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Enhancement of cytotoxic effect on human head and neck cancer cells
by combination of photodynamic therapy and sulforaphane
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Abstract. Photodynamic therapy (PDT) is a method to treat cancers using photosensitizer and 
light. PDT has been tried for several tumors. However, the clinical applications are limited by the 
toxicity of photosensitizer and narrow effect. Sulforaphane (SFN) is a material of isothiocyanate
group and known to have anticancer effect. We evaluated the cytotoxic effect of PDT combined
with SFN on human head and neck cancer cells. We measured the cell viability, extent of apoptosis 
and necrosis, reactive oxygen species (ROS) generation and caspase activation. Cell viability was 
decreased significantly by combination treatment. Cellular apoptosis and necrosis were increased
in combination treatment compared to SFN or PDT. ROS generation was also higher in combina-
tion treatment than single treatment. In combination treatment group, apoptosis and necrosis were 
decreased by administration of sodium azide (SA) which is scavenger of ROS. Increased caspase 
activation in combination treatment was also inhibited by SA. Combination of PDT and SFN led to 
enhanced cytotoxic effect on head and neck cancer cells. Combination treatment promoted the ROS
generation, which induced cell death through activation of caspase pathway. 

Key words: Photodynamic therapy — Sulforaphane — Reactive oxygen species — Head and neck 
cancer

Gen. Physiol. Biophys. (2015), 34, 13–21

doi: 10.4149/gpb_2014025

Correspondence to: Phil-Sang Chung, Department of Otolaryn-
gology-Head and Neck Surgery, College of Medicine, Dankook 
University, 119 Dandae-ro, Cheonan, Chungnam 330-714, Korea 
E-mail: pschung@dankook.ac.kr

Introduction

Photodynamic therapy (PDT) is a method to treat cancer by 
irradiating laser with suitable wavelength after administra-
tion of the photosensitizer (Biel 1998; Rechtman et al. 2002). 
The photosensitizer absorbed by the cell is accumulated in
several cell sites such as plasma membrane, mitochondria, 
and lysosomes (Kessel et al. 1995; Berg and Moan 1997; Lam 
et al. 2001). The cytotoxicity of PDT is mainly caused by reac-
tive oxygen species (ROS). The photosensitizer activated by
light transfers energy to tissue oxygen and generates ROS. 
Because ROS is highly reactive and has short half-life, sites 
of phototoxicity coincide with the location of photosensitizer 
accumulation. The ROS generated in the mitochondria is
likely to induce apoptosis while ROS in the plasma mem-
brane induces necrosis (Dougherty et al. 1998). 

Head and neck cancers are easily assessible for PDT. 
Because most common type of head and neck cancers 
is squamous cell carcinoma which arises at the surface 
mucosa, PDT could be easily applied to the tumor. Also, 
serious cosmetic problem and functional deficit related
to swallowing and communication are frequently ac-
companied in the conventional treatment of head and 
neck cancers. PDT has advantages on other treatment 
modalities including surgery, radiation, or chemotherapy. 
It is applied repeatedly and it has less side-effect. Photofrin
is a representative photosensitizer for PDT used in cancer 
treatment. Photofrin-PDT gained approval for clinical use 
in many countries including USA and Canada. It has been 
successfully applied for many head and neck cancers such 
as oral, oropharyngeal and laryngeal cancers (Allison et al. 
1998; Dougherty et al. 1998; Rigual et al. 2009). We also 
tried photofrin-PDT for patients with early laryngeal cancer 
which diffusely recurred after radiation therapy. Photofrin
is most commonly used photosensitizer and it has longest 
clinical history and patient record (Wachowska et al. 2011). 
In head and neck cancer, there are many clinical cases of 
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photofrin-PDT (Keller et al. 1985; Biel 1998). Photofrin was 
selected because it may have more clinical significance than
other photosensitizers and suitable for study using head and 
neck cancer cells. However, the limitation of PDT is pho-
totoxicity and narrow effect. It would be very desirable if
we enhance the PDT effect by combining modalities. If the
combination therapy could induce enhanced cytotoxicity, 
it would be possible to achieve the similar cytotoxic effect
with low intensity of each treatment modality. This would
potentiate the clinical efficacy of PDT with less toxicity.
Sulforaphane (SFN) is a molecule of isothiocyanate group 
and included in cruciferous vegetables (Nishikawa et al. 
2009). SFN is known to have anticancer effect (Gamet-
Payrastre et al. 2000; Chiao et al. 2002). ROS is related to 
the initiation of SFN-induced cell death (Singh et al. 2005; 
Kim et al. 2006; Choi et al. 2008). This study was designed
to evaluate the anticancer effect of combination therapy
of PDT and SFN. 

Materials and Methods

Cell line and chemicals

The human head and neck cancer cell line (AMC-HN3)
which was derived from laryngeal carcinoma of 63-year-old 
male was used (kindly donated by Asan Medical Center, 
Seoul, Korea) (Kim et al. 1997). Cells were cultured in RPMI 
1640 media (HyClone, South Logan, UT, USA) supplement-
ed with 10% fetal bovine serum (FBS) (Gibco, BRL) and 
1% streptomycin/penicillin (Gibco, BRL) in a humidified
incubator (5% CO2, 95% air) at 37°C.

The photosensitizer used for PDT is porfimer sodium,
sold as Photofrin (QTL Photo Therapuetics Inc., Canada).
It was diluted in Dulbecco`s phosphate buffered saline
(DPBS) (Gibco, BRL) at a concentration of 10 mg/ml in 
refrigerator at 4°C in the dark for storage and diluted with 
culture medium at a concentration of 1 mg/ml before used. 
SFN was purchased from Sigma (St. Louis, MO, USA) and 
10 mM of stock solution was stored at 4°C in the dark. 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenlyl-tetrazolium 
bromide (MTT), dimethyl sulfoxide (DMSO), Hoechst 
33342 dye, propidium iodide (PI) dye and sodium azide 
(SA) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Bradford dye reagent was supplied by Bio-rad 
(Hercules, CA, USA). Caspase-3, caspase-8 and poly(ADP-
ribose) polymerase (PARP) were from Calbiochem 
(San Diego, CA, USA); caspase-9 was from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA); Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was from Abcam 
(Cambridge, UK); and 2’,7’-dichlorodihydrofluorescein
diacetate (H2DCFDA) was from Molecular Probes (Eu-
gene, OR, USA).

Treatment protocol and cell viability assay

AMC-HN3 cells were diluted at a concentration 5 × 104 cells/
ml and inoculated into a 96-well microplate at a volume of 
100 μl. Cells were incubated for 24 hours in an incubator (5% 
CO2, 37°C) for attachment to well. The cells were grouped
into four; control, PDT group, SFN group and PDT+SFN 
group. For PDT group, various concentrations of photofrin 
(0–50 μg/ml) were treated to the cells. After incubation for
6 hours in dark conditions, the cells were irradiated with 
630 nm diode laser at an intensity of 2.0 J/cm2 for 15 min-
utes. After irradiation, cells were further incubated in the
dark conditions for 24 hours. For SFN group and PDT+SFN 
group, cells were treated with SFN at various concentrations 
and incubated in the dark conditions for 24 hours before 
PDT or not. 

Cell viability was measured by MTT assay. SFN treat-
ment and/or PDT were applied according to the treatment 
protocol described above. Twenty four hours after media
change, 50 μl of MTT solution was added to the cells and 
cells were incubated for 4 hours. After incubation, media
was removed and 150 μl of DMSO was added to each wells. 
The wells were shook for 1 minute to dissolve the formazan
crystal. Absorbance at 540 nm was measured by microplate 
reader (Bio-rad 550, Hercules, CA). The percentage of cell
viability was calculated by mean absorbance in the test well 
divided by control well.

Confocal microscopic examination

Apoptosis or necrosis was measured by Hoechst and PI 
double staining. Cells were seeded on 6-well plate (1 × 105 
cells/ml) at a volume of 2 ml and treated by above protocol. 
Twenty four hours after laser irradiation, cells were incu-
bated with Hoechst 33342 (2 μg/ml) for 30 minutes. After
media change, the cells were incubated with PI (2 μg/ml) 
for 10 minutes. The stained cells were observed to measure
the cellular apoptosis and necrosis using confocal micro-
scope (Zeiss LSM510 META, Germany). Nuclear shrinkage, 
condensation and fragmentation in the cells stained bright 
blue by Hoechst were considered as apoptosis. Cells whose 
nuclei are stained red by PI were considered as necrosis. To 
compare the extent of apoptosis and necrosis in each groups, 
photos were taken randomly at five different points in one
cultivation dish by confocal microscope (X100) and cells 
showing apoptosis or necrosis were counted. Percentage of 
apoptotic and necrotic cells were calculated by numbers of 
apoptotic or necrotic cells divided by total cells.

To measure the intracellular ROS generation, H2DCFDA 
was used as the oxidant sensitive fluorescent probe. Cells
were incubated in 6-well plate (1 × 105 cells/ml) at a volume 
of 2 ml and treated by protocol. After laser irradiation, 20 μM
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of H2DCFDA was added to the culture media and cells were 
incubated for 30 minutes. The level of green fluorescence
was measured by confocal microscope at 488 nm excitation 
wavelength.

To evaluate the causal relation between intracellular ROS 
and the induction of apoptosis and necrosis, SA – inhibitor 
of ROS – was applied. Cells were seeded to 6-well plate (1 × 
105 cells/ml) and incubated for 24 hours for attachment to 
the well. For PDT+SFN group, SA was added to the media 
before SFN treatment. Twenty-four hours after laser irradia-
tion, level of ROS generation, apoptosis and necrosis were 
measured using confocal microscope in PDT+SFN group 
and SA-treated PDT+SFN group.

Fluorescence activated cell sorter (FACS) analysis

Quantitative analysis of ROS generation was performed 
using FACS. Cells were treated as protocol and suspended 
cells were incubated with 20 μM H2DCFDA in 2 ml of 
DPBS for 30 min at 37°C. Cells were subjected to FACSCali-
bur (Becton Dickinson, San Jose, CA, USA) and measured 
using FL1-H (530 nm) channel. Data were analyzed with 
CELLQuest program (Becton Dickinson, San Jose, CA, 
USA).

Western blot

We analyzed the caspase-8 and -9 which represent the 
extrinsic and intrinsic pathway of apoptosis and caspase-3 
and PARP which located in common final step of apop-
tosis. To detect the expression of caspase proteins after
PDT and/or SFN treatment, cells were grown on 100 mm 
of diameter dishes (Sarstedt, NC) and series of treatment 
were conducted. Cells were washed twice with cold DPBS 
and lysed with cold Ripa buffer (50 mM Tris-HCl, pH 8.0,
1% NP-40, 0.5% sodium deoxycholate, 150 mM sodium 
chloride, 0.1% sodium dodexyl sulfate with protease and 
phosphatase inhibitor cocktail, Sigma, MO) and agitated 
at 4°C using shaking machine for 30 minutes, and then 
centrifuged at 13,000 rpm for 30 minutes at 4°C. The
supernatant was obtained and protein concentration was 
determined with a Bradford assay (Bio-rad, CA). Equiva-
lent amounts of protein from each sample were subjected 
to gel electrophoresis on 10% SDS-PAGE and NuPAGE 
4-12% Bis-Tris gel. The protein was transferred to Polyvi-
nylidene fluoride (PVDF) membranes (Bio-rad, Hercules,
CA, USA) and then blocked with 10% skimmed milk for 
1 hour at room temperature. After treated with primary
antibodies (caspase-3, -8, -9 and PARP) for 1 hour at room 
temperature, the membrane were probed with horseradish 
peroxidase-conjugated secondary IgG antibody for 1 hour. 
The protein band was detected with an image analyzer
(Kodak, Japan).

Figure 1. Cytotoxicity of each treatment groups on AMC-HN3 
human head and neck cancer cells measured by MTT assay. A. Sulf-
oraphane (SFN). Cell viability was decreased significantly as the con-
centration of SFN was increased. B. Photodynamic therapy (PDT). 
Cell viability was also decreased dose-dependently as the concentra-
tion of photofrin, a photosensitizer, was increased. C. Combination 
of PDT and SFN. PDT combined with SFN showed significantly
greater cytotoxicity than single treatment groups. PDT1.6, 1.6 μg/ml 
of photofrin; PDT3.2, 3.2 μg/ml of photofrin; PDT+SFN1.6, 7.8 μM 
of SFN and 1.6 μg/ml of photofrin; PDT+SFN3.2, 7.8 μM of SFN 
and 3.2 μg/ml of photofrin; * p < 0.05.

A

B

C



16 Lee et al.

A B

Figure 2. Evaluation of apoptosis and necrosis 
using Hoechst 33342 and PI double staining. 
Apoptotic cells were observed as fragmented 
small dots which were stained bright blue due 
to the condensation or fragmentation of nuclear 
material in Hoechst staining (white arrow) and 
necrotic cells were stained red by PI staining. 
A. Apoptosis and necrosis were increased in 
PDT+SFN group compared to PDT or SFN 
group (scale bar = 100 µm). B. When ROS 
generation was inhibited by sodium azide (SA), 
a scavenger of ROS, in PDT+SFN group, apop-
tosis and necrosis were decreased (scale bar = 
50 µm). C. Percentage of apoptosis and necrosis 
was higher in the PDT+SFN group with statisti-
cal significance (* p < 0.05). SFN, sulforaphane; 
PDT, photodynamic therapy.

C
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Statistical analysis

Statistical analysis was performed using SPSS 13.0 for win-
dows (SPSS Inc., Chicago, USA). The data were expressed as
the mean ± standard deviation. Differences between single
treatment group and combination treatment group were 
analyzed using t-test and Mann-Whitney U test. p-value less 
than 0.05 was considered significant.

Results

Cytotoxicity of SFN, PDT and PDT combined with SFN

At various SFN concentrations, cell viability of AMC-
HN3 cells was decreased as the concentration of SFN was 
increased. Cytotoxic effect was not observed at 3.9 μM 
of SFN concentration, however, from 7.8 μM of SFN, cell 
viability was statistically lower than control. Cell viability 
was 81.9 ± 3.6% at 7.8 μM, 49.4 ± 1.1% at 15.6 μM, and 
23.0 ± 1.4% at 31.3 μM of SFN concentration (p < 0.05) 
(Fig. 1A). Since 7.8 μM is the lowest effective concentra-
tion of SFN, we selected this concentration for combina-
tion therapy. The significant cytotoxic effect of PDT was 
observed from 1.6 μg/ml of photofrin concentration. 
Cytotoxicity of PDT was also increased dose-depend-
ently on the concentration of photofrin (Fig. 1B). The 
cytotoxicity of combination therapy was compared to 
the single treatment. At 7.8 μM of SFN and 1.6 μg/ml of 
photofrin concentration, cell viability was 81.9 ± 1.1% in 
SFN group and 87.3 ± 1.1% in PDT group. In PDT+SFN 
group, cell viability was 57.4 ± 3.3%. At 7.8 μM of SFN 
and 3.2 μg/ml of photofrin concentration, cell viability 
was 70.3 ± 0.8% in PDT group. However, cell viability of 
PDT+SFN group was 49.0 ± 3.3% (p < 0.05) (Fig. 1C), 
which showed significantly enhanced cytotoxicity over 
single treatment groups. 

Measurement of apoptosis and necrosis 

In evaluating the extent of apoptosis and necrosis in each 
groups, we selected 7.8 μM of SFN and 3.2 μg/ml of pho-
tofrin concentrations considering the cytotoxicity profile of
SFN and PDT. In Hoechst staining, apoptotic cells whose 
nucleus looked fragmented or condensed were observed 
in SFN, PDT and PDT+SFN group. Especially, apoptosis 
was measured most frequently in PDT+SFN group. In PI 
staining, necrotic cells whose nucleus stained red were 
observed after PDT or SFN treatment and also measured
most frequently in PDT+SFN group compared to SFN or 
PDT group. Increased apoptosis and necrosis in PDT+SFN 
group were well visualized in merged image (Fig. 2A). When 
PDT+SFN group was treated by the 10 mM of SA, enhance-

ment of apoptosis and necrosis was inhibited (Fig. 2B). In 
another set of experiment done in the same concentrations, 
apoptotic and necrotic cells were counted as described above. 
Percentage of apoptosis and necrosis was each 0.3 ± 0.6% and 
0.5 ± 0.5% in SFN, 6.1 ± 2.0% and 5.5 ± 3.1% in PDT, 11.5 
± 3.9% and 8.8 ± 3.5% in PDT+SFN group. PDT combined 
with SFN induced higher rate of apoptosis and necrosis with 
statistical significant difference. The enhanced apoptosis and
necrosis in PDT+SFN group was blocked by SA (0.9 ± 0.8%, 
0.4 ± 0.4%) (Fig. 2C). 

Induction of ROS generation 

At the 7.8 μM of SFN and 3.2 μg/ml of photofrin concen-
tration, green fluorescence of ROS was the highest in the
PDT+SFN group, followed by PDT and SFN group (Fig. 3A). 
When the cells were treated by 10 mM of SA in PDT+SFN 
group, green fluorescence of ROS was decreased compared
to the untreated PDT+SFN group (Fig. 3B). Production and 
blocking of ROS was quantitatively measured using FACS. 
On FACS analysis, PDT+SFN group showed higher mean 
fluorescence intensity (MFI) than other groups (Fig. 4A).
Besides, SA-treated PDT+SFN group showed lower MFI 
than untreated group (Fig. 4B). This result confirmed that
PDT+SFN group enhanced the ROS production compared 
to single treatment groups and activity of ROS was effectively
blocked by SA.

Expression of caspase pathway

To confirm the activation of caspase pathway, expression of
caspase-3, -8, -9, and PARP was measured by Western blot 
analysis. The downstream caspase pathway was activated
definitely in PDT and PDT+SFN group and the extent of
expression was higher in PDT+SFN group. In addition, 
activated downstream caspase pathway was inhibited in 
SA-treated PDT+SFN group (Fig. 5). From these results, 
we confirmed that apoptotic process was more activated
in PDT+SFN group than single treatment groups and 
ROS induced caspase pathway to apoptosis in PDT+SFN 
group.

Discussion

PDT has been used for cancer treatment since 1980s. PDT 
using photofrin as a photosensitizer gained FDA approval in 
US for the palliative treatment of obstructed esophageal and 
bronchial cancer, but it has been tried for early stage cancer 
with curative intent (Pass 1993). In head and neck cancers, 
PDT has been applied for early stage oral or laryngeal cancers 
and overall rate of complete remission was 85% since Keller 
reported first three cases of oral cancer successfully treated by
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PDT (Keller et al. 1985; Biel 1998). The advantages of PDT
have less side-effect, possibility of combined treatment with
other treatment modalities and no limitation theoretically in 
treatment number of times. The main anticancer effect of PDT
is derived from ROS generation in the tumor cells. Most ROS 
production occurs within the mitochondria. ROS produced 
within the mitochondria causes the mitochondrial depolariza-
tion and permeabilization. Finally, caspase-3 activation results 
in apoptotic cell death (Lam et al. 2001). Whether cell death is 
by apoptosis or necrosis, it is related to the power of irradiation 
in PDT (Takahashi et al. 2003). In clinical setting, the efficacy
of PDT is frequently limited by the phototoxicity and shallow 
effect range. SFN is known to suppress the growth of cultured
cancer cells as well as tumor xenografts in vivo by cell cycle ar-
rest and apoptosis (Gamet-Payrastre et al. 2000). The signaling

pathway leading to cell death was not clearly understood but 
some reports indicate that SFN-induced cell death is initiated 
by the formation of ROS (Singh et al. 2005; Kim et al. 2006; 
Choi et al. 2008). ROS initiates the serial process composed of 
disruption of mitochondrial membrane potential, activation 
of caspase-9 and apoptosis. They also postulated the pathway
by caspase-8 (Singh et al. 2005).

In our study, we explored whether combination of 
PDT and SFN could enhance the anticancer effect. From
the cell viability graph of SFN, we determined the mini-
mum effective dose of SFN as 7.8 μM. We also selected
two concentrations of photofrin, which are 1.6 μg/ml and 
3.2 μg/ml. As shown in Figure 1C, combination of SFN and 
PDT had enhanced cytotoxic effect over single treatment of
SFN or PDT. We also confirmed the increased cytotoxicity

Figure 3. Evaluation of ROS generation 
using H2DCFDA fluorescent probe. A. 
The green fluorescence of ROS was the
highest in the PDT+SFN group, followed 
by PDT and SFN group (scale bar = 
50 µm). B. ROS generation was decreased 
by the administration of SA in PDT+SFN 
group (scale bar = 50 µm). SFN, sulforap-
hane; PDT, photodynamic therapy.

A

B
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microscopically. PDT combined with SFN induced much 
more apoptotic and necrotic cells than the single treat-
ment of PDT or SFN. Besides photofrin, 5-aminolevulinic 
acid (ALA) is photosensitizer approved for clinical use. 
Administered ALA is converted to active photosensitizer, 
protoporphyrin IX (PpIX) in the body (Wachowska et al. 
2011). PDT using ALA as a photosensitizer is applied for 
the treatment of skin cancer, actinic keratosis, and other 
skin lesions (Cairnduff et al. 1994; Angell-Petersen et al.
2006). In the study of combination of SFN and ALA-PDT, 
combination treatment did not enhanced the cytotoxicity 
on cancer cells but increased the synthesis of PpIX in the 
skin (Mikolajewska et al. 2008).

The mechanism of ROS generation is classified into two
kinds of reactions. In type I reaction, the radicals such as 
superoxide anion radical (O2

–), hydrogen peroxide (H2O2), 
or hydroxyl radical (OH–) are produced. In type II reaction, 
highly reactive singlet oxygen (1O2) is formed (Henderson 
and Dougherty 1992; Dolmans et al. 2003). SA is a specific
quencher of singlet oxygen. In our study, ROS generation 
was highly increased in PDT+SFN group and administration 
of SA in PDT+SFN group reduced the ROS production as 
shown in Fig. 3 and 4. Also, PDT+SFN group treated with 

Figure 4. FACS measurement of ROS generation. A. PDT+SFN group showed the highest mean fluorescence intensity (MFI) compared
to SFN or PDT groups. B. The SA-treated PDT+SFN group showed lower MFI than untreated PDT+SFN group. SFN, sulforaphane;
PDT, photodynamic therapy. FL1-H, 530 nm fluorescence channel of FACS system; SFN, sulforaphane; PDT, photodynamic therapy; 1,
Control; 2, SFN group; 3, PDT group; 4, PDT+SFN group; 5, SA-treated PDT+SFN group.

A

B

SA showed reduced apoptosis and necrosis. These results
confirmed that combination of PDT and SFN promoted in-
duction of ROS and this increased ROS production increased 
cytotoxiciy on cancer cells in PDT+SFN group.

Activation of downstream caspase pathway is critical 
process of apoptosis. Caspase-8 and caspase-10, ortholog of 
caspase-8, are initiators of extrinsic pathway. Caspase-9 is 
common initiator of intrinsic pathway and caspase-2 is some-
times involved (Boatright and Salvesen 2003). Caspase-3 is 
the finial executor of apoptosis. After the caspase-3 activa-
tion, PARP are cleaved, and eventually lead to apoptosis (He 
et al. 2009). Although many apoptotic mechanism induced 
by PDT are known to targeting a mitochondria (Kessel and 
Luo 1999; Lam et al. 2001), extrinsic pathway involvement 
was also reported (Ahmad et al. 2000). In our study, expres-
sion of both caspase-8 and -9 increased. This means both
intrinsic and extrinsic pathways are activated. And decreased 
expression of caspase series in SA-treated cells indicates that 
ROS generation played the critical role in cell death.

In conclusion, PDT combined with SFN showed en-
hanced cytotoxic effect on AMC-HN3 human head and
neck cancer cells compared to PDT only. Also, enhanced 
cytotoxicity of combination treatment was derived from in-
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crease of ROS generation. The mechanism of cell death was
related to the initiation of caspase pathway by ROS and both 
intrinsic and extrinsic caspase pathways are involved.
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