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Apoptosis is an important cellular event that plays a key role in the therapy of many diseases. The
mechanism of the initiation and regulation of photodynamic therapy (PDT)–induced apoptosis
is complex. Our previous study found that Photofrin was localized primarily in mitochondria,
the primary targets of Photofrin-PDT. The key role of Bax in the mitochondria-mediated apop-
tosis has been demonstrated in many systems. In order to determine the role of Bax in the
mitochondrion-mediated apoptosis induced by Photofrin-PDT, we used the GFP-Bax plasmid
to monitor the dynamics of Bax activation after PDT treatment. With laser scanning confo-
cal microscopy, we found that Bax did not translocate from the cytosol to mitochondria when
the mitochondrial membrane potential (∆Ψm) disappeared, measured by TMRM. Thus, for
Photofrin-PDT, the commitment to cell death is independent of Bax activation.

Keywords : Photofrin-photodynamic therapy; mitochondria-mediated apoptosis; Bax; activation;
translocation.

1. Introduction

Bax, a proapoptotic member of the Bcl-2 family,
localizes largely in the cytoplasm but translo-
cates to mitochondria and undergoes oligomeriza-
tion to induce the release of apoptogenic factors in
response to apoptotic stimuli. This process is prob-
ably a consequence of the exposure of its C-terminal
membrane-seeking domain, facilitated by unknown
cytosolic factors or by an increase in cellular pH.1–3

Whereas in the cytosol Bax exists as monomers,
the mitochondrion-inserted Bax is present as dimers
and higher oligomers.4 The membrane insertion and
oligomerization of Bax is essential for the release
of cytochrome c and apoptosis, as evidenced by
the blockage of apoptosis in Bax mutants that
have lost the capacity for mitochondrion insertion

due to deletion of the mitochondrion-targeting C-
terminus.5

The key role of Bax in the mitochondrion-
mediated apoptosis has been demonstrated in many
systems. Bax translocation is essential during TNFα
induced apoptosis, either promoted by Bid or
BimL,6,7 in tumor cells or in normal cells.6–8 Bax
translocation is necessary forUV-irradiation induced
apoptosis, either independent of Bid or related to
BimL and P53.9–11 Also, PDT promotes Bax acti-
vation, which includes conformational change (expo-
sure of an epitope detected by the 6A7 antibody) as
well as translocation from the cytosol to mitochon-
dria immediately or shortly after PDT.12–15

However, HF-LPLI promotes Bax activa-
tion after the mitochondrial depolarization and
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cytochrome c release, indicating Bax activation
is a downstream event during HF-LPLI induced
apoptosis.16 HF-LPLI induces apoptosis through
caspase-3 activation pathway but not caspase-8
pathway.17,18

PDT causes photo-oxidative damage to pro-
teins and lipids that reside within a few nanome-
ters of the photosensitizer binding sites.19–21 Hence,
the subcellular localization of a photosensitizer crit-
ically influences the kinetics and the regulatory
pathways activated following PDT.22 Photofrin is
largely distributed in the cell mitochondria,23,24

and Photofrin-PDT induces apoptosis through
caspase-3 activation pathway but not caspase-8
pathway.23,25 Here, we determine the role of Bax
in the mitochondrion-mediated apoptosis induced
by Photofrin-PDT.

2. Materials and Methods

2.1. Cell culture

ASTC-a-1 cells were grown on 22-mm culture
glasses, in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies, Inc. USA) supple-
mented with 15% fetal bovine serum (FBS)
(GIBCO Co. LTD), 50 units/ml penicillin, and
50 µg/ml streptomycin, 5% CO2, 95% air at 37◦C
in a humidified incubator.

2.2. Chemicals

The following fluorescent probes were used: Mito-
Tracker Deeper Red 633 (100 nM) to stain mito-
chondria; TMRM to monitor ∆Ψm. All the probes
were purchased from Molecular Probes (MP, USA).
The optimal incubation time for each probe was
determined experimentally.

LipofectamineTM 2000 reagent (Invitrogen life
technologies, Inc. Grand Island, NY, USA) was used
to transfect plasmid DNAs (pGFP-Bax) into cells.
Cells were examined 36–48 h after transfection.

2.3. PF-PDT treatment

For irradiation of cells, a 633-nm He–Ne laser inside
a confocal laser scanning microscope (LSM510-
ConfoCor2) (Zeiss, Jena, Germany) was used in PF-
PDT treatment. Laser irradiation was performed
through the objective lens of the microscope. In this
setup, only the cells under observation were irra-
diated by the laser. A minitype culture chamber
with CO2 supply (Tempcontrol 37-2 digital, Zeiss,

Germany) was used in order to keep cells under nor-
mal culture conditions (37◦C, 5% CO2) during irra-
diation. Under the PF-PDT treatment, cells were
incubated in the dark with Photofrin in complete
growth medium for 20 h, and then rinsed with PBS
before irradiation. The cells in selected area were
irradiated for 30 s with a laser dose of 5 J/cm2 and
Photofrin concentrations of 2.5 µg/ml.

2.4. Imaging analysis of living cells

In order to capture image of single cells, the con-
focal laser scanning microscope system (LSM510-
ConfoCor2) (Zeiss, Jena, Germany) was used. The
system was equipped with a krypton–argon air-
cooled laser (Ar+) (30 mW) and a He–Ne laser
(HeNe) (5 mW) for excitation illumination. Cell
images before and after laser irradiation were
acquired with a Plan-Neofluar 100X/NA1.3, oil-
immersed objective lens. Cells were maintained at
37◦C, 5% CO2 during imaging with the minitype
culture chamber with CO2 supply.

The following specific settings were used for
light excitation and emissions: MitoTracker Deeper
Red 633 (HeNe laser, Ex. 633 nm, Em. LP 650 nm,
HFT UV/488/543/633 nm); GFP (Ar+ laser, Ex.
488 nm, Em. BP 500–550 nm, HFT UV/488/
543/633 nm); TMRM (Ar+ laser, Ex. 543 nm, Em.
LP560 nm, HFT UV/488/543/633 nm); Photofrin
(Ar+ laser, Ex. 458 nm, Em. BP 600–650 nm, HFT
458/514 nm).

3. Results

To determine the subcellular localization of
Photofrin, fluorescence emissions from the cells
were captured using the LSM confocal microscope
after the ASTC-a-1 cells were loaded with the
photosensitizer for 12 h at 37◦C in the dark. As
shown in Fig. 1 (left panel), Photofrin displayed
a punctuated pattern of fluorescence emission pri-
marily in the perinuclear area. To assess whether
Photofrin binds to the mitochondria, emission spec-
tra of cells coincubated with MitoTracker Red,
a mitochondrion-specific dye, were also obtained
(Fig. 1, middle panel). In the overlay emission image
(Fig. 1, right panel), the Photofrin fluorescence cor-
responded closely to that of MitoTracker Red, indi-
cating the mitochondrial localization of Photofrin
in the tumor cells.

To investigate the possibility of Bax transloca-
tion under PF-PDT treatment, a series of exper-
iments were performed as follows. For monitoring
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Fig. 1. Localization of Photofrin in ASTC-a-1 cells. Fluo-
rescent images of ASTC-a-1 cells incubated with Photofrin
for 20 h, then stained by MitoTracker for localization in
mitochondria. Photofrin is largely distributed in the cell
mitochondria. Bar = 10 µm.

Fig. 2. Subcellular location of Bax in physiological condi-
tion. ASTC-a-1 cells were transfected with GFP-Bax and
stained with TMRM for localizing Bax and mitochondrial
membrane potential. Fluorescence images were acquired by
confocal microscopy. Bar = 10 µm.

the subcellular location of Bax in normal condi-
tions, ASTC-a-1 cells were transfected with pGFP-
Bax and stained with TMRM, and imaged by
confocal microscopy. In control cells, GFP-Bax was
largely cytosolic or loosely associated with mito-
chondria, as shown in Fig. 2, and mitochondrial
membrane potential remained during detection.
Cells treated with STS (1 µM) for four hours were
used as a positive control to show Bax translocation
to mitochondria, and the mitochondrial depolariza-
tion occurred after Bax translocation (Fig. 3).

In order to know the relationship between
mitochondrial depolarization and the changes of
Bax’s subcellular location under PF-PDT treat-
ment, ASTC-a-1 cells transfected with pGFP-Bax
and then labeled with TMRM were treated with
PF-PDT, and monitored by confocal microscopy.
Under PF-PDT treatment, when mitochondrial

Fig. 3. Time sequence of Bax translocation and mitochon-
drial depolarization under STS treatment. ASTC-a-1 cells
expressing GFP-Bax and labeled by TMRM were treated
with STS. Bar = 10 µm.

Fig. 4. Time sequence of Bax translocation and mitochon-
drial depolarization under PDT treatment. ASTC-a-1 cells
expressing GFP-Bax and labeled by TMRM were treated
with PDT. Bar = 10 µm.

depolarization occurred, Bax translocation did not
occur as manifested in Fig. 4. Taken together, these
results indicate that Bax activation is not neces-
sary for PF-PDT treatment which triggers apopto-
sis from mitochondria.

4. Discussion

Since the first report of apoptosis in PDT-treated
cells,26 it has been found to be a prominent form
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of cell death in response to PDT, evidenced by
assays measuring either the fragmentation of DNA
or the condensation of chromatin.20,27–32 Apoptosis
can be induced by the ligation of plasma mem-
brane death receptors, which stimulate the “extrin-
sic” pathway, or by the perturbation of intracellu-
lar homeostasis, the “intrinsic” pathway.33 Current
evidence suggests that the most common pathway
for apoptosis in PDT-treated cells involves mito-
chondria; however, other pathways, especially those
through caspase-8, may also be important, particu-
larly when the dominant pathway is suppressed.22

PDT inflicts damage to cells largely via ROS. The
ROS travels only about several tens of nanometers
before reacting with a molecule.34 It is clear that the
subcellular localization of photosensitizer coincides
with primary site of photodamage, and local pho-
todamage to specific subcellular targets influences
the kinetics and the regulatory pathways activated
by PDT.22,35–37

Numerous reports have indicated mitochondria
as important targets of PDT.22 The binding of pho-
tosensitizers to mitochondria has been associated
with the efficient induction of apoptosis.38–40 In this
study, we confirmed a strong mitochondrial local-
ization of Photofrin in ASTC-a-1 cells, as shown
in Fig. 1; the fluorescence emission of Photofrin
corresponds spatially to the fluorescence emis-
sion of MitoTracker Red in the tumors. Further-
more, Photofrin-PDT induced apoptosis through
caspase-3 activation pathway but not caspase-8
pathway,23,25 so apoptosis may be triggered from
mitochondria.

Bax is a proapoptotic member of the Bcl-2 fam-
ily of proteins, which are implicated in the patho-
genesis of cell death in an increasing number of
models of apoptosis both in vivo and in vitro.
Bax is constitutively present in many cell types
that undergo apoptosis in response to a variety of
stimuli. Translocation of preformed Bax from the
cytosol to the mitochondria has been reported with
a variety of apoptotic stimuli.4,41–44

Early reports show that there are two main
mechanisms for mitochondrial permeabilization.45

One is mediated by a long-lasting MPT demon-
strated in the present studies. Another is medi-
ated by proapoptotic members of Bcl-2 family, in
which Bax/Bak is the most important member.
Therefore, we tested the activity of Bax under the
PF-PDT treatment. Results showed that during
mitochondrial depolarization, Bax translocation did
not occur as manifested in Fig. 4. These results

seemed to show that mitochondrial injury was inde-
pendent of Bax activation.

Combining the results of present studies and
the previous reports, we conclude the signaling
pathway induced by PF-PDT: Light is absorbed
by the photosensitizers, and this generates a great
deal of ROS which is mainly produced in mito-
chondria other than cytosol. The ROS generation
induces mitochondrial injury, and finally cell apop-
tosis. In particular, this injury is independent of Bax
activation.

Acknowledgments

This research was supported by the National
Natural Science Foundation of China (30627003;
30870676; 30870658) and the Natural Science Foun-
dation of Guangdong Province (7117865), as well as
by a grant from the US National Institute of Health
(P20 RR016478 from the INBRE Program of the
National Center for Research Resources).

References

1. Wolter, K. G., Hsu, Y. T., Smith, C. L.,
Nechushtan, A., Xi, X. G. and Youle, R. J., “Move-
ment of Bax from the cytosol to mitochondria during
apoptosis,” J. Cell Biol. 139, 1281–1292 (1997).

2. Khaled, A. R., Kim, K., Hofmeister, R., Muegge, K.
and Durum, S. K., “Withdrawal of IL-7 induces Bax
translocation from cytosol to mitochondria through
a rise in intracellular pH,” Proc. Natl. Acad. Sci.
USA 96, 14476–14481 (1999).

3. Nomura, M., Shimizu, S., Ito, T., Narita, M.,
Matsuda, H. and Tsujimoto, Y., “Apoptotic cytosol
facilitates Bax translocation to mitochondria that
involves cytosolic factor regulated by Bcl-2,” Can-
cer Res. 59, 5542–5548 (1999).

4. Eskes, R., Desagher, S., Antonsson, B. and Mar-
tinou, J. C., “Bid induces the oligomerization and
insertion of Bax into the outer mitochondrial mem-
brane,” Mol. Cell Biol. 20, 929–935 (2000).

5. Nechushtan, A., Smith, C. L., Hsu, Y. T. and Youle,
R. J., “Conformation of the Bax C-terminus regu-
lates subcellular location and cell death,” EMBO J.
18, 2330–2341 (1999).

6. Pei, Y. H., Xing, D., Gao, X. J., Liu, L. and Chen,
T. S., “Real-time monitoring full length bid inter-
acting with Bax during TNF-a-induced apoptosis,”
Apoptosis 12, 1681–1690 (2007).

7. Zhang, L., Xing, D. and Chen, M. J., “BimL dis-
placing Bcl-xL promotes Bax translocation during
TNFα-induced apoptosis,” Apoptosis 13, 950–958
(2008).

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
9.

02
:2

09
-2

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
5/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



May 9, 2009 19:26 00042

Bax Translocation is not Needed for Photofrin-PDT Induced Apoptosis 213

8. Zhang, L., Xing, D., Liu, L., Gao, X. J. and Chen,
M. J., “TNFα induces apoptosis through JNK/Bax-
dependent pathway in differentiated, but not naive
PC12 cells,” Cell Cycle 6(12), 1479–1486 (2007).

9. Wu, Y. Y., Xing, D., Chen, W. R. and Wang, X. C.,
“Bid is not required for Bax translocation during
UV-induced apoptosis,” Cell. Signal. 19, 2468–2478
(2007).

10. Chen, M. J., Xing, D., Chen, T. S. and Zhang, L.,
“BimL involvement in Bax activation during UV
irradiation-induced apoptosis,” Biochem. Biophys.
Res. Commun. 358, 559–565 (2007).

11. Wu, Y. Y., Xing, D., Liu, L. and Gao, B., “Reg-
ulation of Bax activation and apoptotic response
to UV irradiation by p53 transcription-dependent
and -independent pathways,” Cancer Lett. (2008)
(In press)

12. Chiu, S. M., Xue, L. Y., Usuda, J., Azizuddin,
K. and Oleinick, N. L., “Bax is essential for
mitochondrion-mediated apoptosis but not for cell
death caused by photodynamic therapy,” Br. J.
Cancer 89, 1590–1597 (2003).

13. Chiu, S. M., Xue, L. Y., Azizuddin, K. and Oleinick,
N. L., “Photodynamic therapy-induced death of
HCT 116 cells: Apoptosis with or without Bax
expression,” Apoptosis 10, 1357–1368 (2005).

14. Carthy, C. M., Granville, D. J., Jiang, H., Levy,
J. G., Rudin, C. M., Thompson, C. B., McManus,
B. M. and Hunt, D. W., “Early release of
mitochondrial cytochrome c and expression of
mitochondrial epitope 7A6 with a porphyrin-derived
photosensitizer: Bcl-2 and Bcl-xL overexpression do
not prevent early mitochondrial events but still
depress caspase activity,” Lab Invest. 79, 953–965
(1999).

15. Granville, D. J., Shaw, J. R., Leong, S., Carthy, C.
M., Margaron, P., Hunt, D. W. and McManus, B.
M., “Release of cytochrome c, Bax migration, Bid
cleavage, and activation of caspases 2, 3, 6, 7, 8, and
9 during endothelial cell apoptosis,” Am. J. Pathol.
155, 1021–1025 (1999).

16. Wu, S. N., Xing, D., Gao, X. J. and Chen, W. R.,
“High fluence low-power laser irradiation induces
mitochondrial permeability transition mediated by
reactive oxygen species,” J. Cell. Physiol. (2009).
(In press)

17. Wang, F., Chen, T. S., Xing, D., Wang, J. J. and
Wu, Y. X., “Measuring dynamics of caspase-3 activ-
ity in living cells using FRET technique during
apoptosis induced by high fluence low-power laser
irradiation,” Lasers Surg. Med. 36, 2–7 (2005).

18. Wu, S. N., Xing, D., Wang, F., Chen, T. S.
and Chen, W. R., “Mechanistic study of apoptosis
induced by high fluence low-power laser irradiation
using fluorescence imaging techniques,” J. Biomed.
Opt. 12, 064015 (2007).

19. Moan, J. and Berg, K., “Photochemotherapy of can-
cer: Experimental research,” Photochem. Photobiol.
55, 931–948 (1992).

20. He, X. Y., Sikes, R. A., Thomsen, S., Chung, L. W.
and Jacques, S. L., “Photodynamic therapy with
Photofrin II induces programmed cell death in carci-
noma cell lines,” Photochem. Photobiol. 59, 468–473
(1994).

21. Wan, Q. L., Liu, L., Xing, D. and Chen, Q., “Bid
is required in NPe6-PDT-induced apoptosis,” Pho-
tochem. Photobiol. 84, 250–257 (2008).

22. Oleinick, N. L., Morris, R. L. and Belichenko, I.,
“The role of apoptosis in response to photodynamic
therapy: What, where, why, and how,” Photochem.
Photobiol. Sci. 1, 1–21 (2002).

23. Wu, Y. X., Xing, D. and Chen, W. R., “Single
cell FRET imaging for determination of pathway of
tumor cell apoptosis induced by Photofrin-PDT,”
Cell Cycle 5(7), 729–734 (2006).

24. Zhou, F. F., Xing, D. and Chen, W. R., “Dynam-
ics and mechanism of HSP70 translocation induced
by photodynamic therapy treatment,” Cancer Lett.
264, 135–144 (2008).

25. Wu, Y. X., Xing, D., Luo, S. M., Tang, Y. H. and
Chen, Q., “Detection of caspase-3 activation in sin-
gle cells by fluorescence resonance energy transfer
during photodynamic therapy induced apoptosis,”
Cancer Lett. 235, 239–247 (2006).

26. Agarwal, M. L., Clay, M. E., Harvey, E. J., Evans, H.
H., Antunez, A. R. and Oleinick, N. L., “Photody-
namic therapy induces rapid cell death by apoptosis
in L5178Y mouse lymphoma cells,” Cancer Res. 51,
5993–5996 (1991).

27. Luo, Y., Chang, C. K. and Kessel, D., “Rapid initi-
ation of apoptosis by photodynamic therapy,” Pho-
tochem. Photobiol. 63, 528–534 (1996).

28. Noodt, B. B., Berg, K., Stokke, T., Peng, Q. and
Nesland, J. M., “Apoptosis and necrosis induced
with light and 5-aiminolaevulinic acid-derived
protoporphyrin IX,” Br. J. Cancer 74, 22–29
(1996).

29. Ben-Hur, E., Oetjen, J. and Horowitz, B., “Silicon
phthalocyanine Pc 4 and red light causes apoptosis
in HIV infected cells,” Photochem. Photobiol. 65,
456–460 (1997).

30. Luo, Y. and Kessel, D., “The phosphatase inhibitor
calyculin antagonizes the rapid initation of apopto-
sis by photodynamic therapy,” Biochem. Biophys.
Res. Commum. 221, 72–76 (1996).

31. Separovic, D., He, J. and Oleinick, N. L., “Ceramide
generation in response to photodynamic treatment
of L5178Y mouse lymphoma cells,” Cancer Res. 57,
1717–1721 (1997).

32. Xue, L. Y., He, J. and Oleinick, N. L., “Rapid
tyrosine phosphorylation of HS1 in the response of
mouse lymphoma L5178Y-R cells to photodynamic

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
9.

02
:2

09
-2

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
5/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



May 9, 2009 19:26 00042

214 F. Zhou, D. Xing & W. R. Chen

treatment sensitized by the phthalocyanine Pc 4,”
Photochem. Photobiol. 66, 105–113 (1997).

33. Ferri, K. F. and Kroemer, G., “Organelle-specific
initiation of cell death pathways,” Nature Cell Biol.
3, 255–263 (2001).

34. Rosenkranz, A. A., Jans, D. A. and Sobolev, A. S.,
“Targeted intracellular delivery of photosensitizers
to enhance photodynamic efficiency,” Immunol. Cell
Biol. 78, 452–464 (2000).

35. Dougherty, T. J., Gomer, C. J., Henderson, B. W.,
Jori, G., Kessel, D., Korbelik, M., Moan, J. and
Peng, Q., “Photodynamic therapy: Review,” J. Natl.
Cancer Inst. 90, 889–905 (1998).

36. Agostinis, P., Buytaert, E., Breyssens, H. and Hen-
drickx, N., “Regulatory pathway in photodynamic
therapy induced apoptosis,” Photochem. Photobiol.
Sci. 3, 721–729 (2004).

37. Dougherty, T. J., “An update on photodynamic
therapy application,” J. Clin. Laser Med. Surg. 20,
3–7 (2002).

38. Kessel, D. and Luo, Y., “Mitochondrial photodam-
age and PDT-induced apoptosis,” J. Photochem.
Photobiol. 42, 89–95 (1998).

39. Kessel, D., Luo, Y., Deng, Y. and Chang, C. K.,
“The role of subcellular localization in initiation of
apoptosis by photodynamic therapy,” J. Photochem.
Photobiol. 65, 422–426 (1997).

40. Kessel, D. and Luo, Y., “Cells in cryptophysin-
induced cell-cycle arrest are susceptible to apopto-
sis,” Cancer Lett. 151, 25–29 (2000).

41. Hsu, Y. T., Wolter, K. G. and Youle, R. J., “Cytosol-
to-membrane redistribution of Bax and Bcl-xL dur-
ing apoptosis,” Proc. Natl. Acad. Sci. USA 94,
3668–3672 (1997).

42. Desagher, S., Osen-Sand, A., Nichols, A., Eskes, R.,
Montessuit, S., Lauper, S., Maundrell, K., Antons-
son, B. and Martinou, J. C., “Bid-induced conforma-
tional change of Bax is responsible for mitochondrial
cytochrome c release during apoptosis,” J. Cell Biol.
144, 891–901 (1999).

43. Murphy, K. M., Ranganathan, V., Farnsworth,
M. L., Kavallaris, M. and Lock, R. B., “Bcl-2 inhibits
Bax translocation from cytosol to mitochondria dur-
ing drug-induced apoptosis of human tumor cells,”
Cell Death Differ. 7, 102–111 (2000).

44. Gross, A., Jockel, J., Wei, M. C. and Korsmeyer,
S. J., “Enforced dimerization of BAX results in its
translocation, mitochondrial dysfunction and apop-
tosis,” EMBO J. 17, 3878–3885 (1998).

45. Kroemer, G., Galluzzi, L. and Brenner, C., “Mito-
chondrial membrane permeabilization in cell death,”
Physiol. Rev. 87, 99–163 (2006).

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
9.

02
:2

09
-2

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
5/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.


