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Abstract. The present study aimed to investigate the ability 
of SS31, a novel mitochondria‑targeted peptide to protect 
against t‑BHP‑induced mitochondrial dysfunction and apop-
tosis in 661W cell lines. The 661W cells were treated with 
various concentrations of SS‑31 and an MTT assay was used 
to determine cell viability. The expression of nitrotyrosine 
and 8‑hydroxydeoxyguanosine (8‑OHdG) was detected using 
immunofluorescent staining. Apoptosis were assessed using 
Hoechst staining and an annexin V/propidium iodide flow 
cytometer. Reactive oxygen species (ROS) were detected using 
MitoSOXTM with confocal microscopy. Changes in mitochon-
drial membrane potential were analyzed using flow cytometry. 
In addition, the release of cytochrome c was analyzed using 
confocal microscopy. The viability  of the cells improved 
following treatment with SS31 between 100 nM and 1 µM, 
compared with untreated control group. Compared with the 
t‑BHP treatment group (20.0±3.8%), the number of annexin 
V‑positive cells decreased dose‑dependently to 13.6±2.6, 
9.8±0.5 and 7.4±2.0% in the SS‑31 treated group at concentra-
tions of 10 nM, 100 nM and 1 µM, respectively. Treatment 
with SS‑31 significantly prevented the t‑BHP‑induced expres-
sion of nitrotyrosine and 8‑OHdG, decreased the quantity of 
mitochondrial ROS, increased mitochondrial potential, and 
prevented the release of cytochrome c from mitochondria into 
the cytoplasm. Therefore, the SS31 mitochondria‑targeted 
peptide protected the 661W cells from the sustained oxidative 
stress induced by t‑BHP.

Introduction

Apoptosis of photoreceptors leads to retinal dysfunction in 
retinal degenerative diseases, including retinitis pigmentosa 
(RP), however, the exact mechanism remains to be eluci-
dated (1,2). Measurements using oxygen electrodes in a RCS 
rat model of RP have revealed that oxidative stress may be 
involved in the pathogenesis of photoreceptor degeneration, 
whereas, oxidative damage in the outer retina in a transgenic 
pig model results in gradual cone cell death, and administra-
tion of a cocktail of antioxidants reduces markers of oxidative 
damage in cones and reduces cone cell death in rd1 mice (3‑5). 
Oxidative stress also triggers the apoptosis of photoreceptors 
in vitro, and antioxidants prevent oxidative stress‑induced 
apoptosis of photoreceptors (6).

Mitochondria are known to be a major source of intra-
cellular reactive oxygen species (ROS) and are particularly 
vulnerable to oxidative stress. Increasing evidence suggests 
that ROS are key in promoting the release of cytochrome c 
from the mitochondria (7,8), and cytochrome c in the cytoplasm 
triggers a series of apoptotic signal transduction processes, 
resulting in apoptotic cell death (9,10). It appears promising 
to target mitochondrial oxidative stress using antioxidant 
therapy, however, there are several difficulties in developing 
and using antioxidative drugs, in the delivery of drugs to the 
mitochondria, minimization of adverse effects and delivering 
drugs across the blood‑retina barrier (11).

SS31 is a cell‑permeable mitochondria‑targeted antioxi-
dant peptide. Previous studies have demonstrated that SS31 
selectively partitions to the inner mitochondrial membrane, 
where it scavenges ROS generated by the electron transport 
chain. In addition, studies have revealed that SS31 can prevent 
the Ca2+‑induced mitochondrial permeability transition 
(MPT) and release of cytochrome c (11,12). Several animal 
investigations have demonstrated that SS31 may be benefi-
cial in models of ischemia/reperfusion‑induced myocardial 
infarction (13), brain infarction, Alzheimer's disease (AD) 
and amyotrophic lateral sclerosis (ALS) (13‑16). However, it 
whether SS31 has a protective effect on retinal degenerative 
diseases by attenuating oxidant injury to photoreceptor cells 
remains to be elucidated. Therefore, in the present study, the 
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effects of SS31 on t‑BHP‑induced mitochondrial dysfunction 
and oxidative damage in 661W photoreceptor cells were inves-
tigated.

Materials and methods

Cell culture. The 661W cell line used in the present study was 
provided by Dr Muayyad Al‑Ubaidi (University of Oklahoma, 
Norman, USA). These cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco, NY, USA), supple-
mented with 10% fetal calf serum (Sigma‑Aldrich, St. Louis, 
MO, USA) at 37˚C in a humidified 5% CO2 atmosphere. In all 
the following assays, 661W cells were cultured at a density of 
2x105 in growth medium for 24 h at 37˚C prior to the treatment. 
When grown to 75‑80% confluence, the cells were incubated 
with different concentrations of t‑BHP (Sigma‑Aldrich), 
either alone, or in the presence of SS31 depending on the 
experimental requirements. In all experiments, control cells 
were cultured without any treatment.

Cell viability assay. To determine the viability of the cells 
subsequent to oxidative stress, the 661W cells were seeded 
into 96‑well plates and treated with t-BHP (25, 50, 100, 200 or 
400 µM), with or without  SS31 (10, 100 nM or 1 µM) for 24 h, 
rinsed once in PBS, then incubated with serum‑free DMEM 
containing 0.25 mg/ml MTT (Sigma‑Aldrich). After 4 h, the 
MTT solution was aspirated, dimethyl sulfoxide (0.1 ml/well) 
was added, and the plates were shaken for 10 min at room 
temperature. The optical densities of the supernatant were 
read at 490 nm using a microplate spectrophotometer (Spectra 
Max 340; Molecular Devices, Sunnyvale, CA, USA). The 
results were obtained from four independent experiments. The 
optical density of the formazan formed in the control cells was 
considered as 100% viability.

Detection of protein and DNA peroxidation. To examine 
the antioxidative role of SS31, nitrotyrosine and 8‑hydroxy-
deoxyguanosine (8‑OHdG) were used as markers of lipid and 
DNA peroxidation, respectively, to detect oxidative damage. 
These markers were detected by immunofluorescence using 
mouse anti‑nitrotyrosine antibody (mouse monoclonal; 
1:200; cat.  no.  ab7048; Abcam, Cambridge, MA, USA) 
and goat anti‑8‑OHdG antibody (goat polyclonal; 1:200; 
cat.  no.  AB5830; Chemicon, Temecula, CA, USA). The 
661W cells were seeded at a density of 2x105 and grown in 
culture dishes for 1 day. The cells were subsequently treated 
with 100 mM t-BHP for 24 h in the absence or presence of 
100 nM SS31. The cells were fixed with freshly prepared 4% 
formaldehyde in PBS for 10 min, washed with phosphate-
buffered saline (PBS), permeabilized with 0.1% Triton X‑100 
in PBS for 2 min, and rinsed with PBS. Following blockade 
of the non-specific binding sites by incubation with blocking 
buffer (PBS and 5% BSA) for 60 min, the cells were incubated 
with the primary antibodies overnight at 4˚C. The cells were 
then rinsed thoroughly with PBS and were incubated with 
anti‑mouse immunoglobulin (Ig)G‑Alexa 555 and anti‑goat 
IgG‑Alexa 555 secondary antibodies (donkey polyclonal; 
1:3,000; cat. no. A21292; Invitrogen Life Technologies) for 1 h. 
Following repeated washing twice with PBS, the slides were 
mounted and analyzed using a Zeiss LSM 510 META confocal 

microscope (LSM510  META; Carl Zeiss, Oberkochen, 
Germany). Fluorescence images were captured using identical 
exposure settings. For the negative control, the sections were 
stained without primary antibodies to produce no fluorescent 
signals.

Determination of cell apoptosis using Hoechst staining. 
Apoptosis was determined using Hoechst staining in the 
661w cells treated with 100 µM t-BHP, and without or with 
100  nM  SS31 for 24  h. Nuclear integrity was evaluated 
following staining of the cell nuclei using Hoechst, a fluorescent 
dye that binds to DNA. Briefly, the cells were permeated using 
0.1% Triton X‑100 in PBS, washed with PBS, and incubated 
with 0.05% Hoechst for 10 min. The cells were considered 
to be apoptotic when they exhibited either fragmented or 
condensed nuclei. To quantitatively analyze the changes of 
nuclear morphology, the percentage of cells with apoptotic 
nuclei was then calculated. The results were obtained from 
10 randomly-selected fields per sample in four independent 
experiments with microscopy (Zeiss, Jena, Germany).

Flow cytometry for the measurement of apoptosis. The pres-
ence of apoptotic cells was evaluated by an early change in 
membrane phospholipid asymmetry associated with cells 
during the early phases of apoptosis. The loss of cell membrane 
phospholipid asymmetry is accompanied by the exposure of 
phosphatidylserine to the outer membrane (17). Apoptosis was 
assessed in the present study using an Annexin V/Propidium 
Iodide (PI) kit, according to the manufacturer's instructions 
(Bender Med Systems, Vienna, Austria). The 661w cells were 
treated with 100 µM t-BHP without or with 10 nM, 100 nM or 
1 µM SS31 for 24 h. Briefly, 4x105 cells were removed from the 
culture dishes by 3 min incubation in 0.05% trypsin. The 661W 
cells were washed twice with PBS and resuspended in 185 µl 
1X binding buffer. Subsequently, 5 µl annexin V and 10 µl l 
PI were added to the cell suspension, which was then vortexed 
and incubated for 15 min in the dark at room temperature. 
Finally, 200 µl 1X binding buffer was added, and the samples 
were evaluated using flow cytometry (FASC Aria II SORP; 
BD Bioscience, San Jose, CA, USA). In total ~20,000 cells 
were analyzed per sample. Cells, which were negative for PI 
and annexin V staining were live cells; PI‑negative, annexin 
V‑positive cells were early apoptotic cells; and PI‑positive, 
annexin V‑positive cells were primarily cells in the late stages 
of apoptosis.

Detection of ROS. Intra-mitochondrial production of ROS in 
the live cells was estimated fluorimetrically using MitoSOX 
Red (Invitrogen Life Technologies). Briefly, the cells were 
treated with 100 µM t‑BHP for 1 h at 37˚C, with or without 
100 nM SS31. Subsequently, the 661W cells were loaded with 
the MitoSOX Red fluorogenic probe (5 µmol/l) for 20 min. 
Following removal of MitoSOX Red and washing of the cells 
with Hanks' balanced salt solution, fluorescent images were 
captured using a confocal microscope. The mean fluorescence 
intensity per mm2 cell area was calculated using Zeiss soft-
ware (Carl Zeiss).

Measurement of mitochondrial membrane potential (ΔΨm). 
JC‑1, a ΔΨm indicator, was used to demonstrate the changes 
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in ΔΨm in the 661W cells. JC‑1 is a lipophilic and cationic 
dye, which permeates plasma and mitochondrial membranes. 
The dye fluoresces red when it aggregates in the matrix of 
healthy, high ΔΨm mitochondria, whereas it exhibits green 
fluorescence in cells with low ΔΨm (18). The JC‑1 (Invitrogen 
Life Technologies) was freshly diluted in serum‑free DMEM 
to a final concentration of 1 µg/ml and was added to the treated 
and non-treated cells at densities of 1x106 cells/ml. Following 
incubation for 20 min at 37˚C in the dark, the samples were 
rinsed twice in PBS and analyzed immediately using flow 
cytometry. Data were collected at 525 nm emission for green 
fluorescence and 590 nm for red fluorescence. The ratio of the 
red:green (aggregate:monomer) fluorescence intensity values 
was used to assess the ΔΨm.

Measurement of the release of cytochrome c. The release of 
cytochrome c is a putative event of the mitochondria apop-
totic pathway following the loss of ΔΨm. To evaluate whether 
cytochrome c (mouse polyclonal; 1:300; cat. no. sc4198; Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was released 
from the mitochondria, immunocytochemical labeling of 
cytochrome c was performed using confocal microscopy. The 
661W cells were treated with 100 mM t‑BHP either alone, or 
with 100 nM SS31 for 24 h. The cells were immunolabeled with 
mouse monoclonal anti‑cytochrome c and rabbit anti‑HSP60 
antibodies (rabbit polyclonal; 1:500; cat. no. sc2714; Santa Cruz 
Biotechnology, Inc.) at room temperature overnight, followed 
by incubation with anti‑mouse IgG‑Alexa 555 (donkey poly-
clonal; 1:3,000; cat. no. A21292; Invitrogen Life Technologies) 
and anti‑rabbit IgG‑Alexa 488 secondary antibodies for 1 h 
subsequent to thorough rinsing twice with PBS. Cells were 
then washed and mounted in fluorescence mounting medium. 
For negative control, sections stained without primary anti-
bodies showed no signals.

Statistical analysis. Statistical analysis was performed using 
SPSS 13.0 analytical software (SPSS, Inc., Chicago, MO, 
USA). All assays were performed in at least three separate 
experiments. Data are presented as the mean ± standard error 
of the mean and were evaluated using one‑way analysis of 
variance. P<0.05 was considered to indicate a statistically 
significant difference.

Results

SS31 prevents the decrease in 661W cell viability induced by 
oxidative damage. The viability of the 661W cells was reduced 
following exposure to t‑BHP for 24 h in a dose‑dependent 
manner. Marked cytotoxicity was observed at concentrations 
of ≥100 µM t‑BHP, compared with the untreated control 
cells (Fig. 1A). As shown in Fig. 1B, treatment of the 661W 
cells with t‑BHP at 100 µM for 24 h led to ~30% loss of cell 
viability (P<0.01; n=4). By contrast, treatment with SS31 led to 
increased cell survival (P<0.01; n-4), however,  concentrations 
<10 nM did not improve 661W cell survival following oxidant 
injury.

SS31 significantly attenuates t‑BHP‑induced production 
of nitrotyrosine and 8‑OHdG. When ROS interact with 
proteins, lipids or DNA, cell dysfunction and death can occur. 

Certain sites of macromolecules are particularly susceptible 
to particular ROS, resulting in specific modifications that 
act as ʻfingerprints ,̓ implicating oxidative damage in disease 
pathogenesis (19). The occurrence of nitrotyrosine residues in 
proteins is specific for peroxynitrite‑induced protein oxida-
tive damage (20). Hydroxyl radicals can also attack guanine 
at its C‑8 position to yield 8‑OHdG, which serves as another 
biomarker for DNA oxidative damage. The confocal micro-
scopic images in the present study indicated that treatment of 
the 661W cells with 100 mM t‑BHP for 24 h increased the 
production of nitrotyrosine and 8‑OHdG. Concurrent treatment 
with 100 nM SS31 prevented the t‑BHP-induced accumulation 
of nitrotyrosine and 8‑OHdG (Fig. 2).

SS31 provents t‑BHP‑induced cell death in 661W cells. 
Morphologically, a significant number of 661W cells had 
detached from the culture dish following treatment with 
100 mM t‑BHP for 24 h, and those that remained exhibited 
cell shrinkage and shedding; whereas those co‑cultured 
with 100 nM SS31 maintained a fairly healthy appearance. 
Fewer cells were observed in these cultures, partly due to cell 
death and partly due to cell detachment (Fig. 3A). Following 
Hoechst staining, the 661W cells treated with 100 mM t‑BHP 
for 24 h exhibited substantial fragmented or condensed nuclei, 
characteristic of apoptotic cells, whereas few apoptotic nuclei 
were identified in the control 661W cells. The 661W cells, 
which were incubated with 100 nM SS31 had a markedly 
decreased number of apoptotic nuclei, compared to the t‑BHP 

Figure 1. SS31 prevents the decrease in 661W cell viability induced by oxida-
tive damage. (A) Concentration-dependent decrease in 661W cell viability 
with increasing t‑BHP after 24 h incubation (*P<0.001, vs. control). In all 
cases, the control indicates untreated 661W cells. (B)  Inhibition of the 
t‑BHP ‑induced decrease in cell viability by SS31 in the 661W cells. Cell 
viability improved following treatment with SS31 (10 nM-1 µM) for 24 h 
(*P<0.01, vs. t‑BHP). Data are presented as the mean ± standard error of the 
mean.
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group, indicating that SS31 protected the 661W cells from 
oxidant‑induced 661W cell death (Fig. 3B).

In addition, quantitative analysis of annexin V‑positive 
cells was performed in four independent experiments using 
flow cytometry. In the flow cytometric images, cells negative 
for PI and annexin V staining were live cells (bottom left); 
PI‑negative, annexin V‑positive cells were early apoptotic 
cells (bottom right); PI‑positive, annexin V‑positive cells 
were cells primarily in the late stages of apoptosis (top right); 
and PI‑positive, annexin V‑negative cells were necrotic cells 
(top left). A significant increase in the number of annexin 
V‑positive cells was observed in the 661W cells following 
t‑BHP treatment for 24  h (20.0±3.8%), compared with 
untreated control cultures (4.0±0.6%; P<0.001). The number 
of annexin V‑positive cells decreased dose‑dependently to 
13.6±2.6, 9.8±0.5 and 7.4±2.0% in the groups treated with 
10 nm, 100 nm and 1 µM SS31, respectively. SS31 at multiple 
doses demonstrated a significant protective effect against 
t‑BHP (P<0.001). No significant toxicity was observed over 
a 24 h period in the cultures exposed to 1 µM SS31 alone 
(2.9±0.7%; P=0.429), compared with the untreated control 
cultures (Fig. 3C and D).

SS31 significantly reduces mitochondrial ROS. To further 
examine the SS31 protective mechanisms, the present study 
investigated its effect on mitochondrial ROS. MitoSOXTM, a 
specific dye for mitochondrial ROS, was used to detect mito-
chondrial ROS. Confocal microscopy was used to localize 
the oxidative stress‑induced increase of ROS production 
in the mitochondria of the 661W cells using MitoSOXTM. 
Quantitative measurements of the mean fluorescence inten-
sities from the samples demonstrated that t‑BHP increased 
mitochondrial superoxide generation in the 661W cells 

in a dose‑ and time‑dependent  manner (Fig. 4A and B). 
The MitoSOXTM fluorescence intensity per mm2 cell area 
increased over time, beginning at 1 h (11.0±2.0; P<0.001, vs. 
control). The mitochondrial ROS was markedly increased 
following incubation with 100 µM t‑BHP for 1 h, whereas 
treatment with 100 nM SS31 significantly ameliorated the 
oxidative stress‑induced increase in mitochondrial ROS 
(Fig. 4C).

SS31 increases ΔΨm during oxidative stress. To determine 
the involvement of the mitochondrial‑mediated pathway 
in oxidative stress induced cell dysfunction, the present 
study measured ΔΨm using f low cytometry, using the 
cationic membrane potential indicator JC‑1. Treatment with 
100 nM SS31 for 4 h prevented the 100 µM t‑BHP‑induced 
loss of ΔΨm in the 661W cells (Fig. 5A). Compared with 
the untreated control cultures, exposure to 100 µM t‑BHP 
for 4 h resulted in a rapid decrease in the red/green fluores-
cence intensity ratio to 51.49±7.59% of the control (P<0.01; 
Fig. 5B). Treatment with 100 nM SS31 significantly increased 
the red/green fluorescence intensity of the 661W cells to 
78.18±6.67% of the control (P<0.05), which indicated that 
the ΔΨm was restored to baseline.

SS31 inhibits t‑BHP‑induced cytochrome c release. As 
it is well known that excessive ROS and decreased ΔΨm 
can induce apoptotic death, the present study examined 
the release of mitochondrial cytochrome c, an important 
signaling molecule in apoptosis. This included examining 
whether oxidative stress induced the release of cytochrome c 
from the mitochondria and whether the addition of SS31 
prevented this release. As shown in Fig. 6, the 661W cells 
in the control group exhibited an exact overlap of anti‑cyto-

Figure 2. SS31 reduces protein and DNA peroxidation caused by t‑BHP. The 661W cells were treated with 100 µM t‑BHP, alone or with 100 nM SS31 for 
24 h. The results revealed that treatment of the 661W cells with 100 µM t‑BHP for 24 h increased the accumulation of nitrotyrosine (red) and 8‑OHdG (red) 
in the nuclei and mitochondrial DNA. Concurrent treatment with 100 nM SS31 prevented the t‑BHP‑induced accumulation of nitrotyrosine and 8‑OHdG. 
Nuclei (blue) were stained using Hoechst. Immunofluorescence was analyzed using LSM510 META confocal microscopy (magnification, x1,000). 8‑OHdG, 
8‑hydroxydeoxyguanosine.
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chrome c and HSP60‑labeled mitochondrial fluorescence in 
the confocal micrographs, indicating the co-localization of 
cytochrome c and mitochondria in the cells. No cytochrome 
c release was identified from the mitochondria prior to treat-
ment with t‑BHP. Following treatment with 100 µM t‑BHP 

for 24 h, cytochrome c was observed in the cytoplasm of the 
661W cells, and this was not coincident with the mitochon-
drial labeling, indicating that treatment with t‑BHP induced 
the release of cytochrome c from the mitochondria in the 
661W cells (Fig.  6, arrows). By contrast, treatment with 

Figure 3. SS31 prevents apoptotic nuclei condensation and externalization of membrane phosphatidylserine residue in 661W cells. (A) Phase‑contrast light 
micrographs revealed cells exhibiting a generally unhealthy appearance following treatment with 100 µM t‑BHP for 24 h, whereas those co‑cultured with 
100 nM SS31 maintained a relatively healthy appearance. (magnification, x1,000). (B) Representative images of Hoechst‑labeled nuclei, condensation of chro-
matin and apoptotic bodies in the 661W cells following damage induced by 100 µM t‑BHP for 24 h (arrows). These changes were less visible in the control cells 
and were  markedly improved in the cells treated with 100 nM SS31. (C) Representative flow cytometric images indicated a significant decrease of annexin 
V‑positive cells in the 661W cells treated with 100 nM SS31, compared with the cells treated with t‑BHP alone for 24 h. (D) Quantitative analysis of annexin 
V‑positive cells was measured in four independent experiments using flow cytometry. The number of annexin V‑positive cells decreased in a dose‑dependent 
manner to 13.6±2.6, 9.8±0.5 and 7.4±2.0% in following treatment with 10 nM, 100 nM and 1 µM, respectively (**P<0.001, vs. control; *P<0.001, vs. t‑BHP). 
Data are presented as the mean ± standard error of the mean.

  A   B   C

  D
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100 nM SS31 inhibited the release of cytochrome c into the 
cytosol (Fig. 6).

Discussion

RP is a prevalent cause of blindness, caused by a number 
of different mutations in several different genes (21). Why 
mutations in genes that are exclusively expressed in rod photo-
receptors can cause the death of rod and cone cells remains to 
be elucidated, however, it is likely to be multifactorial and it 
has been hypothesized that oxidative stress‑associated photo-
receptor injury is important (3). The retina is particularly prone 
to oxidative damage due to its relatively high oxygen consump-
tion and its constant exposure to light (5,22). Cytotoxic levels 
of ROS have been found in ocular tissues in vivo, and can be 
produced during photoreceptor outer segment phagocytosis 
by the RPE cells (23). In an rd1 mouse model of RP, oxida-
tive damage in the outer retina results in gradual cone cell 
death (24).

The 661W cell line, isolated from transgenic mice by 
Al‑Ubaidi MR, expresses photoreceptor cell markers, 
including opsin, arrestin, phosphodiesterase, transducin, phos-
ducin, recoverin and IRBP (25,26). However, compared with 
in vivo photoreceptor cells, 661W cells do not express outer 
segment structural proteins, including RPE65, peripherin/rds 
and ROM1, which support the cone origin of 661W cells (26). 
In addition, 661W cells have been maintained in culture for 
>60 passages with no apparent slowing of mitotic activity or 
loss of photoreceptor‑specific markers (27), and 661W cells 
grow to confluence at ~2 days culture with a doubling rate of 
1.1 days (28). The patterns of expression of cone opsin and 
arrestin are not modulated by treatment with factors that stimu-
late differentiation, including retinoic acid and hydrocortisone. 
In addition, 661W cells have more cytoplasm, a characteristic 
usually used by pathologists to assess the differentiation status 
of tumor cells (29,30). Therefore, the 661W cell line has been 
demonstrated as a valuable tool for in vitro investigations of 
photoreceptor cell biology and function.

t‑BHP is a membrane‑permeant oxidant, which has been 
used extensively as a model of oxidative stress in different 
systems (31,32). Similar to previous studies, the present study 
found that t‑BHP causes apoptosis of 661W cells, demonstrated 
by DNA fragmentation and condensation of nuclei at low doses. 
When concentrations of t‑BHP are ≥400 µM, the percentage of 
cell necrosis is markedly increased, rather than apoptosis (data 
not shown). In the present study, concentrations of SS31 between 
10 nM and 1 µM are necessary for protection against oxidative 
damage. Although oxidant‑induced cell death can be prevented 
by a number antioxidants, none have been observed to be effec-
tive at concentrations<1 µM. In the present study, apoptosis of 
the 661W cells induced by t‑BHP was largely inhibited by SS31 
treatment at a concentration of 100 nM. Additionally, 1 µM 
SS31 had no cytotoxic effect in the absence of t‑BHP. Previous 
studies on different cell types also demonstrated a therapeutic 
concentration range of 0.1-100 nM for SS31 (12,14,33).

Natural antioxidants, including coenzyme Q (CoQ), 
vitamin E and lipoic acid have protective effects in mouse 
models of Parkinson's disease (PD), ALS, and AD (34‑36). 
It has been reported that patients with RP, who take natural 
antioxidants, including vitamin A, vitamin E and docosa-
hexaenoic acid (DHA) exhibited slower declines in ERG 
amplitudes (37,38). However, high doses of vitamin E may be 
harmful (39). Antioxidants generally require concentrations 

Figure 4. Inhibitory effect of SS31 on t‑BHP-induced mitochondrial release 
of ROS. (A and B) t‑BHP increased mitochondrial superoxide generation in 
the 661W cells in a time‑ and dose‑dependent manner. (C) Representative 
confocal images of 661W cells, revealing an increase in mitochondrial 
MitoSOXTM fluorescence (red) following treatment with 100 µM t‑BHP 
for 1 h. Treatment with 100 nM SS31 significantly ameliorated the t‑BHP-
induced increase in mitochondrial Immunofluorescence was analyzed using 
LSM510 META confocal microscopy (magnification, x1,000). ROS, reactive 
oxygen species.

  A

  B

  C
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Figure 5. Elevation of ΔΨm in 661W cells by SS31. (A) Treatment with 100 nM SS31 for 4 h increased the ΔΨm in the 100 µM t‑BHP‑treated 661W cells, 
demonstrated using flow cytometric analysis. (B) Quantitative analysis of the relative ratio of red/green fluorescence intensity of mitochondrial staining. 
Treatment with 100 nM SS31 significantly increased the red/green fluorescence intensity of the 661W cells (78.18±6.67% of the control; **P<0.05, vs. t‑BHP; 
*P<0.05, vs. control). Data are presented as the mean ± standard error of the mean. ΔΨm, mitochondrial membrane potential.

Figure 6. Effect of SS31 on the t‑BHP-induced release of cytochrome c. The 661W cells were subjected to double immunofluorescence antibody staining using 
mouse anti‑cytochrome c antibody (red) and rabbit anti‑HSP60 antibody (green). Nuclei were demarcated using Hoechst staining (blue). The overlay of all 
three types of staining (yellow indicates combination of red and green) is shown in the Merged column. Immunofluorescence was analyzed using confocal 
microscopy (magnification, x1,000). Arrows indicate the releasing of cytochrome c from the mitochondria in the apoptotic cell. 
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of at least 100 mM to reduce oxidative cell death (40). MitoQ 
has been observed to inhibit H2O2‑induced apoptosis at 1 mM, 
however, concentrations >10 mM caused cytotoxicity  (41). 
By contrast, SS31 are particularly potent in reducing intra-
cellular ROS and preventing cell death following t‑BHP 
treatment, with a half maximal effective concentration in the 
nM range (12). Another possible reason for the lack of efficacy 
of natural antioxidant  is their difficulty in penetrating the 
blood‑brain barrier. It has been reported that treatment with 
CoQ for 2 months failed to increase brain levels of CoQ (42). 
Furthermore, certain antioxidants may not reach the relevant 
sites of free radical generation. Large proteins, including 
SOD and catalase, do not penetrate cell membranes, and CoQ 
and Vitamin E are lipophilic, tending to be retained in cell 
membranes and, therefore, ineffective against intracellular 
ROS (11). SS31 represents a novel approach with targeted 
delivery to the inner mitochondrial membrane, containing 
an amino acid sequence that allows it to freely penetrate cell 
membranes. Therefore, it has been observed to be taken into 
cells in a potential‑independent, non-saturable manner, even if 
ΔΨm is compromised and does cause mitochondrial depolar-
ization, even at 1 mM (11,32).

In the present study, to investigate the effects of oxidative 
stress, 661W cells were stimulated with various concentrations 
of t‑BHP. The results revealed that SS31 at concentrations 
of 100 nM, which inhibited t‑BHP‑induced cell damage and 
apoptosis, also prevented intracellular ROS production, nitro-
tyrosine formation and cytochrome c release. The detailed 
mechanism by which SS31 protects against oxidative damage 
remains to be elucidated. By reducing mitochondrial ROS, 
SS31 is able to prevent opening of the mitochondrial perme-
ability transition pore, prevent mitochondrial swelling and 
reduce the release of cytochrome c in response to high Ca2+ 
overload (12). SS31 also protects against H2O2‑induced mito-
chondrial depolarization in immortalized human trabecular 
meshwork and glaucomatous human trabecular meshwork 
cell lines by inhibiting the activation of caspase 3 (33). Our 
previous study demonstrated that SS31 attenuates the effects 
of high glucose‑induced injuries in human retinal endothelial 
cells by decreasing the production of ROS, preventing the 
release of cytochrome c from the mitochondria, decreasing 
the expression of caspase‑3 and increasing the expression of 
thioredoxin 2 (Trx‑2) (43). In addition, SS31 can protect retinal 
structures and inhibit breakdown of the inner blood retinal 
barrier by increasing the expression levels of Trx‑2 and B-cell 
lymphoma (Bcl)‑2, and decreasing the expression levels of p53, 
nuclear factor‑κB, B-cell-associated X protein and caspase‑3 
in the retina of diabetic rats (44).

In conclusion, the present study demonstrated that SS31 
prevented the intracellular production of ROS and revealed 
significant antioxidant and anti‑apoptotic effects on 661W 
cells. Further investigations are required to elucidate the 
mechanism underlying SS31 and to evaluate its protective 
effect in RP animal models.
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