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Abstract—3b-Hydroxy-12-oleanen-27-oic acid (ATA) was an antitumor active oleanane-type triterpenoid from the rhizomes of
Astilbe chinensis. ATA was structurally very similar to oleanolic acid, with the only difference being interchange of the carboxyl
and methyl groups at the C-14 and C-17 positions. Oleanane-type triterpene with a carboxyl group at C-14 is present in a limited
number of natural resources. ATA was found to exhibit more distinctive cytotoxicity toward human cervical squamous carcinoma
HeLa cells than oleanolic acid, which suggested that the position of the carboxyl group significantly affects the cytotoxicity of ole-
anane-type pentacyclic triterpenes with a carboxyl group. The biological mechanism responsible for the cytotoxicity of ATA is not
yet well understood. In this study, we investigated the induction of apoptosis in HeLa cells by ATA and the putative pathways of its
actions. ATA induced a marked concentration- and time-dependent inhibition of HeLa cell proliferation, and reduced the protein
content in HeLa cells. ATA-treated HeLa displayed typical morphological apoptotic characteristics and formation of DNA ladders
in agarose gel electrophoresis. Flow cytometric analysis showed that the HeLa cell cycle was arrested in the G0/G1 phase by ATA,
and the apoptotic rate of HeLa cells treated with ATA 20 lg/mL for 48 h was 22.63 ± 1.65%. Meanwhile, ATA increased the expres-
sion of Bax, decreased the expression of Bcl-2, and lowered the DWm. DEVD-CHO 2 lM could increase the viability of ATA-treated
HeLa cells. These results indicate that ATA could significantly induce cell apoptosis through down-regulating Bcl-2 expression, up-
regulating Bax expression, lowering DWm, and activating the caspase-3 pathway, and should be useful in the search for new potential
anti-tumor agents and for developing semisynthetic oleanane-type triterpene derivatives with anti-tumor activity.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Natural products have been shown to be excellent and
reliable source for the development of new drugs.1 Many
natural products have pharmacological applications, in
particular their potential for use in cancer chemopreven-
tion.2,3 Indeed, amongst the well-known anti-cancer
drugs are the well-known Cantharanthus alkaloids, col-
chicine, etoposide, and taxol.4,5

Triterpenes represent a varied class of natural products.
Thousands of structures have been reported with hun-
dreds of new derivatives described each year.6 Triter-
penes are the major constituents of some medicinal
herbs and are widely present in all parts of a variety of
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plants. Recently, several triterpenes have been described
to induce apoptosis in different cell types.7,8 Among
these compounds, pentacyclic triterpenes such as
amooranin,9 asiatic acid,10 epi-oleanolic acid,11 olean-
olic acid,12,13 and ursolic acid,14,15 for example, have
been found to inhibit tumor cell proliferation and tumor
growth, and induce differentiation and apoptosis.

We have earlier reported the isolation and structure
elucidation of three cytotoxic pentacyclic triterpenoids,
3b-hydroxy-12-oleanen-27-oic acid (ATA) (Fig. 1), 3b,
6b-dihydroxy-12-oleanen-27-oic acid (ATB), and 3b-ac-
etyl-12-oleanen-27-oic acid (ATC), from the rhizomes of
Astilbe chinensis (Maxim.) Franch. et Savat. (Saxifraga-
ceae).16 The structures of ATA and ATB were confirmed
by a single crystal X-ray diffraction analysis.17,18 We
have also reported the cytotoxic activity of these com-
pounds toward human ovarian carcinoma HO-8910
cells, human cervical squamous carcinoma HeLa cells,
and human leukemic HL60 cells.19 These compounds
all belong to 12-oleanen-27-oic acid derivatives. Among
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Figure 1. Structure of 3b-hydroxy-12-oleanen-27-oic acid (ATA,

C30H48O3, HREI-MS: 456.3594).
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three triterpenes, the order of the cytotoxic activity in
terms of the IC50 values against the above three tumor cell
lines was ATA > ATC > ATB. Oleananes constitute
what is probably the largest and most important group
of triterpenes. ATAwas structurally very similar to olean-
olic acid, with the only difference being interchange of the
carboxyl and methyl groups at the C-14 and C-17 posi-
tions. Oleanolic acid gives its name to the wider group
and is a compound fairly abundant in plants, whereas
the 27-carboxyl homologue is present in a limited number
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Figure 3. Effect of ATA on protein contents in HeLa cells. The values are pre

designated as cP < 0.001.
of natural resources.Moreover, the biologicalmechanism
responsible for the cytotoxicity of ATA is not yet well
understood. Thus, in this study we investigated the effects
on induction of apoptosis in HeLa cells and the putative
pathways of actions of ATA.
2. Results

2.1. Growth inhibitory effect of ATA on HeLa cells

Growth inhibitory effects of ATA on HeLa cells were
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) method. ATA significantly
inhibited the growth of HeLa cells in a concentration-de-
pendent manner. The IC50 of ATA against HeLa cell was
approximately 6.49 ± 0.33 lg/mL following a 48 h incu-
bation, while the IC50 of CDDP was 2.07 ± 0.19 lg/mL
determined under the same condition.As shown inFigure
2, ATA induced a marked concentration- and time-de-
pendent inhibition of HeLa cell proliferation by a growth
curve. Determination of protein content showed that
ATA significantly reduced the total protein content in
HeLa cells in a dose-dependent manner (Fig. 3).
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2.2. Effect of ATA on morphology of HeLa cells

ATA-treated cells stained with Giemsa showed clear
apoptotic characteristics, such as condensation of nucle-
ar, nuclear fragmentation, membrane blebbing, and
apoptotic bodies (Figs. 4B–D). Under a fluorescence
microscope, the DNA in the nucleus of control cells
Figure 4. Morphological changes of ATA-treated HeLa cells stained with Gie

(C) 10 lg/mL; and (D) 15 lg/mL. The figures shown are representative of th

Figure 5. Morphological changes of ATA-treated HeLa cells stained with acr

shown are representative of three independent experiments.
showed homogeneously Kelly fluorescence, while
ATA-treated cells showed typical apoptotic features
characterized by volume reduction, chromatin conden-
sation, nuclear fragmentation with dense Kelly fluores-
cence stain, and appearance of apoptotic bodies (Figs.
5B and C). Electron microscope observation revealed
that numerous ATA-treated cells showed that volume
msa microscopy (magnification, 400·). (A) Cell control; (B) 7.5 lg/mL;

ree independent experiments.

idine orange. (A) Cell control; (B) 10 lg/mL; (C) 15 lg/mL. The figures



Figure 6. Characteristic morphology of ATA-induced apoptosis of HeLa cells by an electron microscopy. (A) Cell control (magnification, 4000·);
(B) 15 lg/mL (magnification, 6000·).
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reduced, cytoplasm shrunk, plasma membrane remained
well defined, chromatin condensed, and located along
nuclear envelope or formed irregularly shaped crescents
at nuclear edges (Fig. 6B) as compared with untreated
cells (Fig. 6A).

2.3. Effects of ATA on DNA fragmentation of HeLa cells

DNA isolated from HeLa cells cultured with ATA 15
and 20 lg/mL for 24 h showed a characteristic �ladder�
pattern of apoptosis. A comparison with molecular
weight markers indicated that the fragments were multi-
ples of approximately 180 bp (Fig. 7).

2.4. Effect of ATA on apoptosis rate and cell cycle
distribution of HeLa cells

After treatment of HeLa cells with different concentra-
tions (5, 10, and 15 lg/mL) of ATA for 24 h, the obvious
changes in cell cycle distribution of the ATA-treated cells
were characterized by increase of G0/G1 phase and de-
crease of S and G2/M phase cells in a dose-dependent
manner, suggesting that ATA could suppress HeLa cell
proliferation associated with cell cycle arrest in G0/G1

phase (Fig. 8). After treatment of HeLa cells with ATA
M (a) (b) (c) (d) (e) (f)
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Figure 7. Agarose gel electrophoresis for detecting DNA fragmenta-

tion in HeLa cells treated with ATA for 24 h. Lane a, ATA 20 lg/mL;

lane b, ATA 15 lg/mL; lane c, ATA 10 lg/mL; lane d, ATA 7.5 lg/
mL; lane e, CDDP 8 lg/mL; lane f, cell control; lane M, DNA marker.
15 and 20 lg/mL for 24 h, a subdiploid peak of DNA
characteristic of apoptotic was observed, and the apopto-
sis rate was 8.08 ± 1.63% (P < 0.01) and 22.63 ± 1.65%
(P < 0.001) for 15 and 20 lg/mL, respectively (Fig. 9).

2.5. Effect of ATA on expression of Bcl-2 and Bax
proteins in HeLa cells

Bcl-2 has been reported to inhibit apoptosis, while Bax
has been reported to enhance apoptosis. To examine the
role of these Bcl-2 family genes in ATA-induced apopto-
sis, the expressions of Bcl-2 and Bax proteins were evalu-
ated in HeLa cells using a SABC immunohistochemical
method. As shown in Table 1, compared to control cells,
Bel-2 protein expressionwasmarkedly decreased andBax
protein expression was highly increased in ATA-treated
HeLa cells, suggesting ATA down-regulated Bcl-2
protein level and up-regulated Bax protein level.

2.6. Effect of ATA on DWm in HeLa cells

DWm collapse is a critical step that occurs in all cell types
undergoing apoptosis, regardless of the inductive signal.
To assess the effect of ATA on the DWm and to determine
whether cells with a low DWm also lose plasma membrane
integrity, we double stained ATA-treated and control
HeLa cells with PI and Rh123, a lipophilic cation that
is taken up by mitochondria in proportion to the DWm.
As shown in Figure 10A, control living cells were PI neg-
ative and strongly stained by Rh123 (PI�Rh123+,
homeostasis, DWm high). With ATA treatment, a frac-
tion of Pi-negative and low-Rh123-staining (PI�Rh123,
apoptosis, DWm low) HeLa cells appeared significantly
(P < 0.05) in a dose-dependent manner (Table 2 and
Figs. 10B–F). However, no significant differences
(P > 0.05) were observed in cell death (PI+Rh123�) be-
tween control and ATA-treated cells. These results sug-
gest that ATA decreased the DWm without altering
plasma membrane permeability in HeLa cells.

2.7. Effect of DEVD-CHO on viability of ATA-treated
HeLa cells

Caspase-3 plays a critical role in apoptosis and
caspase-3 activity has been suggested as an index of
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Figure 8. Effect of ATA on cell cycle distribution in HeLa cells. The histogram demonstrates the percentage of cells in various phases in HeLa cells
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Figure 9. Effect of ATA on apoptotic rate in HeLa cells. After treatment without or with 20 lg/mL ATA, cells were stained with propidium iodide

(PI), with apoptotic rate measured by flow cytometry.
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apoptosis. After incubation with cell-permeable
DEVD-CHO 2 lM or RPMI 1640 for 1 h, HeLa cells
were administered with different concentrations of
ATA, respectively, and the viability was measured by
the MTT assay 48 h later. As shown in Figure 11,
DEVD-CHO 2 lM could significantly increase the via-
bility of HeLa cell treated with ATA (610 lg/mL) for
48 h.



Table 1. Effect of ATA on the expression of Bcl-2 and Bax proteins of

HeLa cells after 48 h treatment

Concentration

(lg/mL)

Bcl-2 (%) Bax (%) Bcl-2/Bax

value

Control 45.7 ± 5.18 21.05 ± 4.41 2.17

5 37.25 ± 5.55a 27.54 ± 1.44 1.35

7.5 26.05 ± 3.35b 35.53 ± 5.32c 0.73

10 19.64 ± 1.32c 40.08 ± 2.83c 0.49

The values are expressed as means ± SE (n = 5). Significant differences

withcontrolcellsweredesignatedasaP < 0.05,bP < 0.01,andcP < 0.001.

Table 2. Change of DWm in HeLa cells treated with ATA for 24 h

Concentration (lg/mL) PI�Rh123� PI�Rh123+ PI+Rh123�

Control 1.18 ± 0.27 97.55 ± 0.24 1.29 ± 0.42

5 4.42 ± 0.95a 96.12 ± 0.89a 0.75 ± 0.16

10 4.47 ± 0.24a 94.58 ± 1.21b 0.64 ± 0.49

15 9.62 ± 2.60b 89.58 ± 2.56b 0.78 ± 0.02

20 19.60 ± 1.69c 79.02 ± 1.75c 1.10 ± 0.15

The values are expressed as mean ± SE (n = 5). Significant differences

with control cells were designated as aP < 0.05, bP < 0.01, and
cP < 0.001.
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3. Discussion

ATA from the rhizomes of A. chinensis was an oleanane-
type pentacyclic triterpene with a carboxyl group at
C-14. In the past few years, a number of pentacyclic trit-
erpenoids with potent anti-cancer activity were report-
ed.7,8 Oleananes constitute what is probably the largest
and most important group of pentacyclic triterpenes.
Oleanolic acid gives its name to the wider group and is
a compound fairly abundant in plants, whereas, to our
knowledge, the oleanane-type triterpenoid showing the
presence of a carboxyl group at C-14 position is present
in a limited number of natural resources. The cytotoxic
effect against HO-8910, HeLa and HL60, and apoptosis-
inducing effect on the HO-8910 cells by ATA were
reported.19 However, its further mechanisms underlying
the antitumor activity were unclear.

Inhibition of cancer growth has been a continuous effort
in cancer treatment. A reduction in cell growth and an
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induction in cell death are two major means to inhibit tu-
mor growth.20 In this study, we demonstrated that ATA
induced a marked concentration- and time-dependent
inhibition of HeLa cell proliferation with an IC50 of
6.49 ± 0.33 lg/mL following 48 h incubation and re-
duced the protein content in HeLa cell. However, the
IC50 of oleanolic acid was greater than 100 lg/mL deter-
mined under the same condition. It implicated a higher
cytotoxic activity for ATA than that for oleanolic acid.
The results suggested that the position of carboxyl group
significantly affects the cytotoxicity of oleanane-type
pentacyclic triterpenes with a carboxyl group. We have
compared the cytotoxic activity of ATA, ATB, and
ATC towardHO-8910, HeLa, andHL60 cells, and found
that the order of the cytotoxic activity in terms of the
IC50 values against the above three tumor cell lines was
ATA > ATC > ATB. The stucture of ATB differs from
the structure of ATA by the addition of a b-hydroxy at
position C-6 and ATC is the 3b-acetylate of ATA. In
addition, we have converted ATA into 3-disodiumphos-
phate and determined its IC50 values toward HO-8910,
HeLa, and HL60 cells. The IC50 values of ATA 3-disodi-
umphosphate against these tumor cells were also greater
than 100 lg/mL. These results indicate that specific dif-
ferences in chemical structure of the oleanane-type triter-
pene with a carboxyl group at C-14 will influence the
cytotoxic properties and proliferation of tumor cells,
and 3b-OH has a crucial affect on their antitumor action.

Apoptosis, also known as programmed cell death, is
characterized by distinct morphological features such
as cell shrinkage, chromatin condensation, plasma mem-
brane blebbing, oligonucleosomal DNA fragmentation,
and finally the break down of the cell into smaller units
(apoptotic bodies).21 To determine ATA-induced apop-
tosis in cancer cells, nuclear morphology in HeLa cells
was analyzed using Giemsa staining, acridine orange
fluorescent staining, and the transmission electron
microscope. The morphologic observations revealed
apoptotic changes including apoptotic morphology of
cellular bodies and the chromatin condensation (Figs.
4–6). In addition, it is known that DNA strand breaks
occur during the process of apoptosis, and the DNA
fragmentation in HeLa cells was detected using agarose
gel electrophoresis. The results indicated that ATA
could cause HeLa cells, oligonucleosomal DNA frag-
mentation (Fig. 7). Apoptosis induced by anticancer
drugs is a concentration–time limited course of cell
death associated with several morphological and bio-
chemical events, eventually resulting in secondary necro-
sis, and it was confirmed in our experiments. According
to the results of flow cytometric analysis, ATA could
suppress HeLa cell proliferation associated with cell cy-
cle arrest in the G0/G1 phase (Figs. 8A–E). The ratio of
apoptotic cells detected by a flow cytometer was
8.08 ± 1.63% (P < 0.01) and 22.63 ± 1.65% for 15 and
20 lg/mL, respectively (Fig. 9). Thus, ATA possessed
antitumor activity through inducing cell apoptosis.22

It has been documented that the progress of apoptosis is
regulated by the expression of several transcriptional
genes. One of these genes is a member of the Bcl-2 fam-
ily.23 The proapoptotic and antiapoptotic members of
the Bcl-2 family act as a rheostat in regulating pro-
grammed cell death and as a target of anticancer thera-
py. The Bcl-2 family can be classified into two
functionally distinct groups: anti-apoptotic genes and
pro-apoptotic genes. Bcl-2, an anti-apoptotic gene, is
known for regulating the apoptotic pathways and pro-
tecting cell death, while Bax, a pro-apoptotic gene of
the family, is expressed abundantly and selectively dur-
ing apoptosis, promoting cell death.24 The Bcl-2 protein
encoded by the Bcl-2 proto-oncogene, predominantly
localized on the outer mitochondrial membrane, plays
a central role in the regulation of cell proliferation and
apoptosis. Bax, a related homologue of the Bcl-2 protein
predominantly localized in the cytosol, forms heterodi-
mers with Bcl-2, effectively antagonizing Bcl-2 function
and thus promoting apoptosis. In addition, Bax dimers
or oligomers directly form a channel in the mitochondri-
al outer membrane, translocate to the mitochondria,
and trigger the loss of DWm, mediating the release of
cytochrome c in apoptosis.25 Bax/Bcl-2 ratio in a cell
acts to regulate its own susceptibility to apoptosis.26 In
the present study, we demonstrated that the expression
of Bcl-2 was decreased, while that of Bax was increased,
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and the ratio of Bcl-2 and Bax was reduced significantly
(Table 1), which correlated well with ATA-induced
apoptosis in HeLa cells.

Recently, DWm collapse has been shown to play an
essential role in mediating apoptosis in that it allows
the release into cytoplasm of apoptotic mediators, such
as cytochrome c and apoptosis-inducing factor. In turn,
cytochrome c and the apoptosis-inducing factor directly
or indirectly activate members of the caspase family,
which are regarded as death effector molecules.27 As
the downstream event of the high Bax/Bcl-2 ratio, we
examined the mitochondria transition potential (DWm),
which was the evidence for mitochondria membrane
permeability. Our experiment showed that the DWm in
HeLa cells treated with ATA was decreased significantly
(Table 2 and Fig. 10), which was an evidence for the
alterations of permeability of outer membrane of mito-
chondria. The lowered level of DWm is the upstream
event of caspase activation, which will finally lead the
cell to apoptosis at last.

At the execution phase of apoptosis, a series of morpho-
logical and biochemical changes appear to have resulted
from the action of cysteine-dependent aspartate-directed
proteases, caspases.26 Caspase-3, in particular, is be-
lieved to be one of the most commonly involved mech-
anisms in the execution of apoptosis in various cell
types.28 We examined the effect of DEVD-CHO, a high-
ly specific and potent inhibitor of caspase-3, on the inhi-
bition of ATA-treated HeLa cell proliferation and found
that DEVD-CHO blocked ATA-induced inhibition
(Fig. 11). It suggested that the activation of caspase-3
was necessary for the execution of apoptosis induced
by ATA.

Since ATA is able to significantly inhibit HeLa cell pro-
liferation and induce cell apoptosis through down-regu-
lating Bcl-2 expression, up-regulating Bax expression,
lowering DWm, and activating the caspase-3 pathway,
these results should be useful in the search for new
potential anti-tumor agents and for developing semisyn-
thetic oleanane-type triterpene derivatives with anti-tu-
mor activity.
4. Experimental

4.1. Drugs

3b-Hydroxy-12-oleanen-27-oic acid (ATA) was previ-
ously isolated by us from the rhizomes of A. chinensis
(Saxifragaceae).16 The structure of ATA was elucidated
by spectroscopic analysis including two-dimensional
NMR spectroscopy and confirmed by single-crystal
X-ray diffraction analysis.17 The positive drug, cis-
diamminedichloride platinum (CDDP), was obtained
from Sigma Chemical Co. (St. Louis, MO, USA).

4.2. Cell culture

Human cervical squamous carcinoma (HeLa) cells were
maintained in the logarithmic phase of growth in RPMI
1640 medium (Gibco-BRL, Grand Island, NY) supple-
mented with 10% fetal bovine serum (Gibco-BRL),
2 mM LL-glutamine (Sigma Chemical Co., St. Louis,
MO) at 37 �C under humidified air with 5% CO2.

4.3. Cell proliferation and viability assay

The 50% inhibitory concentration (IC50) of ATA on
HeLa cells was determined by the MTT assay. Briefly,
HeLa cells were seeded at 1 · 104 cells/well in a 96-well
plate (Nunc) and incubated at 37 �C in a humidified
atmosphere with 5% CO2. After 24 h, the various con-
centrations of ATA were added into each well and these
cells were incubated at 37 �C. Each concentration was
repeated in four wells. After 48 h, 50 ll MTT solutions
(2 mg/mL) were added to each well and incubated at
37 �C for further 2 h. The medium was removed, and
150 ll of DMSO working solution was added to each
well. The OD was measured at 570 nm by an ELISA
reader (Shanghai, China). The inhibited rate and IC50

of ATA on HeLa cell proliferation were calculated by
the NDST software. Each test was performed in
triplicate.

The effect of ATA on the growth curve of HeLa cells
was determined according to the methods. Briefly, HeLa
cells were seeded at 3 · 104 cells/well in 24-well plate
(Nunc), and then various ATA concentrations (final
drug concentration 0, 3.125, 6.25, and 12.5 lg/mL) were
directly added to each well. The plates were incubated at
37 �C in a 5% CO2 humidified atmosphere for 0, 12, 24,
36, 48, and 60 h, respectively. The number of cultured
cells was counted with a hemocytometer following stain-
ing with 0.4% trypan blue.

4.4. Determination of protein content

The protein contents in HeLa cells treated with ATA 0,
2.5, 5, 7.5, and 10 lg/mL for 48 h were measured by the
Coomassie dye binding method. Briefly, 1 · 106 cells for
each concentration were harvested and washed by PBS,
and then the cell pellets were reacted with 1 ml of 1%
sodium dodecyl sulfate (SDS, Shanghai Shenergy Bio-
color Co., Shanghai, China) for 30 min at 100 �C. The
lysed solution was treated with Coomassie dye G-250
(Bioasia, Palo Alto, CA, USA) solution (0.1 mg/mL)
at room temperature for 10 min, and then the absor-
bance of the solution was measured at 595 nm with
UV-754 ultra-violet spectrophotometer (Shanghai Third
Analysis Instrument Factory). The calibration curves
were constructed with standard samples bovine serum
albumin (BSA, Bovogen, Victoria, Australia) in tripli-
cate and consisted of six standard samples. The calibra-
tion curves were linear over the range of 1–50 lg/mL for
BSA, with r = 0.9994.

4.5. Morphological analysis

Giemsa-staining microscopic observation was performed
as follows. Briefly, HeLa cells were seeded at 1 · 105 cells/
well in a six-well plate (Nunc). The plates were then incu-
bated at 37 �C in a humid atmosphere with 5%CO2. After
24 h, ATA of various concentrations was added to the
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cultures, and the plates were then incubated for further
24 h. Cultured cells were stained with Giemsa solution
for 15–30 min and then visualized by an Olympus
microscope.

The fluorescence microscope observation was performed
according to the methods. Briefly, HeLa cells
(1 · 105 cells/ml) were seeded into a 24-well plate
(Nunc). The plates were then incubated at 37 �C in a hu-
mid atmosphere with 5% CO2. ATA of various concen-
trations was added to the cultures 24 h after subculture.
After 24 h, the 24-well plate cells were taken out, and
HeLa cells were stained with 100 ll acridine orange
(AO, Amersco, Ohio, USA) solution (5 lg/mL) and then
visualized by fluorescence microscope.

The transmission electron microscope observation was
performed according to the methods. Briefly, after a
24 h exposure to ATA 0 and 15 lg/mL, HeLa cells were
fixed with 2.5% glutaraldehyde and 1% osmiumtetraox-
ide. After dehydration, the samples were embedded in
Epo812 and then ultramicrotomed. The sections were
routinely stained and examined by a JEM-1230 electron
microscope (JEOL, Japan).

4.6. DNA fragmentation analysis

After incubation with ATA 0, 7.5, 10, 15, and 20 lg/mL
for 24 h, DNA fragmentation was analyzed by electro-
phoresis as previously described. Briefly, after trypsin-
ization, cells (1.0 · 107 cells per sample) were washed
with TBS (pH 7.6) and collected by centrifugation at
1000g for 10 min. The pellet was resuspended in 500 ll
lysis solution (10 mmol/L Tris–HCl (pH 8.0),
150 mmol/L NaCl, 10 mmol/L EDTA, 0.4% SDS, and
100 lg/mL proteinase K) for 2 h at 50 �C. The sample
was then extracted with equal volumes of phenol/chloro-
form/isoamyl alcohol (25:24:1) (Shanghai Shenergy
Biocology, Shanghai, China). DNA was precipitated by
ethanol, air-dried, and dissolved in TE buffer (Tris–HCl
5 mmol/L (pH8.0) and edetic acid 20 mmol/L) containing
ribonuclease A (RNase A) 0.1 mg/mL. The samples were
run on 1.5% agarose gels containing ethidium bromide
0.5 g/L and visualized under UV illumination.

4.7. Flow cytometric analysis

After exposure to ATA 0, 5, 10, 15, and 20 lg/mL for
24 h, cultured HeLa cells were collected and fixed with
70% ethanol. Quantitative detection of apoptotic cells
and analysis of cell cycle distribution in cultures were
performed by a FACScan flow cytometer using the Cell-
Quest 3.0f software (Becton–Dickinson, Franklin Lakes,
NJ), and the data were analyzed on Modfit 3.0 DNA
software. Each test was performed five times.

4.8. SABC immunohistochemical analysis

After a 24-h exposure to ATA 0, 5, 7.5, and 10 lg/mL,
the expressions of Bel-2 and Bax proteins in HeLa cells
were visualized by immunohistochemical assay kit
according to the manufacturer�s specifications (Wuhan
Boster Biological Technology Ltd., Wuhan, China).29
Briefly, cultured cell sections were fixed with 4% para-
formaldehyde and endogenous peroxidase activity was
blocked with H2O2 and normal goat serum. Then, the
sections were incubated with the rabbit anti-human
Bcl-2 or Bax polyclonal antibody, respectively, biotinyl-
ated goat antirabbit IgG, and avidin–biotin–peroxidase
complex in turn. After being stained by DAB, the sec-
tions were observed under a light microscope. Photo-
graphs were taken and a quantitative analysis was
conducted with td2000 pathology cell image analysis
system in 5 areas of each slide.

4.9. Measurement of mitochondrial transmembrane
potential (DWm)

After treatment with ATA 0, 5, 10, 15, and 20 lg/mL for
24 h, the changes of DWm) in cultured cells were ana-
lyzed using a FACScan flow cytometer.30 Briefly, after
trypsinization, cells were washed twice with PBS, and
then the concentration of cell suspension was adjusted
to 1 · 106 cells/ml. One hundred microliter rhodamine
123 (Rh123) solution (20 lg/mL) was added to 100 ll
of cell suspension. After incubation at 37 �C for
30 min, the cells were washed with PBS again and
stained with propidium iodide (PI) solution (100 lg/
mL). The Rh123 and PI staining fluorescence of individ-
ual cell was measured with FCM. All data were collect-
ed, stored, and analyzed with the use of Cellquest 3.1f
Analysis Software.

4.10. Detection of viability of HeLa cells treated with
ATA or DEVD-CHO and ATA

As caspase-3 activation is a key step in the regulation of
apoptosis. Viability of HeLa cells treated with caspase-3
inhibitor DEVD-CHO (Asp-Glu-Val-Asp-Aldehyde,
Biomol, Plymouth Meeting, PA, USA) and ATA was
measured by the MTT assay.31,32 After an incubation
with DEVD-CHO 2 lmol/L or RPMI 1640 for 1 h,
HeLa cells were administered with ATA (final concen-
tration 0, 2.5, 5, 10, 15, and 20 lg/mL), and the viability
was measured by the MTT assay 48 h later.
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