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Sodium formate induces autophagy and apoptosis via
the JNK signaling pathway of photoreceptor cells
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Abstract. Incidents associated with methanol intoxication
resulting from the consumption of fake wine occur not infre-
quently worldwide. Certain individuals are made blind due to
methanol poisoning. The present study aimed to investigate
the effects of sodium formate exposure on photoreceptor
cells (661W cells). The 661W cells were exposed to sodium
formate for 6-24 h and cell viability was determined using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay. Subsequently, the 661W cells were
exposed to 15 or 30 mM sodium formate for 24 h. The level
of apoptosis was determined using Hoechst 33342/propidium
iodide staining, visualizing the cells under a fluorescence
microscope,and annexin V-fluorescein isothiocyanate staining,
using flow cytometric analysis. Intracellular reactive oxygen
species (ROS) were measured using 2',7'-dichlorofluorescein
diacetate (DCFH-DA) staining, followed by flow cyto-
metric analysis. Autophagy of the 661W cells was measured
by monodansylcadaverine staining. The activation of
phosphorylated c-Jun N-terminal kinase (p-JNK), B-cell
lymphoma (Bcl-2), Bcl-2-associated X protein, cleaved
caspase-3, cleaved caspase-9 and microtubule-associated
protein 1A/1B-light chain 3 (LC3) was assessed by western
blotting. The effects of Z-VAD-fmk (a pan-caspase inhibitor)
and SP600125 (a JNK inhibitor) on the viability of the sodium
formate-induced 661W cells were determined using an MTT
assay. Sodium formate treatment induced a decrease in the
viability of the 661W cells in a time- and a dose-dependent
manner. In addition, sodium formate at concentrations
of 15 or 30 mM markedly increased the level of apoptosis
and the ROS levels, as measured by DCFH-DA staining of
the 661W cells. Additionally, 661W cells exposed to sodium
formate for 24 h exhibited increased levels of p-JNK, Bax,
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cleaved caspase-3, cleaved caspase-9 and LC3II (the phospha-
tidylethanolamine-modified form of LC3), although the level
of Bcl-2 was decreased. Furthermore, cell cytotoxicity and
autophagy were induced upon treatment with sodium formate.
Z-VAD-fmk and SP600125 were able to effectively circumvent
the effects of sodium formate on cell viability. These results
suggested that the cytotoxicity induced by sodium formate
induces the activation of the JNK signaling pathway, leading
to caspase-dependent apoptosis. Increased levels of autophagy
were also observed during the process of 661W cell damage
induced by sodium formate.

Introduction

Methanol intoxication resulting from the consumption of fake
wine has led to numerous incidents of disability, blindness and
mortality as a consequence of selective neurotoxic actions (1).
Methanol is metabolized primarily in the liver by sequential
oxidative steps to form formic acid, formaldehyde and carbon
dioxide (2,3). Previous studies hypothesized that the retinal
pathophysiology of methanol intoxication is a consequence
of formate-induced mitochondrial dysfunction (4). Formate
disrupts mitochondrial electron transport and energy produc-
tion by inhibiting cytochrome oxidase activity and the terminal
electron acceptor of the electron transport chain (4). Cell death
resulting from cytochrome oxidase inhibition by formate is
considered to result partly from the depletion of ATP, which
reduces energy levels and leads to the disruption of cell func-
tions (5). Furthermore, concentrations of formate in the retina
and vitreous humor closely correspond to the concentration of
formate in the blood (6.7).

It was previously reported that formate may inhibit
cytochrome oxidase activity in the concentration range
of 5-30 mM in vitro and in vivo (8). Similar formate levels
have been measured in the blood, vitreous humor and
cerebrospinal fluid of methanol-poisoned humans and
monkeys (9,10). However, since tissues differ in their sensi-
tivity to the toxic effects of methanol poisoning, and the
retina is highly susceptible to depletion of retinal ATP due
to its constant exposure to irradiation and a high metabolic
activity, it remains to be elucidated whether patterns of
cell death in the retina may be attributable to induction by
methanol poisoning.
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The present study aimed to investigate the effects of
sodium formate on 661W cells in order to understand the
molecular events of cell death caused by methanol poisoning.
An improved understanding of this mechanism is required in
order to identify more effective treatments for patients with
methanol intoxication.

Materials and methods

Ethical approval. All human and animal experiments
performed in the present study were approved by the Human
and Animal Research Ethics Committees of The Second
Hospital of Jilin University, (Changchun, China).

Antibodies and reagents. Polyclonal rabbit anti-mouse
antibodies raised against Bax and Bcl-2 were obtained
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA;
cat. nos. sc-6236 and sc-492). Antibodies against cleaved
caspase-9 (cat. no. 7237), cleaved caspase-3 (cat. no. 9579),
c-Jun N-terminal kinase (JNK; cat. no. 9251), phosphory-
lated (p)-JNK (cat. no. 9252) and microtubule-associated
protein 1A/1B-light chain 3 (LC3; cat.no.2775) were purchased
from Cell Signaling Technology, Inc. (Beverly, MA, USA). A
mouse monoclonal antibody against glyceraldehyde-3-phos-
phate dehydrogenase was purchased from Kangchen Bio-Tech
Co., Ltd. (Shanghai, China; cat. no. kc-564). All primary
antibodies were diluted 1:1,000. The secondary antibodies
(goat anti-rabbit; cat. no. 31210; 1:5,000) were obtained from
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). An
enhanced chemiluminescence (ECL)-Plus kit was purchased
from Beyotime Institute of Biotechnology (Nantong, China).
An annexin V-FLUOS Staining kit was purchased from
Roche Diagnostics (Mannheim, Germany). Sodium formate
was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Hoechst 33342 stain, propidium iodide
(PI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT), monodansylcadaverine (MDC),
SP600125, Z-VAD-fmk and 2',7'-dichlorofluorescein diacetate
(DCFH-DA) were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Cell culture. The 661W cells were obtained from American
Tissue Culture Collection (Manassas, VA, USA) and were
maintained in Dulbecco's modified Eagle's medium, supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin and 100 g/ml strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.). The cells were
grown in a humidified incubator with 95% air and 5% CO,
at 37°C. Subsequently, the cells were passaged until they
reached 80% confluence.

Cell viability assays. The 661W cells were plated at a density
of 5x10° cells/well in 96-well plates. Following incubation
for 24 h, culture medium containing various final formate
concentrations (0, 15, 30, 60 or 120 mM) was added to
each well. Paired control cultures were prepared with
medium containing comparable levels of sodium chloride
(sodium control). The parallel cell cultures were incubated
for 6, 12 or 24 h. Subsequently, 661W cells were pretreated
with a pan-caspase inhibitor (Z-VAD-fmk) and a JNK inhibitor
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(SP600125) for 0.5 h prior to treatment with 30 mM sodium
formate for 24 h. MTT (20 ul) was added to each well and
the samples were incubated for an additional 4 h followed by
the addition of 100 pl dimethylsulfoxide to each well. The
absorbance of blue formazan at 570 nm was measured using
a microplate reader (Model 680; Bio-Tek Instruments, Inc.,
Winooski, VT, USA).

Hoechst 33342 and PI staining. The level of apoptosis
of the 661W cells was determined using double staining
with Hoechst 33342 and PI. The cells were stained
with 10 ug/ml Hoechst 33342 and 10 gxg/ml PI for 30 min
at 37°C. Following two successive washes with phosphate-buff-
ered saline (PBS), images of the cells were captured with a
digital camera attached to a fluorescence microscope (IX70;
Olympus Corporation, Tokyo, Japan).

Annexin V-fluorescein isothiocyanate (FITC) assay.
The percentage of cells actively undergoing apoptosis
was determined using flow cytometric analysis with the
annexin V-FITC Apoptosis Detection kit (BD Biosciences,
San Jose, CA, USA), according to the manufacturer's protocol.
Briefly, the cells were harvested and resuspended in binding
buffer (10° cells/ml). The cells at a density of 10° cells/well
were mixed with 5 1 annexin V-FITC and 5 pl PI. Following
incubation of the cells at room temperature for 15 min in the
dark, the flow cytometric analysis was performed using the
FACSCalibur™ system (BD Biosciences, Franklin Lakes, NJ,
USA).

ROS measurement. Intracellular ROS production was assessed
using a fluorescent probe, DCFH-DA, using flow cytometric
analysis, as previously described (10). Detection of ROS
was based on the fact that intracellular ROS are able to
oxidize DCFH, yielding the fluorescent product, 2',7'-dichlo-
rofluorescein (DCF). Following an incubation of the cells
with 0, 15, or 30 mM formate for 24 h, the supernatant was
removed, and the cells were washed with PBS three times.
The cells were subsequently harvested and suspended in
PBS. DCFH-DA (10 uM final concentration) was added and
the mixture was incubated at 37°C for 15 min. Finally, ROS
generation was measured, according to the fluorescence
intensity (FL-1; 530 nm) of 10* cells using a flow cytometer
(FACSCalibur; BD Biosciences).

MDC staining. MDC (Sigma-Aldrich) was used to visualize
autophagic vacuoles. The 661W cells were plated into 6-well
plates and treated with two different concentrations of formate
(15 or 30 mM) for 6 h. Following treatment, the cells were
incubated with 0.1 mM MDC for 30 min. Fluorescent images
were captured under a fluorescence microscope (Olympus).

Western blotting. The proteins (2.6 pug/ul) were separated
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and western blotting was subsequently
performed, as previously described (11). Briefly, the cells were
harvested, resuspended in cell lysis buffer (Beyotime Institute
of Biotechnology) and incubated on ice for 30 min. The cell
lysates were centrifuged at 12,000 x g for 10 min at 4°C. The
supernatants were mixed with one-quarter volumes of 4X SDS
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Figure 1. Sodium formate reduced the viability of 661W cells. The 661W cells
were treated with 0, 15, 30, 60 or 120 mM sodium formate. Following treat-
ment for 6-24 h, 20 ul (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazol
ium Bromide was added to each well, followed by an incubation for an
additional 4 h. The data revealed the relative proportion of viable cells (%)
in the sodium formate-treated and control groups. The results are expressed
as the mean + standard deviation of three independent experiments ('P<0.05;
“P<0.01, sodium formate-treated vs. control).

sample buffer and boiled for 10 min. The proteins were subse-
quently separated by SDS-PAGE in a 10-15% gel. Following
electrophoresis, the proteins were transferred onto polyvinyli-
dene fluoride membranes and blocked with 5% non-fat milk
powder in Tris-buffered saline (Thermo Fisher Scientific, Inc.)
with Tween-20 (TBST; Beyotime Institute of Biotechnology)
for 1 h at room temperature. The membrane was subsequently
incubated with a diluted primary antibody in blocking buffer
overnight at 4°C. The membrane was washed three times with
TBST and incubated with a horseradish peroxidase-conjugated
secondary antibody (Beyotime Institute of Biotechnology)
for 30 min at room temperature. Following extensive washing,
the proteins were visualized using an ECL-Plus kit and the
blots were exposed to Kodak radiographic film (Kodak. Corp.,
Rochester, NY, USA).

Statistical analysis. The data were obtained from >3 indepen-
dent experiments. Statistically significant differences between
the groups were assessed by one-way analysis of variance,
followed by the Bonferroni post-hoc test, using SPSS 13.0 soft-
ware for statistical analysis (SPSS Inc., Chicago, IL, USA). The
data are expressed as the standard deviation, unless otherwise
stated. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effects of sodium formate on the viability of 661W cells.
The cytotoxicity of sodium formate in 661W cells was
examined using an MTT assay. As shown in Fig. 1, sodium
formate treatment reduced the cell viability in a time- and
a dose-dependent manner. The viability of the 661W cells
treated with 120 mM sodium formate for 24 h was decreased
by a greater extent compared with the other concentrations
tested (15, 30, and 60 mM). The viability of the 661W cells
treated with 15 or 30 mM sodium formate for 24 h
was 78.5 and 60.4%, respectively, compared with the control
group. The 661W cells were also treated with 5 mM sodium
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Figure 2. Hoechst 33342 and propidium iodide double staining in 661W cells.
Sodium formate treatment increased cell apoptosis in the 661W cells.
The 661W cells were exposed to 0 (control), 15 or 30 mM sodium formate
for 24 h. Representative images are shown (scale bar=100 pm).

formate (data not shown), and the results revealed no clear
differences compared with the control cultures. Therefore,
the concentrations of sodium formate used in the subsequent
experiments were 15 and 30 mM. No discrimination was
made between the paired control cultures in the viability
assays and those in further experiments. Therefore, the paired
control results (15 mM sodium chloride) were used in the
following experiments. These results suggested that treatment
of the 661W cells with sodium formate led to a marked decline
in their viability.

Sodium formate induces apoptosis in 661W cells. The
cytotoxicity of sodium formate towards the 661W cells was
further assessed using Hoechst 33342 and PI double staining.
As shown in Fig. 2, exposure to 30 mM sodium formate
for 24 h resulted in a marked loss of Hoechst-positive
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Figure 3. Effects of sodium formate on the apoptosis of 661W cells, as determined by an annexin V-FITC assay using flow cytometric analysis. The 661W cells
were exposed to (A) 0 (control), (B) 15 or (C) 30 mM sodium formate for 24 h. The cultures were stained with annexin V-FITC and PI. FITC, fluorescein
isothocyanate; PI, propidium iodide; Quad, quadrant; UL, upper left; UR, upper right; LL, lower left; LR, lower right.

cells and numerous PI-positive cells, indicating that
apoptosis of the 661W cells was induced upon treatment
with 15 or 30 mM sodium formate.

The apoptotic rates of the 661W cells were further assessed
by flow cytometric analysis using the annexin V-FITC
Apoptosis Detection kit, which readily distinguishes early
apoptotic events from late apoptosis/necrosis. In the premature
apoptotic cells, the membrane phospholipid, phosphatidyl-
serine (PS), is translocated from the inner to the outer leaflet
of the plasma membrane, and annexin V is a protein that has
a high affinity for PS. PI is used as a flow cytometric viability
probe for DNA content and can be used to differentiate
viable from non-viable cells. Following exposure to the two
different doses (15 and 30 mM) of sodium formate for 24 h,
markedly different percentages of early apoptotic and late
apoptotic/necrotic 661W cells compared with control cells
(0 uM sodium formate) were identified, which increased
from 2.88 to 18.43% and from 0.63 to 6.3%, respectively
(Fig. 3). The results indicated that the level of apoptosis of
the 661W cells treated with 15 or 30 mM sodium formate was
markedly increased.

Sodium formate causes an increase in the intracellular ROS
levels. DCFH-DA staining was used to detect intracellular
ROS generation. DCFH-DA readily diffuses through the cell
membrane and is deacetylated by esterases to non-fluorescent
DCFH. Furthermore, DCFH is rapidly oxidized to its highly
fluorescent product, DCF, in the presence of ROS. Therefore,
the DCF fluorescence intensity is proportional to the quantity
of intracellular ROS present. As shown in Fig. 4A, a shift to
the right was observed in the fluorescence intensity signal for
the 661W cells treated with 15 and 30 mM sodium formate.
The level of ROS increased markedly following exposure of
the cells to 15 or 30 mM sodium formate for 24 h (Fig. 4B).
These results suggested that increased levels of ROS
may be involved in sodium formate-induced cytotoxicity
in 661W cells.

JNK is activated in 661W cells following exposure to
sodium formate. The protein expression of JNK and p-JNK
in 661W cells treated with sodium formate was subsequently
examined. As shown in Fig. 5, the protein expression level
of p-JNK increased in the 661W cells upon sodium formate
treatment, whereas no significant changes in the protein
expression level of INK were identified following treatment
of the cells with either concentration of sodium formate
(15 or 30 mM). These results suggested that the JNK signaling
pathway was activated when 661W cells were treated with
sodium formate.

Sodium formate affects the protein expression levels of Bax and
Bcl-2 in 661W cells. Considering the role of the Bcl-2 family
proteins in mitochondria-dependent apoptosis, the effects of
sodium formate on the expression of the antiapoptotic protein,
Bcl-2, and the pro-apoptotic protein, Bax, were subsequently
examined. As shown in Fig. 6, Bcl-2 levels were markedly
decreased, and Bax levels were increased, in 661W cells
treated with 15 or 30 mM sodium formate, suggesting that the
increase in the ratio of Bax to Bcl-2 protein may be involved
in mitochondria-dependent apoptosis following exposure to
sodium formate.

Sodium formate triggers caspase-dependent apoptosis
in 661W cells. Apoptosis is triggered by two types of apop-
totic caspases, namely initiator caspases (e.g. caspases-2, -8,
-9 and -10) and effector caspases (e.g. caspases-3, -6 and -7).
Initiator caspases cleave and activate inactive proforms of
effector caspases, and activated effector caspases cleave
other protein substrates to trigger the apoptotic process (12).
In the present study, western blotting indicated that the level
of cleaved caspase-3 increased when cells were treated with
sodium formate (Fig. 7). Subsequently, the activity of initiator
caspases was investigated. As shown in Fig. 7, treatment with
sodium formate clearly increased the protein expression of
cleaved caspase-9. These data suggested that sodium formate



MOLECULAR MEDICINE REPORTS 13: 1111-1118, 2016

A g
27
] — Conitrol
E —_— 15 mM
= 30 min
g
£
b=
ER
S .1
@]
o]
=7
ol
100 10! 10° 10° 10
150+
B
[:H]
(5]
&
9 100
wn
4
°
=
A
w504
o
a
04
& & &
& A oF
s I\ oS

Figure 4. Sodium formate increased the basal levels of reactive oxygen species
in 661W cells. The 661W cells treated with sodium formate (15 or 30 mM)
were compared with the negative control by flow cytometric analysis using
the fluorescent probe, DCF. (A) A shift to the right in the fluorescence inten-
sity signal was observed for the 661W cells treated with formate. (B) The
fluorescence intensity of DCF was measured in the 661W cells treated
with (15 or 30 mM) or without sodium formate. (‘P<0.05; “P<0.01, sodium
formate-treated cells, vs. the control). DCF, dichlorofluorescein.

may induce apoptosis in 661W cells, at least partly, via a
caspase-dependent pathway.

Sodium formate exposure induces autophagy in 661W cells.
MDC is a specific marker for autophagic vacuoles. As shown
in Fig. 8, the sodium formate-treated cells exhibited a greater
fluorescence intensity and a greater number of MDC-labeled
particles in the 661W cells compared with the control, indi-
cating that sodium formate increased the recruitment of MDC
to autophagosomes in the cell cytoplasm.

LC3Il levels increase in 661W cells treated with sodium formate.
LC3-I is a cytosolic protein whose lipidated form, LC3II
(a phosphatidylethanolamine-modified form of LC3), is stably
associated with the autophagosomal membrane, and is there-
fore considered an autophagy-specific marker. To determine
whether sodium formate induces autophagy in 661W cells, the
expression level of LC3 was investigated by western blotting.
Compared with the control, the levels of LC3-II were markedly
increased in the 661W cells treated with 15 or 30 mM sodium
formate (Fig. 9). No significant changes in the level of LC3-1
was observed during the course of the experiment. These
results suggested that autophagy may be involved in sodium
formate-induced cytotoxicity in 661W cells.

Effects of Z-VAD-fmk and SP600125 on cell viability in
sodium formate-induced 661W cell death. To assess the
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Figure 5. 661W cells were treated with 15 or 30 mM sodium formate for 24 h.
The cell lysates were prepared and subjected to sodium dodecyl sulfate-poly-
acrylamide electrophoresis. The protein expression levels of JNK and p-JINK
were determined by western blotting. GAPDH was used as an internal control
to normalize the quantity of proteins applied to each lane. p-, phosphory-
lated; JNK, c-Jun N-terminal kinase; GADPH, glyceraldehyde-3-phosphate
dehydrogenase.
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Figure 6. 661W cells were treated with 15 or 30 mM sodium formate
for 24 h. The cell lysates were prepared and subjected to sodium dodecyl
sulfate-polyacrylamide electrophoresis. The protein expression levels of
Bcl-2 and Bax were determined by western blotting. GAPDH was used
as an internal control to normalize the amount of proteins applied in each
lane. Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; GADPH,
glyceraldehyde-3-phosphate dehydrogenase.
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Figure 7. 661W cells were treated with 15 or 30 mM sodium formate
for 24 h. The cell lysates were prepared and subjected to sodium dodecyl sul-
fate-polyacrylamide electrophoresis. The protein expression levels of cleaved
caspase-3 and cleaved caspase-9 were determined by western blotting with
specific antibodies. GAPDH was used as an internal control to normalize the
amount of proteins applied in each lane. GADPH, glyceraldehyde-3-phos-
phate dehydrogenase.

role of caspases in the cell death process induced by sodium
formate, 661W cells were pretreated with a pan-caspase inhib-
itor, Z-VAD-fmk, for 0.5 h prior to treatment with 30 mM
sodium formate for 24 h. As shown in Fig. 10, Z-VAD-fmk at
a concentration of 20 uM effectively circumvented the effects
of sodium formate on cell viability, resulting in only 19%
growth inhibition, a value significantly lower compared with
that observed in the untreated cells (40% inhibition; P<0.01).
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Figure 8. Sodium formate exposure induces the formation of MDC-positive
autophagosomes in 661W cells. The 661W cells were exposed to (A) 0 (con-
trol), (B) 15 or (C) 30 mM sodium formate. Autophagic vacuoles were labeled
with 0.05 mM MDC in phosphate-buffered saline at 37°C for 10 min. The
fluorescence density and the MDC-labeled particles in the 661W cells were
greater in the group subjected to sodium formate treatment for 6 h compared
with the control group. MDC-labeled vesicles are indicated by arrows (Scale
bar=50 ym). MDC, monodansylcadaverine.

SP600125, at a concentration of 10 xM, clearly circumvented
the effects of sodium formate on cell viability, resulting in
only 20% growth inhibition, significantly lower compared with
that observed in the untreated cells (40% inhibition; P<0.01).

Discussion

Exposure to methanol is a major cause of acute alcohol intoxi-
cation. Patients with acute methanol intoxication experience
acute neurological, visual and gastrointestinal symptoms.
Visual disturbances generally range from mild photophobia
and misty or blurred vision to markedly reduced visual acuity
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Figure 9. Cell lysates were analyzed by western blotting with anti-LC3
and GAPDH antibodies. GAPDH was used as an internal control to nor-
malize the quantity of proteins applied in each lane. The protein expression
of LC3-II increased in the 661W cells treated with 15 or 30 mM sodium
formate. GADPH, glyceraldehyde-3-phosphate dehydrogenase; LC3, micro-
tubule-associated protein 1A/1B-light chain 3.
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Figure 10. Effects of a pan-caspase inhibitor (Z-VAD-fmk) and c-Jun
N-terminal kinase inhibitor (SP600125) on the survival of 661W cells
treated with 30 mM sodium formate, as determined using a
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide assay.
The 661W cells were cultured in 30 mM sodium formate for 24 h in the
presence or absence of the inhibitors. The data show the relative proportions
of viable cells (%). The results are expressed as the mean =+ standard deviation
of three independent experiments ("P<0.05; “P<0.01, sodium formate-treated
cells, vs. the control).

and complete blindness. Despite the availability of efficient
treatments, methanol poisoning results in high rates of
morbidity and mortality (1,13).

It was reported that retinal ATP synthase decreases
following methanol intoxication. For example, proteomic
analysis of the rat retina revealed that sodium formate induces
a marked decrease in the levels of ATP in photoreceptor
cells (7,14). A marked decline in the viability of 661W cells
following exposure to sodium formate was also observed in
the present study. It is well known that the dysregulation of
electron transport through the mitochondrial respiratory chain,
or impairments in the function of antioxidant enzymes, may
result in the accumulation of ROS (15). Furthermore, ROS are
associated with high levels of biological activity and function
as secondary messengers in the JNK signaling pathway. As a
member of the mitogen-activated protein kinase family, INK
is involved in the signal transduction of a variety of cellular
pathways, including those for apoptosis, inflammation and
carcinogenesis (16,17). In the present study, the JNK signaling
pathway was activated and the level of ROS increased when
the 661W cells were treated with sodium formate. ROS
are potent activators of JNK via the process of oxidative
inactivation of endogenous JNK inhibitors, including JNK
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phosphatases and glutathione S-transferase (18). Activation
of the JNK pathway induces ROS accumulation, which may
in turn activate JNK in a positive feedback manner. This
activation may have contributed towards 661W cell apoptosis
following sodium formate treatment in the present study.
Activation of the JNK signaling pathway triggers the apop-
totic signaling pathway, including the intrinsic pathway (also
termed the mitochondrial pathway) and the extrinsic pathway
(also termed the death receptor pathway) (19). SP600125 is a
specific JNK inhibitor in common usage. It was demonstrated
to reverse neuronal cell death in rat hippocampal Cornu
Ammonis 1 caused by transient brain ischemia/reperfu-
sion (20). SP600125 also markedly improved the survival
rate of retinal ganglion cells against acute moderate ocular
hypertension (21). In the present study, the administration of
SP600125 enhanced the cell viability, and negated some of
the effects elicited by sodium formate. Inhibiting JNK activity
by SP600125, or similar compounds, may provide a novel and
effective strategy to treat methanol intoxication.

The Bax/Bcl-2 ratio in cells regulates the susceptibility
of cells to apoptosis (22). The present study confirmed that
the expression of Bcl-2 was markedly decreased and the
expression of Bax was increased in the 661W cells treated
with 15 or 30 mM sodium formate. Increased levels of cleaved
caspase-3 and cleaved caspase-9 in the 661W cells treated with
sodium formate were also observed. These results suggested
that the increases in the Bax/Bcl-2 ratio and the level of
cleaved caspases may be involved in sodium formate-induced,
mitochondrion-dependent apoptosis. The pan-caspase
inhibitor, Z-VAD-fmk, markedly enhanced the cell viability
and circumvented the effect of sodium formate treatment,
indicating that apoptosis of the 661W cells, induced by sodium
formate, occurs via a caspase-dependent pathway.

Autophagy is a cellular pathway responsible for the clear-
ance of proteins and organelles, and therefore a certain degree
of autophagy is necessary to maintain normal cellular homeo-
stasis (23). In the present study, the autophagy of lysosomes
and an increased expression level of LC3II in the 661W cells
was observed, on increasing the exposure of the cells to
sodium formate. Ramirez et al (24) demonstrated that hydro-
quinone damages human retinal Miiller cells via the oxidative,
mitochondrial and autophagic signaling pathways.

It is possible that cells, which have suffered a mild insult
can be rescued through the selective elimination of damaged
and proapoptotic mitochondria (those undergoing mitosis),
whereas a more profound insult resulting in damage to
numerous mitochondria would surpass the capacity for rescue.
This would be due to the fact that removal of an excessive
number of the mitochondria would leave behind a cell with an
insufficient capacity to produce ATP and release cytochrome c,
and ultimately the apoptosis of the photoreceptor cells would
result. Macroautophagy induced by formate may provide
an explanation for the decrease in ATP levels. Therefore,
formate-induced autophagy may be important in promoting
mitochondrial dysfunction, and even apoptosis, in 661W cells.
Kunchithapautham and Rohrer (25) demonstrated that
apoptotic and autophagic genes may be coexpressed in
photoreceptors undergoing degeneration. It was suggested that
autophagy is involved in photoreceptor cell death, possibly by
initiating apoptosis.

1117

In conclusion, the present study provided evidence that
sodium formate induces the apoptosis of 661W cells, partly
through triggering the JNK pathway. Increased levels of
autophagy were observed during the process of cellular
damage caused to the 661W cells by treatment with sodium
formate. Autophagy has been postulated to be involved in
the pathogenesis of numerous retinal diseases, including
age-associated macular degeneration and diabetic retinopathy.
Therefore, studies of formate-induced 661W cell dysfunction
may provide valuable insights into the pathogenesis of these
retinal diseases.
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