12–13.11 μg/ml. Oral administration of tetrandrine citrate caused complete regression of IM-resistant K562 xeno-
grafts in nude mice without overt toxicity. Western blot results revealed that treatment of IM-resistant K562 cells with 
tetrandrine citrate resulted in a significant decrease of both p210Bcr-Abl and β-catenin proteins, but IM did not affect the 
Bcr-Abl protein levels. Proteasome inhibitor, MG132, did not prevent tetrandrine-mediated decrease of the p210Bcr-Abl 
protein. RT-PCR results showed that tetrandrine treatment caused a decrease of Bcr-Abl mRNA. FCM analysis indicated 
that tetrandrine induced gap 1 (G1) arrest in CML cells. Conclusions: Tetrandrine citrate is a novel orally active tetrandrine 
salt with potent anti-tumor activity against IM-resistant K562 cells and CML cells. Tetrandrine citrate-induced growth 
inhibition of leukemia cells may be involved in the depletion of p210Bcr-Abl mRNA and β-catenin protein. 
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1  Introduction 
 
Philadelphia chromosome positive (Ph+) chronic 

myeloid leukemia (CML) is a common malignant 
clonal disorder of hematopoietic stem cells caused by 
the oncogenic Bcr-Abl tyrosine kinase. Since the 
development of Abl tyrosine kinase inhibitors (TKIs) 
(e.g., imatinib (IM), dasatinib, and nilotinib), targeted 
therapy with these TKIs has markedly improved the 
outcome of Ph+ CML. However, most patients ceas-
ing TKI therapy invariably relapse due to drug resis-
tance caused by the mutation of the Bcr-Abl kinase, 
and the insensitivity of the TKIs to leukemia stem 
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cells (LSCs) (Li and Li, 2007; Konig et al., 2008; 
Stuart et al., 2009), creating a need for more potent 
and safer therapies against Abl kinase activity- 
independent targets.  

Several potential targets have been proposed 
for the treatment of Ph+ CML. These targets include 
the β-catenin in the Wnt/β-catenin pathway (Hu et 
al., 2009), nuclear factor-κB (NF-κB) pathway 
(Guzman et al., 2005), CD44 (Krause et al., 2006), 
Hedgehog pathway (Dierks et al., 2008), Alox5 
(Chen et al., 2009a), and PTEN (phosphatase and 
tensin homolog) (McCubrey et al., 2008). The 
β-catenin in the Wnt/β-catenin signaling pathway is 
essential for the self-renewal of Bcr-Abl+ CML cells 
(Coluccia et al., 2007) and the survival of LSCs (Hu 
et al., 2009), and its protein stability is largely de-
pendent on the protein levels of the Bcr-Abl kinase 
in Ph+ CML cells (Coluccia et al., 2007). These data 
strongly suggest that the Bcr-Abl/β-catenin axis may 
be an attractive, yet unrealized treatment option. As 
current TKIs mainly target the activity of the 
Bcr-Abl kinase, rather than its protein level, we 
proposed that a strategy that disrupts the Bcr-Abl/ 
β-catenin axis by down-regulating the protein level 
of the Bcr-Abl kinase could have better therapeutic 
effects for two reasons. First, the depletion of the 
Bcr-Abl kinase protein could override TKI resis-
tance to kinase mutation. Second, disrupting the 
Bcr-Abl/β-catenin axis causes instability and sub-
sequent degradation of β-catenin protein essential 
for survival of LSCs, and renders LSCs more vul-
nerable to eradication, thereby improving the out-
come of Ph+ CML.  

Tetrandrine is a long-established drug that has 
been widely used to treat silicosis and arthritis for 
centuries in China (Lai, 2002), and previous studies 
showed that it has anti-tumor activity for several tu-
mor cell lines in vitro (Lee et al., 2002; Wang et al., 
2005; Ng et al., 2006). However, tetrandrine free base 
is hydrophobic alkaloids with very low solubility in 
water, which affects its antitumor activity in vivo. In 
this study, we first investigated the effects of tetran-
drine citrate, a novel tetrandrine salt with high water 
solubility, on the growth of IM-resistant K562 cells, 
primary CML samples, and normal blood cell sam-
ples in vitro and in vivo, and then explored potential 
molecular mechanisms responsible for its anti- 
leukemia activity. 

2  Materials and methods  

2.1  Reagents and antibodies 

Tetrandrine free base was purchased from 
China’s National Institute for the Control of Phar-
maceutical and Biological Products (Beijing) and its 
structure is shown in Fig. 1. IM was generously pro-
vided by Dr. Ding, and was directly dissolved in wa-
ter at a concentration of 10 mg/ml. c-abl and β-catenin 
antibodies were purchased from Santa Cruz Bio-
technology (CA, USA). CD34 antibody-R conjugated 
to phycoerithrin was purchased from Invitrogen 
(Carlsbad, CA). β-actin antibody was from Sigma 
Chemical (St. Louis, MO, USA).  

 
 
 
 
 

 
 
 
 

2.2  Generation of tetrandrine citrate with high 
water solubility  

Because tetrandrine free base is a hydrophobic 
alkaloid with very low solubility in water, we gener-
ated a novel tetrandrine salt, tetrandrine citrate, with 
high water solubility. Tetrandrine citrate was gener-
ated by mixing tetrandrine free base and citrate acid in 
a 4:1 ratio, and dissolved in double distilled water. 
The solubility of tetrandrine citrate in water was de-
termined to be up to 500 mg/ml. 

2.3  Human CML cell lines and culture 

Human CML cell lines, including IM-resistant 
K562 and K562 cell lines (CML), were obtained from 
the Cancer Institute of Zhejiang University. Leuke-
mia cells were grown in RPMI-1640 (roswell park 
memorial institute) supplemented with 10% (v/v) 
fetal calf serum (FCS) at 37 °C in a 95% air, 5% CO2 
humidified incubator. 

2.4  Isolation and culture of primary leukemia 
cells and normal hematopoietic cells 

Primary leukemia specimens were obtained 
from patients who had given informed consent. 

Fig. 1  Chemical structure of tetrandrine
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Normal blood cells were also obtained from pe-
ripheral blood of healthy volunteer donors. Mono-
nuclear cells were isolated from the samples using 
Ficoll-Plaque density gradient separation (Sigma- 
Aldrich, St. Louis, MO, USA). Primary leukemia 
cells and normal blood cells were cultured in 
RPMI-1640 medium with 10% FCS at 37 °C in a 
95% air, 5% CO2 humidified incubator. 

2.5  Cell viability determination 

Cells were cultured in the presence of various 
concentrations of tetrandrine citrate for 48 h, and cell 
viability was measured by methyl thiazolyl tetra-
zolium (MTT) (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) assay as previously 
described (Xu et al., 2006). 

2.6  Methylcellulose colony-forming assay 

We used methylcellulose colony assay to assess 
the survival of tetrandrine citrate-treated CML leu-
kemic primitive stem/progenitor cells. Four primary 
CML specimens were treated with tetrandrine citrate 
(2.0 or 6.0 μg/ml; 14 d), and the leukemia colony- 
forming units (CFUs) were scored after 14 d of cul-
ture. Methylcellulose colony-forming assay with 
MethoCult GF H4434 was used to measure leukemia 
colony forming cells according to the manufacturer’s 
protocol (Stem Cell Technologies Inc.). Colonies 
were scored via microscopy after 14 d of culture.  

2.7  Immunofluorescent staining of CD34+ leuke-
mia cells 

CD34+ cells in CML CFUs were identified by 
immunofluorescent staining. Briefly, CML CFUs in 
primary CML specimens were cultured in tetran-
drine (2.0 μg/ml) using methylcellulose colony- 
forming assay for 14 d, and then stained with CD34 
antibody-R conjugated to phycoerithrin. Cells were 
counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI), and imaged using fluorescence microscopy 
with a Zeiss fluorescent microscope (Carl Zeiss, 
Jena, Germany). 

2.8  Western blot analysis 

Cellular protein was extracted using the Mam-
malian Protein Extraction Reagent (Thermo Scientific, 
IL, USA) for Western blotting as previously de-
scribed (Xu et al., 2006). 

2.9  IM-resistant K562 leukemia xenograft model 
and treatment 

 
All animal procedures were approved by the In-

stitution’s Ethics Committee of Zhejiang Chinese 
Medical University. Female nude mice (nu−/−; 
6–7-week-old) were injected subcutaneously in the 
left or right flank with 2×107 log-phase IM-resistant 
K562 cells in a 0.2-ml suspension. When the tumors 
reached volumes of 50 to 100 mm, the mice were 
randomly assigned to two groups (treatment and con-
trol groups). In the treatment group, tetrandrine citrate 
or IM was administered orally at a dose of 100 mg/kg 
(in 0.4 ml) three times a day, at 8:00 AM, 2:00 PM, 
and 8:00 PM, for 10 consecutive days. The mice in 
the control group were given equal volumes of water 
at the same times and duration as the treatment group. 
Mouse weight and tumor volumes were measured 
every five days. Tumor weight was measured at the 
end of experiments (Day 35). 

2.10  Flow cytometric analysis of cell cycle status 

The cell cycle status was evaluated by flow cy-
tometry (FCM). The percentages of cells in the gap 1 
(G1), synthesis (S), and gap 2 (G2)–mitosis (M) 
phases were calculated using Multicycle software 
(Phoenix Flow Systems, San Diego, CA). 

2.11  Assessment of Bcr-Abl mRNA levels 

Briefly, total cellular RNA was extracted using 
Trizol reagent (Invitrogen, USA), and then 2 μg of 
RNA was reverse-transcribed with oligo(dT)15 by 
Moloney murine leukemia virus (MMLV) reverse 
transcriptase (Promega, USA) at 37 °C for 60 min. 
Thermal cycle conditions for p210Bcr-Abl were as fol-
lows: 95 °C for 5 min and cycling for 30 cycles be-
tween 95 °C for 30 s and 60 °C for 30 s, 72 °C for 1 
min 30 s, 72 °C for 5 min. The amplified product was 
468 bp in size. β-actin complementary DNA (cDNA) 
was used as an internal control. Thermal cycle con-
ditions: 95 °C for 2 min and cycling for 26 cycles 
between 95 °C for 20 s and 57 °C for 15 s, 72 °C for 
1 min 45 s, 72 °C for 5 min. Polymerase chain reac-
tion (PCR) products were electrophoresed through a 
1.5% (0.015 g/ml) agarose gel and visualized using 
ethidium bromide staining. The sequences amplified 
from cDNAs were confirmed by sequencing with a 
PE-377 DNA sequencer (PE Applied Biosystems, 
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Foster City, USA). The primers sequences were as 
follows: p210Bcr-Abl forward: 5′-ggcaagagttacacgttcct 
gatc-3′; reverse: 5′-gtgattatagcctaagacccggag-3′. 

2.12  Statistical analysis 

Results are expressed as means±standard devia-
tion (SD). Differences were evaluated by t-test and P 
values less than 0.05 were considered statistically 
significant. 

 
 

3  Results 

3.1  Tetrandrine citrate preferentially inhibits 
growth of CML and IM-resistant K562 cells 

The inhibition concentration that inhibited 50% 
of target cells (IC50) was calculated from dose- 
response curves. Proliferation of both of K562, 
IM-resistant K562 CML cells was significantly in-
hibited by tetrandrine citrate (IC50 values were 2.94 
and 2.97 μg/ml, respectively) (Fig. 2a) (P>0.05), 
indicating that tetrandrine citrate can override 
IM-resistance of CML cells. Similarly, primary leu-
kemia cells from three CML patients also showed a 
strong cytotoxic response to tetrandrine citrate (IC50 
values were 1.20, 1.48, and 2.00 μg/ml) (Fig. 2a). In 
contrast, normal hematopoietic cells from the pe-
ripheral blood of two healthy donors showed a less 
cytotoxic response to tetrandrine citrate (IC50 values 
were 10.12 and 13.11 μg/ml, respectively). Thus, 
tetrandrine citrate is much more cytotoxic to CML 
cells than to normal blood cells, suggesting that 
tetrandrine citrate preferentially inhibits the growth of 
CML cells. 

3.2  Tetrandrine citrate treatment affects survival 
of primary CML leukemic stem/progenitor cells 

The number of CML CFUs was reduced by 
tetrandrine citrate treatment (Fig. 2b). To further 
confirm ablation of the CML stem/progenitor cells, 
we investigated the effect of tetrandrine citrate on 
CML CD34+ CFUs by immunofluorescent staining. 
Tetrandrine citrate treatment resulted in a dramatic 
inhibition of the CML CFUs and loss of CD34+ cells 
(Fig. 2c). Together, these results demonstrate that 
tetrandrine citrate can induce death of both  
proliferating-leukemia cells and primitive leukemia 
stem/progenitor cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3  Tetrandrine citrate causes durable complete 
regression of IM-resistant CML xenografts in 
nude mice 

Tumor growth was inhibited by treatment with 
IM, but 4 of 7 tumors exhibited regrowth (Fig. 3a). 
Tumor weights in the control and IM-treated groups 
were (2.44±0.25) and (1.02±1.23) g, respectively, 
while body weights were (13.00±0.25) and 
(15.00±3.78) g, respectively (Fig. 3b). These results 
indicate that IM can partially inhibit the growth of the 
IM-resistant K562 xenografts, but cannot eradicate 
the tumor completely. 

Fig. 2  Effects of tetrandrine citrate on the growth of CML 
cells and normal blood cells 
(a) Cell viabilities of the indicated CML cell lines, primary 
CML cells, and normal blood cells (N) measured by MTT 
assay. Cells were incubated with tetrandrine citrate at a range 
of concentrations for 48 h; (b) Average percent of CFUs 
formed after primary CML cells were seeded at a low cell 
density and incubated with tetrandrine citrate (0, 2.0, or 
6.0 μg/ml) for 14 d. The averages are normalized to untreated 
control (100%); (c) Untreated or tetrandrine citrate-treated 
(2.0 μg/ml, 14 d) primary CML cells immunofluorescently 
stained with anti-CD34+ antibodies (red) or stained with DAPI 
(blue) 
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We then evaluated the in vivo activity of 
tetrandrine citrate as a single anti-leukemia agent for 
IM-resistant K562 xenografts in nude mice. All mice 
in the control group developed tumors within 15 d, 
with an average tumor weight of (2.20±0.77) g at 35 d 
(Fig. 3c). In contrast, no tetrandrine citrate-treated 
animals developed tumors within 15 d, and all were 
tumor free at the end of the experiment (Day 35) 
(Fig. 3c). Tetrandrine citrate toxicity was limited. The 

weights of tumor-bearing mice treated by tetrandrine 
citrate increased, but decreased in untreated mice with 
the development of tumors (Fig. 3d). No gross ab-
normalities were observed in the tetrandrine citrate 
treated group at the end of experiment. 

3.4  Tetrandrine citrate depletes Bcr-Abl protein 
in IM-resistant K562 leukemia cells 

We next determined whether tetrandrine citrate 
can affect expression of p210Bcr-Abl protein in 
IM-resistant K562 leukemia cells using Western blot-
ting. IM-resistant K562 cells were treated with tetran-
drine citrate or IM at various concentrations for indi-
cated time, and total cellular proteins were extracted 
for Western blotting analysis of p210Bcr-Abl protein. 
Experimental results showed that tetrandrine citrate 
treatment markedly decreased p210Bcr-Abl protein levels 
of IM-resistant K562 cells in a dose- and time- 
dependent manner (Figs. 4a and 4b), but IM treatment 
did not affect the Bcr-Abl total protein levels in 
IM-resistant leukemia cells (Fig. 4c).  

To determine whether depletion of p210Bcr-Abl 

protein by tetrandrine is involved in proteasome- 
mediated degradation, we used the proteasome in-
hibitor, MG132, to inhibit the degradation of 
p210Bcr-Abl protein in tetrandrine-treated cells. We 
found that MG132 did not significantly prevent 
p210Bcr-Abl protein degradation (Fig. 4d), suggesting 
that tetrandrine-mediated p210Bcr-Abl protein reduc-
tion may be due to transcription inhibition of Bcr-Abl 
fusion gene. 

To validate this hypothesis, we determined 
Bcr-Abl transcripts of leukemia cells after exposure 
to tetrandrine at different concentrations for 24 h 
using reverse transcription PCR (RT-PCR). As ex-
pected, Bcr-Abl transcript levels of leukemia cells 
were markedly reduced by tetrandrine with dose de-
pendence (Fig. 4e). 

3.5  Tetrandrine citrate down-regulates β-catenin 
protein level of IM-resistant K562 leukemia cells  

β-catenin in the Wnt/β-catenin signaling path-
way, which is stabilized by the Bcr-Abl protein level 
(Coluccia et al., 2007), has been linked to the survival 
and self-renewal of IM-resistant LSCs (Hu et al., 
2009). Therefore, we assessed the effect of tetran-
drine citrate on the β-catenin protein levels of 
IM-resistant K562 cells. IM-resistant K562 cells were  
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Fig. 3  Comparison of in vivo anti-leukemia activities of 
tetrandrine citrate and IM against IM-resistant K562 
xenografts in nude mice 
Tetrandrine citrate or IM was administered at 100 mg/kg body 
weight orally three times daily (8:00 AM, 2:00 PM, and 8:00 
PM) for 10 consecutive days. Effects of IM on the growth of 
IM-resistant K562 xenografts (a, b), and body weight of tu-
mor-bearing mice; (c, d) Effects of tetrandrine citrate on the 
growth of IM-resistant K562 xenografts, and body weight of 
tumor-bearing mice 
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treated with tetrandrine citrate at various concentra-
tions for indicated time, and total cellular proteins 
were extracted for Western blotting analysis of 
β-catenin protein. The Western blot results indicated 
that tetrandrine citrate treatment caused a decrease of 
β-catenin protein levels of leukemia cells in dose- and 
time-dependent manners (Figs. 5a and 5b). These 
results indicate that tetrandrine citrate can also reduce 
β-catenin protein levels in leukemia cells. These data 
suggest that anti-leukemia mechanism of tetrandrine 
citrate is distinct to that of tyrosine kinase inhibitors 
(Guzman et al., 2005; Hu et al., 2009). 

3.6  Tetrandrine citrate induces G1 arrest in CML 
cells 

To determine the phase of the cell cycle at which 
tetrandrine exerts its growth inhibition effect, expo-
nentially growing IM-resistant K562 leukemia cells 
were treated with tetrandrine at 4 μg/ml for 24 h and 
analyzed by FCM (Fig. 5c). FCM analysis showed 
that G1 phase cells increased from 38.80% to 46.65%, 
whereas S phase cells decreased from 35.80% to 
28.50%. In addition, we also observed an increase of 
apoptotic cells from 2.40% to 14.40% (Fig. 5c). These 
results indicate that tetrandrine inhibits the growth of  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CML cells by causing G1 phase arrest, apoptosis and 
decreasing S phase cells. 

 
 

4  Discussion 
 
It has been shown that the inhibition of Bcr-Abl 

kinase activity by tyrosine kinase inhibitors, which is 
the standard treatment for Ph+ CML, is insufficient to 
cure this disease completely due to the presence of 
LSCs insensitive to kinase inhibition (Li and Li, 2007; 
Konig et al., 2008; Hu et al., 2009). Thus, it is nec-
essary for curative treatment of CML to identify 
agents that specifically target the kinase activity- 
independent pathways. Since Bcr-Abl oncogene is a 
master causative factor in leukemogenesis, and 
Bcr-Abl protein plays a crucial role in stabilizing the 
β-catenin in Wnt/β-catenin signaling pathway essen-
tial for survival of LSCs (Hu et al., 2009), we propose 
that Bcr-Abl/β-catenin axis is a valid target for de-
veloping small molecules superior to TKIs, and dis-
rupting Bcr-Abl/β-catenin axis and therefore repre-
sents a potentially useful treatment strategy for CML. 

In this study, we demonstrated that tetrandrine 
citrate inhibited the growth of IM-resistant K562 cells,  

Tetrandrine citrate: 24 h (μg/ml) 
 0               2.0             4.0             6.0  

 
p210Bcr-Abl 
 
 
β-actin 

(a) 
Tetrandrine citrate: 4 μg/ml (h) 

 0               6               12             24   
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(b)

Imatinib: 24 h (μg/ml) 
 0           0.5         1.0          2.0        4.0   

 
p210Bcr-Abl 
 
 
β-actin 

(c) 
Tetrandrine citrate+MG132: 24 h (μg/ml)
   0            2.0              4.0            6.0   

 
p210Bcr-Abl 
 
 
β-actin 

(d)

Tetrandrine citrate: 24 h (μg/ml) 
   0            2.0              4.0            6.0   

 
Bcr-Abl 
 
 
β-actin 

(e) 

Fig. 4  Effects of tetrandrine citrate and IM on expression of p210Bcr-Abl protein in IM-resistant K562 leukemia cells
(a, b) Tetrandrine citrate decreased Bcr-Abl protein levels of IM-resistant K562 leukemia cells in dose- and time-dependent 
manners. The cells were treated with tetrandrine citrate at the indicated concentrations for the indicated time, followed by 
Western blot analysis for Bcr-Abl; (c) IM did not affect Bcr-Abl protein in IM-resistant K562 cells. The cells were treated 
with IM (0–4.0 μg/ml) for 24 h, followed by Western blot analysis for Bcr-Abl. β-actin was used as a loading control; 
(d) Proteasome inhibitor MG132 did not prevent degradation of p210Bcr-Abl protein induced by tetrandrine; (e) Bcr/abl 
fusion transcripts were reduced by tetrandrine with dose-dependence. Leukemia cells were treated with tetrandrine, and 
total cellular RNAs were extracted with Trizol. Bcr-Abl fusion transcripts were analyzed with RT-PCR 
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primary leukemia cells and primitive CD34+ leuke-
mia stem/progenitor cells, and other leukemia cell 
lines but did not affect the growth of normal blood 
cells under the same conditions. Animal results 
showed that oral administration of tetrandrine citrate 
caused complete regression of IM-resistant K562 
xenografts in nude mice without overt toxicity. Mo-
lecular mechanism studies revealed that treatment of 
IM-resistant K562 cells with tetrandrine citrate re-
sulted in depletion of both p210Bcr-Abl and β-catenin 
proteins, whereas, IM treatment did not affect 
Bcr-Abl total protein levels in IM-resistant leukemia 
cells. These observations indicate that tetrandrine 
citrate is a novel orally active tetrandrine salt that can 
eradicate IM-resistant Ph+ CML cells in vitro and in 
vivo by depleting Bcr-Abl and β-catenin proteins and 
disrupting the Bcr-Abl/β-catenin axis. At least two 
advantages of this strategy are noted: (1) depletion of 
Bcr-Abl protein may offer the potential to override 
resistance to TKIs caused by Bcr-Abl kinase muta-
tions, which is supported by a recent study (Chen et 
al., 2009b); (2) depletion of Bcr-Abl and β-catenin 
proteins results in the disruption of the Bcr-Abl/ 
β-catenin axis that is essential for LSC survival and 
self-renewal, and thus provides a better therapeutic 
approach to CML. Indeed, our results indicate that this 
compound can effectively ablate the primitive LSCs 
(CD34+ leukemia cells), which are exceptionally re-
fractory to be killed by the TKIs or conventional  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
chemotherapeutic agents (Holyoake  et al., 1999; 
Elrick et al., 2005; Holtz et al., 2005; Barnes and 
Melo, 2006). Additionally, we found that tetrandrine 
induced G1 arrest in CML cells, which is consistent 
with Meng’s observations that tetrandrine causes G1 
arrest in colon cancer cells (Meng et al., 2004).  

Tetrandrine is a natural bisbenzylisoquinoline 
and has been shown to be active against a variety of 
tumors, such as colon cancer (Meng et al., 2004), 
glioma (Chen and Tseng, 2010), ovarian cancer 
(Zhang et al., 2011), and hepatocellular carcinoma 
(Liu et al., 2011). Notably, tetrandrine inhibits 
Wnt/β-catenin signaling and suppresses tumor growth 
of human colorectal cancer (He et al., 2011). In this 
study, we provide evidence to show that tetrandrine 
citrate is a novel orally active tetrandrine salt that has 
potent anti-tumor activity against both CML and 
IM-resistant CML cells. Tetrandrine citrate-induced 
growth inhibition of leukemia cells might be involved 
in the depletion of p210Bcr-Abl and β-catenin proteins 
that are essential for survival and self-renewal of 
LSCs. These findings suggest that tetrandrine citrate 
may be a useful agent for treating IM-resistant CML. 
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