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Abstract

AIM: To demonstrate that mitochondrial morphological
and functional changes are an important intermediate
link in the course of apoptosis in esophageal carcinoma
cells induced by As2O3.

METHODS: The esophageal carcinoma cell line SHEEC1,
established in our laboratory, was cultured in 199
growth medium, supplemented with 100mL·L-1 calf
serum and 3µµµµµmol·L-1As2O3 ( the same below). After 2,
4, 6, 12, 24 h of drug adding, the SHEEC1 cells were
col lected for  l ight-and electron-microscopic
examination. The mitochondria were labeled by
Rhodamine fluorescence probe and the fluorescence
intensity of the mitochondria was measured by flow
cytometer and cytofluorimetric analysis. Further, the
mitochondrial transmembrane potential (MTP, ∆Ψ∆Ψ∆Ψ∆Ψ∆Ψm)
change was also calculated.

RESULTS: The mitochondrial morphological change after
adding As2O3 could be divided into three stages. In
the early-stage (2-6 h) after adding As2O3, an adaptive
proliferation of mitochondria appeared; in the mid-
stage (6-12 h) a degenerative change was observed;
and in the late-stage (12-24 h) the mitochondria
swelled with outer membrane broken down and then
cells death with apoptotic changes of nucleus. The
functional change of the mitochondria indicated by
fluorescent intensity, which reflected the MTP status
of mitochondria, was in accordance with morphological
change of the mitochondria. The fluorescent intensity
increased at early-stage, declined in mid-stage and
decreased to the lowest in the late-stage. 24 h after
As2O3 adding, the cell nucleus showed typical apoptotic
changes.

CONCLUSION: Under the inducement of As2O3, the early
apoptotic changes of SHEEC1 cells were the apparent
morphological and functional changes of mitochondria,
afterwards the nucleus changes followed. It is considered
that changes of mitochondria are an important intermediate
link in the course of apoptosis of esophageal carcinoma

cells induced by As2O3.
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INTRODUCTION
Esophagus cancer is common in China[1-11]. The treatment is still
a focus of research[12-17]. Induction of cell apoptosis is a novel
therapeutic strategies for cancer[18-25]. In our previous work, we
used As2O3 to induce apoptosis of esophageal carcinoma cells
[26]. The pathomorphological changes evinced that cells became
smaller, the cells shrank, the nuclei rounded up, chromatin
agglutinated and marginated, nuclear membrane broke down and
then followed by the degenerative changes of the cells. All these
changes indicated typical morphological changes of apoptosis[

27]. The necrotic changes were also found with a large dosage of
As2O3

[28]. We discovered that in the early-stage of cell apoptosis,
prior to the obvious change of cell nuclei, the mitochondria
showed proliferation. The detailed morphological changes of
mitochondria of esophageal carcinoma cells induced by As2O3

were firstly described in our paper[29]. We also found that nitric
oxide (NO) was released from the cultured esophageal carcinoma
cell line after administration of As2O3 with increasing amounts at
the early apoptotic stage[30]. Furthermore, down regulated
expression of bcl-2 and over expression of bax were always
found in apoptotic cells induced by As2O3

[31].
      Some authors hold that apoptosis is a programmed cell death
(PCD); the death signal originates from the inside of cells; the
change chiefly involves the cell nucleus with no apparent
changes seen in the cytoplasm and cell organelle[32-33]; making
it different from cell necrosis[34]. In our studies, the morphological
changes of apoptotic cells induced by As2o3 were different
from the programmed cell death in which the latter showed the
nuclear changes at first and then cytoplasm, and the former were
vice versa[35]. In recent years, it has been explained that apoptosis
is related to certain factors, such as Bcl-2/Bax,[36-39] Ca2+[40]and
cytochrome c[41-42], which are all located on mitochondria[43].
When they are released from mitochondria, they can inhibit or
promote cell apoptosis. Therefore, mitochondria are thought
to be the apoptosis regulation center[44]. Mitochondria are also
an important organell. They are concerned with cell breathing,
oxygen metabolism, enzyme activity and energy supply. All of
those functions relate to the permeability of the mitochondria
and mitochondrial transmembrane potential(MTP,∆Ψm). When
MTP decreases, the mitochondria generate morphological and
functional changes[45- 47].
      Rhodamine 123 (Rho123), a kind of fluorescent dye, is
traditionally used as a mitochondria probe[48]. Rho 123 can quickly
gather on living cell mitochondria. The fluorescence intensity of
Rho123 represents MTP which reflects the cell in a quiescent or active
condition, and in a proliferative or differentiative manner[49]. Flow
cytometer and fluorescent microphotometry are the satisfactory
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instruments to measure Rho123 fluorescent intensity. The purpose of
this paper is to study the mitochondrial morphological and functional
changes during the cell apoptosis of esophageal carcinoma cell line
induced by As2O3, thus demonstrating that mitochondrial changes
play an important role in the course of cell apoptosis.

MATERIALS AND METHODS
Cell line and As2O3 adding
The esophageal carcinoma cell line SHEEC1 is the human
embryonic esophageal epithelial cells malignantly transformed
by HPV18 E6 E7 in synergy with TPA[50]. It is cultured in 199
growth medium, supplemented with 100mL·L-1 calfserum and
antibiotics. In experiments, SHEEC1 cells were cultured separately
in culture flasks and on 24-well culture plates (Corning Co.)
with the cover slide inside the well, in every well 104 SHEEC1
cells were inoculated. As2O3 (Sigma, St. Louis, Mo; Lot A 1010)
was prepared in concentration of 3µmol·L-1 with 199 growth
medium. The experimental group and the control group without
As2O3 administered were examined at definite times. The
experiments were repeated once.

Examination under light-and electron-microscope
At 2,4,6,12,24 h after As2O3 adding, one culture flask of SHEEC1
cultured cells was taken for examination. The floating cells in
the flasks were collected by centrifugation (CytospinIII,
Shandon Co.), Giemsa stained and examined by light-
microscope. Cells attached to flask were digested with 2.5g·L-1

trypsin, centrifuged, the cell pallet was fixed with 25g·L-1

glutaraldehyde, and were routinely prepared for electron-
microscopic examination.

Rhodamine fluorescent probe labeling and cytofluorimetric
analysis (CFA)[51, 52]

SHEEC1 cells were placed on the slide after reacting with As2O3

at various times, stained by Rhodamine 123 (Rho123, MW381,
Molecular Probe Inc. Eugene) at the concentration of 10mg·L-1,
and the cells were incubated in 37 , 50mL·L-1 CO2 incubator for
15 min. It was examined by fluorescent microscopy and
cytofluorimetry. Using the Nikon fluorescent microscope
(Fluophot, Nikon) with Low-cost cooled digital CCD camera system
and software STARI (Photometrics LTD. USA), the fluorescent
image of mitochondria of SHEEC1 cells labeled by Rho123 were
displayed on the screen of monitor, the fluorescent intensity of
cells was measured by scanning method, and the average amount
of cellular fluorescence was calculated by software.

Flow cytometer (FCM) examination[53]

Following As2O3 treatment, SHEEC1 cell cultured in flasks were
harvested with trypsinization, washed once with PBS,
resuspended in PBS, and incubated with Rho123 (10mg·L-1) at
37  for 15 min, stained cells were wash twice with PBS,
dispersed, filtered through a 360 mesh nylon net to make single
cell suspension. 109 cell·L-1 were detected by flow cytometer
(FACSort, B-D Co. USA) using exciting light 488nm and
emission light 515nm to detect Rho123 fluorescent intensity.
The histogram managed by the computer was drawn according
to the fluorescent intensity value of one cell. Partial of SHEEC1
cells were fixed with 700mL·L-1 alcohol, stained with propidium
iodide (Sigma) and analyzed with flow cytometer. The cell cycle
and apoptotic cell rate were calculated.

Calculation of mitochondrial transmembrane potential (MTP.
∆Ψ∆Ψ∆Ψ∆Ψ∆Ψm)[46]

Examining 104 cells by FCM, the average fluorescent intensity of the

cells labeled by Rho 123 before and after As2O3 adding were drawn as
histograms for comparing. By cytofluorimetric analysis the average
fluorescent intensity value (x±s) was calculated from one cell.

RESULTS
Cell apoptosis
Twenty-four hours after As2O3 acting on SHEEC1 cells, the
apoptotic peak (28% of the cells) before G1G0 in DNA histogram
of FCM examination appeared (Figure 1). Collecting the floating
cells by cytospin and Giesma staining, the cell nuclei showed
typical cell apoptotic changes with chromatin agglutinated and
marginated (Figure 2).

Figure 1  DNA histogram of SHEEC1 cells 24 h after Figure 2 Apoptotic
changes 24 h after As2O3.

Figure 2  As2O3 adding. ap, apoptotic peak.  adding, HE×400.

Morphological changes of mitochondria under transmission
electron-microscope
Before adding As2O3 the mitochondria were located around the
nucleus in one or two arrays (Figure 3A). There were fixed intervals
between mitochondria, in which other organelles were present.
When adding As2O3 2-4 h, the mitochondria increased, which
showed either concentration in certain areas or in one pole of the
cytoplasm or distributed in inner, middle or outer layer of the
cytoplasm (Figure 3B). Mitochondria were oval in shape and
different in size. The newly proliferated mitochondria were smaller
with dense matrix. Some mitochondria were condensed with
indistinct ridges and some mitochondria were crowded closely
together. After 6 h, the high electron dense and irregular shaped
substances precipitated in the mitochondrial matrix, even filled
up the whole mitochondria (Figure 3C). The autophagosomes
resulting from wrapping of condensed mitochondria by the
lysosomes were frequently seen. After 12 h, the mitochondria
swelled, its outer membrane broke down, left a single layer of
membrane, which were seen like a balloon or a vacuole. After 24
h, the cell nucleus shrank and chromatin agglutinated locating
near the nuclear membrane with mitochondria swelling, or
becoming vacuole-like or broken down (Figure 3D).
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Functional changes of mitochondria in cell apoptosis: the
dynamic changes of MTP (∆Ψ∆Ψ∆Ψ∆Ψ∆Ψm)
Mitochondrial fluorescence intensity detected by FCM  After
As2O3 was added to SHEEC1 cells, the changes of mitochondria
fluorescence intensity from different reacting times were seen
in histogram (Figure 4 A,B,C,D). A slight increase of
mitochondrial fluorescence intensity was observed at 2h after
added As2O3. With treatment of As2O3 for 4-6h, fluorescent
intensity of mitochondria was decreased sharply. After
12-24h fluorescent intensity was the lowest.

Figure 4  The histogram of mitochondrial fluorescent intensity by FCM after
As2O3 adding.

A: Control;  B: 2-4 h;  C: 4-6 h;  D: 12-24 h.

Fluorescent intensity by cytofluorimetric analysis  Under
fluorescent microscope, the number of mitochondria of cells was
increased at first (Figure 5) and then decreased. The fluorescent
intensity increased in 2h after As2O3 added, declined in 4-6h and
decreased to the lowest in the 12-24h (Table 1). An increment of
fluorescence intensity in partial early-stage apoptotic cells after 2
h of As2O3 adding and the intensity decreased hereafter. Following
fluorescence associated with the uptake of dye Rho123 allows to
evaluate ∆Ψm modifications,the results showed the dynamic MTP
changes in the apoptotic process induced by As2O3.

Figure 5  Increment of mitochondria with Rho123 labeled in cytoplasm of
SHEEC1 after 2-4 h As2O3 adding.  ×1000

The Rho123 fluorescence intensity of the labeled mitochondria differed
from different reacting times after adding As2O3. At first fluorescent
intensity increased and then the rapidly declining value of fluorescence
intensity was in accordance with both results of FCM and CFA. It
taking cell morphology into account, the fluorescence intensity changes
may reflect the consequence of As2O3 stimulation to mitochondria
for different times. 2 h after As2O3 was added, the mitochondria
proliferated and the fluorescent intensity increased, soon after the

Figure 3  Apoptotic cells (EM x 15000).  Mitochondria in 1-2 arrays located around the cell nucleus, not adding As2O3;  Increment of mitochondria 2-4 h after
As2O3 adding;  Dense substances deposition in mitochondria 4-6h after As2O3 adding;  Apoptotic cell showed cell nucleus shrank, chromatin agglutinated,
mitochondria increased and swelled as balloon-like 24h after As2O3 adding.



intensity swiftly declined and went to the lowest at 24 h, which
indicated that morphological and functional changes of mitochondria
induced by As2O3 represented the process cell apoptosis.

Table 1  Average fluorescence intensity value of SHEEC1 after As2O3 adding
(arbitrary unit x10-4/cell)

T (after As2O3)   Fluorescence
      h   intensity (x±s)

     Control   180.3  ±  75.7
                      2   206.4  ±  93.2
                      4   170.2  ±  80.3
                      6   168.2  ±  72.2
                 12   114.4  ±  70.3
                 24     90.7  ±  85.6

DISCUSSION
Reports about As2O3 inducement of apoptosis of cancer cells
have been seen frequently in hemopoietic stem cells and leukemia
cells[54-60], but rarely in epithelial tumor cells[61-64]. We have tried to
explore the possibility of curing esophageal carcinoma by using
As2O3 treatment in vitro. The experimental results have shown
that As2O3 can induce cancer cell apoptosis, large doses of As2O3

can even induce cell necrosis. Our previous works indicated that
at the early-stage of cell apoptosis,morphological changes of the
mitochondria might be an important phenomenon in the course of
esophageal carcinoma cell apoptosis induced by As2O3

[29, 31]. Our
results showed that morphological and functional changes of
mitochondria of SHEEC1 cells were induced by As2O3. It could
divide into three stages. Two to four h after As2O3 administration,
the mitochondria proliferated with a lot of new small mitochondria,
distributing from the inner layer to the outer layer of cytoplasm.
This was the early reaction of mitochondria of SHEEC1 cells to the
effect of As2O3. 6 h after As2O3 inducement, many ridges on
mitochondria were seen. The dense substances began to precipitate
in the matrix of mitochondria and the condensed or damaged
mitochondria were engulfed by lysosomes to form autophagosomes
as seen in lymphocytes[65]. Twelve hours after As2O3 inducement,
the mitochondria were swelling, or vacuolation with mitochondria
ridges decreased or disappeared. Twenty-four h after As2O3

inducement, apoptotic cells appeared with coagulating chromatin
in nucleus and shrinking in the whole cell. The mitochondria swelled
like a balloon. During the whole course of cell apoptosis, changes
of mitochondria preceded the changes in nuclei.
      The fluorescent intensity value detected by CFA and FCM
reflects the function of mitochondria[66]. The change of Rho123
fluorescent intensity under As2O3 treatment may be divided into 3
time phases: 2-4h after As2O3 inducement, mitochondria increased
fluorescent intensity, but began to decline after 4-6 h and decreased
to the lowest after 12-24 h. These functional changes of mitochondria
were in accordance with mitochondrial morphological changes.
       The functional changes of mitochondria may be accompanied
with decreasing the formation of ATP, reducing the activity of
dehydrogenase[67], thus influencing cell respiration, cell
metabolism,energy supply and even the cell death. If the
mitochondrial release cytochrome c or apoptotic inducement
factors (AIF), they may activate the caspases enzyme system,
which further act upon cell nucleus and cell keratinoprotein to
induce irreversible apoptotic changes[68]. If the mitochondrial
changes resulted in lowering of ∆Ψm, increase of oxygen free
radical and blocking up the formation of ATP, the cells will be
finally undergo necrosis, because they lose the ability of electron
bond transmission. Therefore, the mitochondrial changes may
induce cell apoptosis and also cell necrosis[69]. When the inducement
factor is strong or highly concentrated it induces cell necrosis. If
less in amount and strength, it may give times to activate the caspases
enzyme system[70], the cell apoptosis will develop. Mitochondrial
fluorescent probe Rho123 is a very useful tool, which may
specifically conjugate with mitochondria to indicate cells living

state or metabolic state[25]. Detecting Rho123 fluorescence intensity
of mitochondria may reveal mitochondrial quantity and function
under different kinds of stimuli. The Rho123 fluorescence intensity
is stronger in proliferative cells than in quiescent cells, and the
intensity decreases in damaged mitochondria caused by harmful
stimuli[48]. The amount of Rho123 conjugated with mitochondria
differs in different types of cells and in different cell functional
status[66]. The mitochondrial changes of SHEEC1 cells induced
by As2O3 occurred 2-4 h after drug adding. Under the same
cultured conditions, mitochondria were supposed to be the firstly
targeting site in the course of cell apoptosis. Therefore, under
As2O3 inducement, the morphological and functional in
mitochondria of SHEEC1 cells, which happened prior to cell
nuclear DNA change, may be regarded as the important link in
cell apoptosis.

REFERENCES
1 He LJ, Wu M. The distribution of esophageal and cardiac carcinoma

and precancerous of 2238. World J Gastroenterol 1998; 4(Suppl 2):100
2 Yu GQ, Zhou Q, DING Ivan, Gao SS, Zheng ZY, Zou JX, Li YX,

Wang LD. Changes of p53 protein blood level in esophageal cancer
patients and normal subjects from a high incidence area in Henan,
China. World J Gastroenterol 1998; 4:365-366

3 Gao SS, Zhou Q, Li YX, Bai YM, Zheng ZY, Zou JX, Liu G, Fan ZM, Qi
YJ, Zhao X, Wang LD. Comparative studies on epitheliallesions at gastric
cardia and pylori c antrum in subjects from a high incidence area for
esophageal cancer in Henan, China. World J Gastroenterol 1998; 4:332-333

4 Wang LD, Zhou Q, Wei JP, Yang WC, Zhao X, Wang LX, Zou JX,
Gao SS, Li YX, Yang CS. Apoptosis and its relationship with cell
proliferation, p53, Waf1p21, bcl-2 and c-myc in esophageal carcino-
genesis studied with a high risk population in northern China. World
J Gastroenterol 1998; 4:287-293

5 Qiao GB,  Han CL,  J iang RC, Sun CS,  Wang Y,  Wang YJ.
Overexpression of P53 and its risk factors in esophageal cancer in
urban areas of Xi’an. World J Gastroenterol 1998;4:57-60

6 Jiao LH, Wang LD, Xing EP, Yang GY, Yang CS. Frequent inactivation
of p16 and p15 expression in human esophageal squamous cellcarcinoma
detected by RT PCR. World J Gastroenterol 1998; 4(Suppl 2):105-

7 Bai YM, Wang LD, Seril DN, Liao J, Yang GY,Yang CS. Expression
of hMSH2 in human esophageal cancer from patients in a high inci-
dence area in Henan, China. World J Gastroenterol 1998; 4(Suppl 2):107

8 Qi YJ, Wang LD, Nie Y, Cai C, Yang GY, Xing EP, Yang CS. Alteration
of p19 mRNA expression in esophageal cancer tissue from patients at high
incidence area in northern China. World J Gastroenterol 1998; 4(Suppl 2):108

9 Zhang X, Geng M, Wang YJ, Cao YC. Expression of epidermal growth
factor receptor and proliferating cell nuclear antigen in esophageal car-
cinoma and pre-cancerous lesions. Huaren Xiaohua Zazhi 1998; 6:229-230

10 Wang D, Su CQ, Wang Y, Ye YK. Deletion of p16 gene at a high
frequency in esophageal carcinoma. Huaren Xiaohua Zazhi 1998; 6:
1052-1053

11 Zou JX, Wang LD, SHI Stephanie T, Yang GY, Xue ZH, Gao SS, Li YX,
YANG Chung S. p53 gene mutations in multifocal esophageal precan-
cerous and cancerous lesions in patients with esophageal cancer in
high risk northern China. ShijieHuaren Xiaohua Zazhi 1999; 7:280-284

12 Deng LY, Zhang YH, Xu P, Yang SM, Yuan XB. Expression of
interleukin 1β converting enzyme in 5-FU induced apoptosis in
esophageal carcinoma cells. World J Gastroenterol 1999;5:50-52

13 Xiao ZF, Zhang Z, Wang Z, Zhang HZ, Wang M, Shi ML, Yin WB.
Value of CT Scan on radiotherapy of esophageal cancinoma. Huaren
Xiaohua Zazhi 1998; 6(Suppl 7): 181-184

14 Fu JH, Rong TH, Huang ZF, Yang MT, Wu YL. Comparative assess-
ment of three prost hesis types of palliative intubation for late stage
esophageal carcinoma. Huaren Xiaohua Zazhi 1998; 6:984-986

15 Chen KN, Xu GW. Diagnosis and treatment of esophageal cancer.
Shijie Huaren Xiaohua Zazhi 2000; 8:196-202

16 Wu XY, Zhang XF, Yin FS, Lu  HS, Guan GX. Clinical study on
surgical treatment of esophageal carcinoma in patients after subtotal
gastrectomy. World J Gastroenterol 1998; 4(Suppl 2):68-69

17 Gao ZD, Xu XY, Mao AW, Zhou XF, Jiang H. Combination of arterial
infusion chemotherapy and radio therapy in the treatment of 36 cases
of middle and late stageesophageal cancer. World J Gastroenterol 1998;
4(Suppl 2):72

18 Guo WJ, Yu EX, Zheng SG, Shen ZZ, Luo JM, Wu GH, Xia SA. Study on
the apoptosis and cell cycle arrest in human liver cancer SMMC7721 cells
induced by Jianpili qi herbs. Shijie Huaren Xiaohua Zazhi 2000; 8:52-55

19 Tu SP, Jiang SH, Qiao MM, Cheng SD, Wang LF, Wu YL, Yuan YZ,

34                  ISSN 1007-9327        CN 14-1219/ R            World J Gastroenterol          2002   Volume 8   Number 1



Wu YX. Effect of trichosanthin on cytotoxicity and induction of apoptosis
of multiple drugs resistence cells in gastric cancer. Shijie Huaren
Xiaohua Zazhi 2000; 8:150-152

20 Liang WJ, Huang ZY, Ding YQ, Zhang WD. Lovo cell line apoptosis
induced by cyclo heximide combined with TNF α . Shijie huaren
Xiaohua Zazhi 1999; 7:326-328

21 Lu XP, Li BJ, Chen SL, Lu B, Jiang NY. Effect of chemotherapy or
targeting chemotherapy on apoptosis of colorectal carcinoma. Shijie
Huaren Xaiohua Zazhi 1999; 7:332-334

22 Shen YF, Zhuang H, Shen JW, Chen SB. Cell apoptosis and neoplasms.
Shijie Huaren Xiaohua Zazhi 1999; 7:267-268

23 Sun ZX, Ma QW, Zhao TD, Wei YL, Wang GS, Li JS. Apoptosis
induced by norcantharidin in human tumor cells. World J Gastroenterol
2000; 6:263-265

24 Zhu HZ, Ruan YB, Wu ZB, Zhang CM. Kupffer cell and apoptosis in
experimental HCC. World J Gastroenterol 2000; 6:405-407

25 Evan G and Littlewood T. A matter of life and cell Death. Science
1998; 281: 1317-1320

26 Shen ZY, Tan LJ, Cai WJ, Shen J, Chen C, Tang XM, Zheng MH.
Arsenic trioxide induces apoptosis of oesophageal carcinoma in vitro.
Intern J Mol Med 1999;4:33-37

27 Shen ZY, Tan LJ, Cai WJ, Shen J, Chen CY, Tang XM. Morphologic
study on apoptosis of esophageal carcinoma cell line induced by
arsenic trioxide. Shijie Huaren Xiaohua Zhahi 1998; 6:(Suppl 7)226-229

28 Shen J, Wu MH, Cai WJ, Shen ZY. The effects of arsenite trioxide in
various concentration on the esophageal carcinoma cell line. Zhongguo
Zhongliu Shengwu Zhiliao Zazhi 2001; 8:106-109

29 Shen ZY, Shen J, Cai WJ, Hong C, Zheng MH. The alteration of
mitochondria is an early event of arsenic trioxide induced apoptosis
in esophageal carcinoma cells. Intern J Mol Med 2000;5: 155-158

30 Shen ZY, Shen WY, Chen MH, Hong CG, Shen J. Alterations of nitric
oxide in apoptosis of esophageal carcinoma cells induced by arsenite.
Shijie Huaren Xiaohua Zhahi 2000; 8: 1101-1104

31 Shen ZY, Shen J, Chen MH, Li QS, Hong CQ. Morphological changes
of mitochondria in apoptosis of esophageal carcinoma cells induced
by As2O3. Zhonghua Binglixue Zazhi 2000; 29: 200-203

32 Deng LY, Zhang YH, Zhang HX, Ma CL, Chen ZG. Observation of
morphological changes and cytoplasmic movement in apoptosis
process. World J Gastroenterol 1998; 4: 66-67

33 Floryk D, Ucker DS. Molecular mapping of the physiological cell
death process. Mitochondrial events may be disordered. Ann N Y
Acad Sci 2000; 926: 142-148

34 Shen ZY, Chen CY, Shen J, Cai WJ. Ultrastructural study of apoptosis
and necrosis in the esophageal carcinoma cell line induced by arsenic
trioxide. Zhongguo Yixue Wulixue Zazhi 1999; 16: 91-94

35 Shen ZY, Chen MH, Li QS, Shen J. An ultrastructural study on the
programmed cell death of human amniotic epithelium. Dianzi Xianwei
Xuebao 2000; 19: 259-260

36 Zhang CS, Wang WL, Peng WD, Hu PZ, Chai YB, Ma FC. Promotion
of apoptosis of SMMC7721 cells by bcl-2 ribozyme. Shijie Huaren
Xiaohua Zazhi 2000; 8: 417-441

37 Yuan RW, Ding Q, Jiang HY, Qin XF, Zou SQ, Xia SS. Bcl-2, p53
protein expression and apoptosis in pancreatic cancer. Shijie Huaren
Xiaohua Zazhi 1999; 7: 851-854

38 Wang LD, Zhou Q, Wei JP, Wang WC, Zhao X, Wang LX, Zou X,
Gao SS, Li YX, Yang CS. Apoptosis and its relationship with cell
proliferation, p53, waflp21, bcl-2 and c-myc in esophageal carcino-
genesis studied with a high risk population in northern China. World
J Gastroenterol 1998; 4: 287-293

39 Pastorino JG, Chen ST, Tafani M, Snyder JW and Farber JL. The
overexpression of Bax produces cell death upon induction of the mito-
chondrial permeability transition. J Biol Chem 1998; 273: 7770-7775

40 Fang M, Zhang HQ, Xue SB, Li N, Wang L. Intracellular calcium distribu-
tion in apoptosis of HL-60 cells induced by harringtonine: intranuclear
accumulation and regionalization. Cancer Letters 1998; 127: 113-121

41 Mootha VK, Wei MC, Buttle KF, Scorrano L, Panoutsakopoulou V,
Mannella CA, Korsmeyer SJ. A reversible component of mitochon-
drial respiratory dysfunction in apoptosis can be rescued by exog-
enous cytochrome c. EMBO J 2001; 20: 661-671

42 Zimmermann KC, Waterhouse NJ, Goldstein JC, Schuler M, Green
DR. Aspirin induces apoptosis through release of cytochrome c from
mitochondria. Neoplasia 2000;2:505-513

43 Li H, Kolluri SK, Gu J, Dawson MI, Cao XH, Hobbs PD, Lin BZ, Chen
GQ, Lu JS, Lin F, Xie ZH, Fontana JA, Reed JC, Zhang XK. Cyto-
chrome c release and apoptosis induced by mitochondrial targeting
of nuclear orphan receptor TR3. Science 2000; 289: 1159-1164

44 Brenner C and Kroemer G. Apoptosis Mitochondria—the death signal
intergrators. Science 2000; 289: 1150-1151

45 Heerdt BG, Houston MA, Anthony GM, Augenlicht LH. Mitochon-
drial membrane potential ( mt) in the cordination of p53-inde-
pendent proliferationand apoptosis pathways in human colonic carci-
noma cells. Cancer Res 1998; 58: 2869-2875

46 Wakabayashi T, Karbowski M. Structural changes of mitochondria
related to apoptosis. Biol Signals Recept 2001; 10: 26-56

47 Hail NJ, Lotan R. Mitochondrial permeability transition is a central
coordinating event in N-(4-hydroxyphenyl) retinamide-induced
apoptosis. Cancer Epidemiol Biomarkers Prev 2000; 9: 1293-1301

48 Shapiro HM. Membrane potential estimation by flow cytometer. Meth-
ods 2000; 21: 271-279

49 Buckman JF, Reynolds IJ. Spontaneous changes in mitochondrial mem-
brane potential in cultured neurons. J Neurosci 2001; 21: 5054-5065

50 Shen ZY, Cen S, Shen J, Cai WJ, Xu JJ, Ten ZP, Hu Z, Zeng Y. Study
of immortaliztion and malignant transformation of human embry-
onic esophageal epithelial cells induced by HPV18E6E7. J Cancer Res
Clin Oncol 2000; 126: 589-594

51 Canete M, Juarranz A, Lopez-Nieva P, Alonso-Torcal C, Villanueva
A, Stockert JC. Fixation and permanent mounting of fluorescent probes
after vital labeling of cultured cells. Acta Histochem 2001; 103: 117-126

52 Follstad BD, Wang DI, Stephanopoulos G. Mitochondrial membrane
potential differentiates cells resistant to apoptosis in hybridoma
cultures. Eur J Biochem 2000; 267: 6534-6540

53 Bedner E, Li X, Gorczyca W, Melamed MR, Darzynkiewicz Z. Analysis
of apoptosis by laser scanning cytometry. Cytometry 1999; 35: 181-195

54 Li YM, Broome JD. Arsenic targets tubulins to induce apoptosis in
myeloid leukemia cells. Cancer Res 1999; 59: 776-780

55 Bazarbachi A, El-Sabban ME, Nasr R, Quignon F, Awaraji C, Kersual
J, Dianoux L, Zermati Y, Haidar JH, Hermine O, de-The H. Arsenic
trioxde and interferon-alpha synergize to induce cell cycle arrest and
apoptosis in human T-cell lymphotropic virus type I-transformed
cells. Blood 1999; 93: 278-283

56 Jing Y, Dai J, Chalmers-Redman RM, Tatton WG, Waxman S. Arsenic
trioxide selectively induces acute promyelocytic leukemia cell apoptosis
via a hydrogen peroxide-dependent pathway. Blood 1999; 94: 2102-2111

57 Lallemand-Breitenbach V, Guillemin MC, Janin A, Daniel MT, Degos
L, Kogan SC, Bishop JM, de-The H. Retinoic acid and arsenic synergize
to eradicate leukemic cells in a mouse model of acute promyelocytic
leukemia. J Exp Med 1999; 189: 1043-1052

58 Rousselot P, Labaume S, Marolleau JP, Larghero J, Noguera MH,
Brouet JC, Fermand JP. Arsenic trioxide and melarsoprol induce
apoptosis in plasma cell lines and in plasma cells from myeloma
patients. Cancer Res 1999; 59:1041-1048

59 Huang XJ, Wiernik PH, Klein RS, Gallagher RE. Arsenic trioxide
induces apoptosis of myeloid leukemia cells by activation of caspases.
Med Oncol 1999; 16: 58-64

60 Zhu XH, Shen YL, Jing YK, Cai X, Jia PM, Huang Y, Tang W, Shi
GY, Sun YP, Dai J Wang ZY, Chen SJ, Zhang TD, Waxman S, Chen
Z, Chen GQ. Apoptosis and growth inhibition in malignant lympho-
cytes after treatment with arsenic trioxide at clinically achievable
concentrations. J Nat Cancer Inst 1999; 91: 772-778

61 Chen HY, Liu WH, Qin SK. Induction of arsenic trioxide on apoptosis of
hepatocarcinoma cell lines. Shijie Huaren Xiaohua Zazhi 2000; 8: 532-535

62 Gu QL, Li NL, Zhu ZG, Yin HR, Lin YZ. A study on arsenic trioxide
inducing in vitro apoptosis of gastric cancer cell lines. World J
Gastroenteral 2000; 6: 435-437

63 Tu SP, Jiang SH, Tan JH, Jiang XH,Qiao MM, Zhang YP, Wu YL, Wu YX.
Proliferation inhibition and apoptosis induction by arsenic trioxide on
gastric cancer cell SGC 7901. Shijie Huaren Xiaohua Zazhi 1999; 7: 18-21

64 Tan L, Chen X, Shen ZY. Study on the proliferative inhibition of
human esophageal cancer cells with treatment DMSO and As2O3.
Shanghai Di-er Yike Daxue Xuebao 1999; 19: 5-8

65 Huo X, Piao YJ, Huang XX, Quao DF. Ultrastructural observation of
mitochondria in apoptotic lymphocytes induced with cycloheximide.
Dianzi Xianwei Xuebao 1998; 17: 702-705

66 Hu Y, Moraes CT, Savaraj N, Priebe W, Lampidis TJ. Rho (0) tumor cells:
a model for studying whether mitochondria are targets for rhodamine
123, doxorubicin, and other drugs. Biochem Pharmacol 2000; 60: 1897-1905

67 Green DR, Reed JC. Mitochondria and apoptosis. Science 1998;281:
1309-1312

68 Sugrue MM, Tatton WG. Mitochondrial membrane potential in ag-
ing cells. Biol Signals Recept 2001; 10: 176-188

69 Lee HC, Yin PH, Lu CY, Chi CW, Wei YH. Increase of mitochondria
and mitochondrial DNA in response to oxidative stress in human
cells. Biochem J 2000; 348: 425-432

70 Seol JG, Park WH, Kim ES, Jung CW, Hyun JM, Lee YY, Kim BK.
Potential role of caspase-3 and -9 in arsenic trioxide-mediated apoptosis in
PCI-1 head and neck cancer cells. Int J Oncol 2001; 18: 249-255

Edited by Wang JH and Xu XQ

Shen ZY, et al. Mitochondrial changes of apoptosis induced by As2O2                                                                 35


