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2-Methyl-1,3,6-trihydroxy-9,10-anthraquinone (MTA), one of the major components isolated from the tra-
ditional Chinese medicine Rubia yunnanensis, exhibited inhibitory activity on the proliferation of several
human cancer cell lines. The results from an annexin V-FITC (fluoresein-5-isothiocyanate) apoptosis assay
and DNA content analysis showed that MTA exerted cytotoxicity via apoptosis induction and G2/M cell cycle
arrest in human cervical carcinoma HeLa cells. Further, MTA was found to induce apoptosis of HeLa cells
through the mitochondria-mediated pathway. It caused the translocation of Bax to the mitochondria and
release of cytochrome c into the cytosol, which caused the cleavage of caspase and poly(ADP-ribose)
polymerase and finally triggered the apoptosis. Furthermore, the p53/p21/Cdc2-cyclin B1 signaling was
found related to the G2/M arrest caused by MTA. The over-expression of p21 and down-expression of
cyclin B1 caused by MTA inactivated the Cdc2-cyclin B1 complex of G2/M checkpoint and finally caused
the G2/M arrest in HeLa cells. This study demonstrated that MTA is a potential anti-cancer component of
R. yunnanensis, a folk anti-cancer herb used in Yunnan, China.

1. Introduction

Cancer is one of the leading causes of death worldwide, and
cervical cancer is the leading cause of cancer death in women,
especially in developing nations (Maxime et al. 2007; Nour
2009; Schiffman et al. 2011). Apoptosis is an important mecha-
nism in adult tissues for the removal of superfluous or damaged
cells. However, unbalanced apoptosis contributes to a variety
of pathologies, including cancer (Maxime et al. 2007). The cell
cycle is an ordered set of events that occur in a dividing cell and
is regulated by checkpoints that are capable of delaying or stop-
ping the cell cycle in response to intra- and extracellular stressors
(Bucher and Britten 2008). The dysregulation of the cell cycle
results in uncontrolled cell proliferation, such as cancer (Collins
et al. 1997). Thus, the induction of apoptosis and the cell cycle
arrest are regarded as potentially effective strategies for the elim-
ination of cancer cells (Buolamwini 2000; Blankenberg 2009;
Zivny et al. 2010).
Roots from Rubia yunnanensis (Franch.) Diels (Rubiaceae)
have been used to treat illnesses such as tuberculosis, menox-
enia, rheumatism and cancer in China (Lan 1976; Fan et al.
2010; Yang 2000). Three major types of components were iso-
lated from this plant: arboriane-type triterpenoids, quinones and
Rubiaceae-type cyclopeptides (RAs). RAs are the characteristic
constituents of plants of the Rubiaceae family (Fan et al. 2010).
Two components from Rubia species have been studied as drug
candidates. RA-VII from R. cordifolia has been used as a poten-
tial anti-cancer candidate in phase I clinical trials in Japan and

the USA (Tan and Zhou 2006; Itokawa et al. 1984a, b). Rubi-
adate, the synthetic derivative of 2-naphthalenecarboxylic acid,
a naphthoquinone from R. cordifolia, has been used as a leuko-
genic agent in China for the treatment of leucopenia caused by
cancer chemotherapy (Yang and Liu 1997).
Rubiarbonol G, 2-methyl-1,3,6-trihydroxy-9,10-anthraquinone
(MTA) (Fig. 1) and RA-V are representatives of the three major
components in R. yunnanensis. Our previous study demon-
strated that these three compounds showed cytotoxicity, with
RA-V exhibiting the most potent activity (Fan et al. 2011). Addi-
tionally, we elucidated the cytotoxic mechanisms of RA-V (Fan
et al. 2010; Yue et al. 2011) and rubiarbonol G (data unpub-
lished). MTA has been reported to have inhibitory activities on
phosphatase of regenerating liver-3, platelet aggregation and the
release of �-hexosaminidase (Wu et al. 2003; Chung et al. 1994;
Tao et al. 2003; Moon et al. 2010), but there has been no report
regarding its cytotoxic mechanism. Here, we provide the first
report on the cytotoxic mechanism of MTA.

2. Investigations and results

2.1. MTA inhibits the growth of four cancer cell lines

Results from the cytotoxicity assay showed that MTA inhib-
ited cell growth of these four cancer cell lines, the IC50 values
were 45.39, 38.56, 42.27 and 59.57 �M for HeLa, A549, BEL-
7402 and MDA-MB-231 cells, respectively (Fig. 1A). For
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Fig. 1: Chemical structure of 2-methyl-1,3,6-trihydroxy-9,10-anthraquinone (MTA)
and the cytotoxicity results. (A) Chemical structure of MTA and its
cytotoxicity on HeLa, A549, BEL-7402 and MDA-MB-231 cancer cells. (B)
concentration-dependent inhibition of MTA on the proliferation of HeLa cell.
Data are the mean ± SD values from at least three independent experiments

HeLa cells, the cell growth was significantly inhibited in a
concentration-dependent manner between the concentration of
6.25 and 100 �M (Fig. 1B). The cytotoxic mechanism of MTA
in HeLa cells was studied in the following experiments.

2.2. MTA induces apoptosis in HeLa cells

The results from the FITC annexin V apoptosis assay demon-
strated that treatment with MTA for 24 h increased both the
annexin V-FITC- and annexin V-FITC/PI-positive cells, indi-
cating that MTA treatment acts in both early and late stages
of apoptosis in HeLa cells (Fig. 2). MTA caused apoptosis in
a concentration-dependent manner, in concentrations of 25, 50
and 100 �M. After treatment with 100 �M MTA for 24 h, the
percentage of annexin V-positive and annexin V/PI-positive cells
increased from 3.10% to 9.70%; and from 5.87% to 25.45%,
respectively. The results indicated that MTA in high concentra-
tion significantly inhibited the growth of HeLa cells by inducing
apoptosis.

2.3. MTA causes the G2/M arrest of HeLa cells

As shown in Fig. 3, after the MTA treatment, the number of
cells in the G2/M phase increased in a concentration-dependent
manner. Following MTA treatment of 25, 50 and 100 �M for 24
h, the percentages of the cells in the G2/M phase increased from
23.21% to 25.34%, 48.94%, 62.24%, and the cells in G0/G1
phase decreased from 45.19% to 38.16%, 28.90%, 19.87%,
respectively. Moreover, treatment with 100 �M MTA led to an
accumulation of sub-G1-hypodiploid cells (Fig. 3A), which is
an indicator of apoptotic cells with fragmented DNA.

2.4. Effects of MTA on the expression of apoptosis-/cell
cycle-related proteins

MTA significantly induced the apoptosis of HeLa cells in a
dose-dependent manner (Fig. 2). To determine the potential
mechanism of MTA-induced apoptosis, the expression of several
apoptosis-related proteins were detected by western blotting.
The results showed that the expression levels of Bcl-2 were
down-regulated by MTA treatment not after 24 h (Fig. 4A-B)
but after 48 h (data not shown). We further determined the
expression levels of Bax and cytochrome c by extracting the
mitochondrial protein and cytoplasmic protein from MTA-
treated HeLa cells. As shown in Fig. 4, the levels of Bax in
the mitochondria and the levels of cytochrome c in the cyto-
sol were up-regulated after 100 �M treatment for 24 h, while
no obvious changes of the total proteins were observed. There-
fore, MTA-induced apoptosis may be attributed to the negative
modulation of Bcl-2/Bax ratio and the transactivation of Bax in
mitochondria. Additionally, after MTA treatment for 24 h, levels
of caspase 3, caspase 9, and PARP expression of HeLa cells were
determined. Dose-dependent proteolytic cleavage of caspase 3,
caspase 9, and PARP were detected (Fig. 4C-E). These results
indicate that MTA induces apoptosis in HeLa cells through the
intrinsic mitochondria-dependent pathway.
MTA potently caused the G2/M arrest in HeLa cells in a dose-
dependent manner (Fig. 3), the expression of cell cycle-related
proteins cyclin B1, Cdc2 and Cdc25C were determined. The
results indicate that the MTA treatment caused a dose-dependent
reduction in the levels of cyclin B1, phospho-Cdc25C(S216) and
phospho-Cdc2(Y15) (Fig. 5). Moreover, 100 �M MTA induced
apparent p53 protein expression in HeLa cells, 1.7-folds of
control levels at 24 h. This p53 activation was related to the
increased expression of the cyclin-dependent kinase inhibitor
p21 (Fig. 5). These results suggest that p53/p21/cdk1-cyclinB1
signaling may be involved in MTA-mediated G2/M arrest in
HeLa cells.

3. Discussion

Natural products have been regarded as important sources of
potential chemotherapeutic agents in cancer therapy. In this
study, we found that MTA, a major anthraquinone in R. yun-
nanensis, exhibited cytotoxicity on four human cancer cell lines
(Fig. 1A). The investigation of its cytotoxic mechanism indi-
cated that the inhibition of HeLa cell proliferation may be
attributed to the apoptosis inducement and G2/M cell cycle arrest
(Fig. 2 and Fig. 3).
The Bcl-2 family of proteins comprises pivotal regulators of
apoptotic cell death. The family contains two subgroups, the
anti-apoptotic proteins (e.g., Bcl-2, Bcl-xL and Mcl-1) and the
pro-apoptotic proteins (e.g., Bax, Bak, and Bid) (Zinkel et al.
2006; Straten and Andersen 2010; Martinou and Youle 2011).
A slight change in the dynamic balance of these proteins may
result in either the inhibition or promotion of cell death (Ola et al.
2011). Bcl-2 was found to be over-expressed in many cancer
cells (Straten and Andersen 2010), and Bax is demonstrated to
antagonize Bcl-2 function by forming Bax/Bcl-2 heterodimers
(Manion and Hockenbery 2003). Moreover, upon apoptotic
stimulation, Bax translocates from the cytosol to the mitochon-
drial membrane, which increases the membrane’s permeability
and leads to the release of cytochrome c from mitochondria into
cytosol. The release of cytochrome c initiates the apoptotic cas-
pase cascade (Jurgensmeier et al. 1998; Narita et al. 1998). In
this study, we evaluated the protein expression of Bcl-2 and Bax.
The results show that levels of Bax expression in mitochon-
dria increased after MTA treatment (Fig. 4A, 4F). The levels
of cytochrome c were also analyzed, and the increased expres-
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Fig. 2: The results of annexin V-FITC/PI double staining in HeLa cells after MTA treatment. (A) After treatment with 0, 25, 50 and 100 �M MTA for 24 h, the percentage of
annexin V-FITC-positive and annexin V-FITC/PI-positive cells increased from 8.97% to 12.41%, 17.31% and 35.15%, respectively. (B) The change in cell populations
after treatment with 0, 25, 50 and 100 �M MTA for 24 h. Data are the mean ± SD values from three independent experiments. *P < 0.05 significantly different from the
control group (0 �M MTA)

sion of cytochrome c in the cytosol was detected (Fig. 4A, 4G).
Additionally, the proteolytic cleavage of caspase 3, caspase 9,
and PARP were also detected after MTA treatment (Fig. 4C-E).
All these results suggest that MTA changes the balance between
Bax and Bcl-2 and causes Bax translocation to the mitochondria,
which leads to the release of cytochrome c into the cytosol. The
released cytochrome c associates with the 46KDa caspase 9 in
cytosol and mediates the activation of caspase 9. The activated-
caspase 9 (35KDa) initiates the caspase cascade and leads to the
cleavage of poly(ADP-ribose) polymerase (PARP) which ulti-
mately induces apoptosis in HeLa cells. All these results indicate
that MTA induces apoptosis in HeLa cells through the intrinsic
mitochondria-dependent pathway.
An ordered cell cycle progression is regulated by cell cycle
checkpoints. The complexes formed by cyclin-dependent
kinases (Cdks) and their regulatory partners, cyclins, are respon-
sible for governing the checkpoints in a cell division cycle
(Bucher and Britten 2008; Wohlbold and Fisher 2009; Collins
and Garrett 2005). The Cdc2/cyclin B1 (Cdc2 also designated
as Cdk1) complex is a key regulator involved in the G2/M
checkpoint to control the entry into mitosis. The activation
of the Cdc2/cyclin B1 complex is dependent on the phospho-
rylation of Thr161 and the dephosphorylation of Thr14 and
Tyr15 of Cdc2, which are catalyzed by Cdk-activating kinase
and Cdc25C, respectively (Aressy and Ducommun 2008; Smits
and Medema 2001). In a cell cycle progression, the activated
Cdc25C (dephosphorylated at Ser216) triggers the activation of
Cdc2/cyclin B1 and allows the cells to enter into mitosis (Aressy
and Ducommun 2008; Chu and Liu 2009; Hermeking and Ben-
zinger 2006). In this study, MTA treatment notably caused G2/M
arrest in HeLa cells (Fig. 3); the western blot results show that
the protein expression levels of cyclin B1, phospho-Cdc2(Y15)
and phospho-Cdc25C(S216) decreased after treatment. Mean-

while, no significant changes of total Cdc2 and Cdc25C were
observed (Fig. 5A-D). We suggest that the down-regulation of
cyclin B1 played a major role in the G2/M arrest caused by MTA,
though Cdc2 is activated by MTA treatment. Because Cdks are
generally abundant throughout the cell cycle, but cyclins are
transiently expressed at the appropriate period of the cell cycle.
In human cells, cyclin B is synthesized from the end of the S
phase, and its level increases steadily in the G2 phase. The regu-
lated synthesis and destruction of cyclins control the activation
of the Cdk/cyclin complex (Smits and Medema 2001; Pines and
Hunter 1989). Hence, it is reasonable to suppose that reduc-
tion of cyclin B1 induced by MTA blocked the cells entry into
mitosis.
The p53 protein plays a central role in the regulation of apopto-
sis and cell cycle in response to a broad range of stresses such as
oncogene activation, hypoxia, and DNA damage induced by var-
ious cytotoxic agents (Soengas et al. 1999). Upon DNA damage
stimuli, p53’s transcription factor activities are induced, result-
ing in the regulation of down-stream target genes, such as the
cyclin-dependent kinase inhibitor p21 and pro-apoptotic Bcl-2
family proteins, which function in pathways of cell cycle regula-
tion, apoptosis and DNA repair (Basu and Haldar 1998; Liu and
Kulesz-Martin 2001). In this study, MTA induced the strong p53
expression in HeLa cells, which was followed by an increased
expression of p21 (Fig. 5A). p21 is a universal inhibitor of cyclin-
dependent kinases, it associates with Cdk/cyclin complexes and
inhibits their activity and prevents cell cycle progression (Weiss
2003). The results suggest that p53/p21/Cdc2-cyclin B1 signal-
ing may be involved in MTA induced G2/M cell cycle arrest,
and the over-expression of p21 and down-expression of cyclin
B1 are responsible for the arrest.
Upon DNA damage, p53 is accumulated and activated to induce
the cell cycle arrest to allow for DNA repair and the induction
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Fig. 3: MTA induced G2/M arrest in HeLa cells. (A) Results from DNA content analysis. After treatment with 0, 25, 50 and 100 �M MTA for 24 h, the percentage of G2/M cells
increased from 23.21% to 25.34%, 48.95% and 62.24%, respectively. The cells in sub-G1 significantly increased after treatment with 100 �M MTA. (B) Cell cycle
distributions after treatment with 0, 25, 50 and 100 �M MTA for 24 h. Data are the mean ± SD values from three independent experiments.*P < 0.05, **P < 0.01
significantly different from the control group

of apoptosis for cases where the DNA damage is too severe
to be repaired properly (Basu and Haldar 1998). In addition to
the regulation of p21 for cell cycle, p53 promotes apoptosis in
response to cellular stresses by regulation of the Bcl-2 proteins.
It is reported that p53 could down-regulate Bcl-2 expression
and transactivate Bax, which induces the release of cytochrome
c, thereby activating the intrinsic apoptosis pathway (Basu and
Haldar 1998; Schuler et al. 2000). In this study, MTA caused
down-expression of Bcl-2, transactivation of Bax in mitochon-
dria, and the release of cytochrome c into the cytosol, and finally
the activation of caspase 9 and caspase 3 (Fig. 4). Hence, it is
supposed that MTA induces apoptosis of HeLa cells in a way
of p53-mediated caspase activation. It is reported that p53 can
mediate the apoptosis and cell cycle arrest separately (Abra-
hamson et al. 1995). Thus, the tansactivation of Bax and the

over-expression of p21 caused by enhanced p53 expression after
MTA treatment for 24 h suggest the possibility that MTA induces
apoptosis and cell cycle arrest independently.
In conclusion, this study demonstrated that the mechanism of
MTA in HeLa cells is associated with the intrinsic mitochondria-
dependent apoptosis inducement and p53/p21/Cdc2-cyclin B1
signaling mediated G2/M cell cycle arrest. As one of the major
constituents of R. yunnanensis, MTA plays an important role in
the clinical use of this anti-cancer herb.

4. Experimental

4.1. Plant material and extraction

Roots of R. yunnanensis were purchased from Yunnan Lv-Sheng Phar-
maceutical Co. Ltd., in Kunming, China and identified by Prof. Su-Gong
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Fig. 4: Results from the western blot analysis. Cells treated with 0, 25, 50 and 100 �M MTA for 24 h were lysed, and the lysates were subjected to western blot analysis with
antibodies against Bcl-2, Bax, cytochrome c, procaspase 3, activated caspase 3, caspase 9 and PARP. �-actin was used as the loading control. (A) Representative
immunoblots showed the effects of MTA treatment on the protein expression of HeLa cells. Actin expression was determined to confirm equal protein loading. (B, C, D, F,
G) The quantified results of protein levels, which were adjusted with corresponding �-actin protein level and expressed as fold of control. “Total” means the protein of the
whole cell lysate, “mito” means the protein of the mitochondrial lysate, “cyto” means the protein of the cytosolic lysate. *P < 0.05, **P < 0.01 significantly different from
the control group

Wu at the Kunming Institute of Botany, Chinese Academy of Sciences.
A voucher specimen (No.Wu20070905) was deposited at the Herbarium of
Kunming Institute of Botany. The detailed extraction and identification of 2-
methyl-1,3,6-trihydroxy-9,10-anthraquinone were described in our previous
publication (Fan et al. 2011).

4.2. Cell culture

The cancer cell lines, HeLa (human cervical cancer), A549 (human lung
cancer), MDA-MB-231 (human breast cancer) and BEL-7402 (human liver
cancer), were obtained from the Cell Culture Center of the Institute of Basic

Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China)
and Wuhan University (Wuhan, China). Cells were cultured in RPMI-1640
medium (Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum (Tianjin
Hao-Yang Biological Manufacture Co. LTD., Tianjin, China) in a humidified
incubator with 5% CO2 at 37 ◦C.

4.3. Cytotoxicity assay

The cancer cell lines (HeLa, A549, BEL-7402 and MDA-MB-231) were
treated with five concentrations (100, 50, 25, 12.5 and 6.25 �M) of MTA
for 48 or 72 h (for BEL-7402), and the percentage of cell viability was
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Fig. 5: Results from the western blot analysis. Cells treated with 0, 25, 50 and 100 �M MTA for 24 h were lysed, and the lysates were subjected to western blot analysis with
antibodies against phospho-Cdc25C(S216), phospho-Cdc2(Y15), Cdc25C, Cdc2, cyclin B1, p53 and p21. �-actin was used as the loading control. (A, E) Representative
immunoblots showed the effects of MTA treatment on the protein expression of HeLa cells. Actin expression was determined to confirm equal protein loading. (B, C, D,
F) The quantified results of protein levels, which were adjusted with corresponding �-actin protein level and expressed as fold of control. *P < 0.05, **P < 0.01,
***P < 0.001 significantly different from the control group

assessed using an SRB (sulforhodamine B, Sigma, St. Louis, MO, USA)
assay (Skehan et al. 1990; Zeng et al. 2009). The IC50 (50% inhibitory
concentration) values were adopted as the cytotoxicity of the compound on
the cells. Taxol isolated and identified in the lab (purity 98%) was used as a
reference compound.

4.4. Apoptosis assay

The percentage of apoptotic cells was assessed with a FITC (fluoresein-
5-isothiocyanate) annexin V apoptosis detection kit (BD Biosciences, San
Diego, CA, USA). After treatment with MTA for 24 h, the cell suspensions
were prepared and processed according to the manufacturer’s instructions.
The fluorescence intensity of the cells was measured by flow cytometry (BD
Biosciences, FACSCalibur, Franklin Lakes, NJ, USA). Actinomycin D (Bio
Basic Inc., Toronto, Canada) was used as a reference compound.

4.5. Cell cycle analysis

To determine whether MTA affects the cell cycle progression of HeLa cells,
the distribution of the nuclear DNA content was assessed by PI (propid-
ium iodide) staining. After treatment with various concentrations of MTA
(25, 50 and 100 �M) for 24 h, the cells were harvested, washed with PBS
and fixed overnight in 75% ethanol at −20 ◦C. The cells were then treated
with 1% RNase A (w/v) for 30 min at 37 ◦C and stained with 0.5 mg/ml
PI in PBS. The fluorescence intensity of the cells was measured by flow
cytometry.

4.6. Western blot analysis

The expression of cellular proteins was evaluated by western blotting. After
treatment for 24 h, the cells were washed twice with ice-cold PBS, and the
total proteins were solubilized and extracted with the RIPA buffer (Boytime,
Haimen, China) containing a protease and phosphatase inhibitor cocktail
(Roche, Basel, Switzerland) for 30 min on ice. The insoluble material was
removed by centrifugation at 16,000 × g for 10 min at 4 ◦C, and the super-
natants were collected. Protein of the cytosolic and mitochondrial fractions
was isolated using a mitochondria isolation kit for cultured cells (Pierce

Biotechnology, Rochford, IL, USA) according to the manufacturer’s instruc-
tions. The protein concentrations were determined using a bicinchoninic
acid (BCA) assay kit (Pierce Biotechnology, Rochford, IL, USA). Equal
amounts of protein (20–40 �g) from each sample were subjected to 6–12%
SDS-PAGE. The separated proteins were transferred onto polyvinylidene
difluoride membranes, followed by blocking with 5% nonfat milk powder
(w/v) in TBST (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Tween-
20) for at least 1 h at room temperature. The membranes were probed with
primary antibodies specific for Blc-2, Bax, cytochrome c (Cyto-C), acti-
vated caspase 3, caspase 9 (46/35), phospho-Cdc25C(S216), Cdc25C, Cdc2,
cyclin B1, poly(ADP-ribose) polymerase (PARP 116/85), p21 (Epitomics
Inc., Burlingame, CA, USA), procaspase 3 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), phospho-Cdc2(Y15) (Cell Signaling Technology,
Inc., Beverly, MA, USA), p53 (Anbo Biotechnology Co., San Francisco,
CA, USA) and �-actin (Abcam Inc., Cambridge, MA, USA) in 2% nonfat
milk and TBST at 4 ◦C overnight. After washing three times with TBST, the
membranes were incubated with the appropriate peroxidase-conjugated sec-
ondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and
visualized using an ECL Plus western blotting detection system (GE Health-
care Bio-sciences, Buckinghamshire, NA, UK). The blots were scanned and
analyzed using ImageJ software.

4.7. Statistical analysis

All of the data are expressed as the mean ± standard deviation. Control and
MTA-treated cells were compared using the One-way ANOVA and Student’s
t-test. A value of P < 0.05 was considered statistically significant.
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