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a b s t r a c t

Melanoma is an aggressive cutaneous cancer, whose incidence is growing in recent years, especially in

the younger population. The favorable therapy for this neoplasm consists in its early surgical excision;

otherwise, in case of late diagnosis, melanoma becomes very refractory to any conventional therapy.

Nevertheless, the acute inflammatory response occurring after excision of the primary melanoma can

affect the activation and/or regulation of melanoma invasion and metastasis. Nonsteroidal anti-

inflammatory drugs (NSAIDs), widely employed in clinical therapy as cyclooxygenase inhibitors, also

display a cytotoxic effect on some cancer cell lines; therefore, their possible usage in combination with

conventional chemo- and radio-therapies of tumors is being considered. In particular, diclofenac, one of

the most common NSAIDs, displays its anti-proliferative effect in many tumor lines, through an alteration

of the cellular redox state. In this study, the possible anti-neoplastic potential of diclofenac on the human

melanoma cell lines A2058 and SAN was investigated, and a comparison was made with the results

obtained from the nonmalignant fibroblast cell line BJ-5ta. Either in A2058 or SAN, the diclofenac

treatment caused typical apoptotic morphological changes, as well as an increase of the number of sub-

diploid nuclei; conversely, the same treatment on BJ-5ta had only a marginal effect. The observed

decrease of Bcl-2/Bax ratio and a parallel increase of caspase-3 activity confirmed the pro-apoptotic role

exerted by diclofenac in melanoma cells; furthermore, the drug provoked an increase of the ROS levels,

a decrease of mitochondrial superoxide dismutase (SOD2), the cytosolic translocation of both SOD2 and

cytochrome c, and an increase of caspase-9 activity. Finally, the cytotoxic effect of diclofenac was

amplified, in melanoma cells, by the silencing of SOD2. These data improve the knowledge on the effects

of diclofenac and suggest that new anti-neoplastic treatments should be based on the central role of

mitochondrion in cancer development; under this concern, the possible involvement of SOD2 as a novel

target could be considered.

� 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Melanoma is a tumor characterized by a high degree of

aggressiveness and its treatment mainly depends on the time of

diagnosis. If realized in the early stage, the surgical excision of this

neoplasia is successful; however, its late diagnosis leads to an

unfavorable fate. Indeed, in the metastatic stage, melanoma

becomes very refractory to conventional therapies and nodal

metastasis can be associated with 70% mortality after 10 years [1,2].

The excision of a primary melanoma causes an acute inflammatory

response during normal wound healing. This reaction prevents

infections and induces cellular proliferation necessary for tissue

repair. On the other hand, the same early inflammatory signals are

likely involved in the activation/regulation of the melanoma inva-

sion and metastasis. Indeed, it has been reported that pro-

inflammatory cytokines upregulate integrins and the expression

of adhesion molecules in a human melanoma cell line [3];

furthermore, the usage of anti-inflammatory drugs is probably

associated to a lower incidence of tumor insurgence/recurrence, as

for instance observed for the colorectal cancer [4e6]. Diclofenac is
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a nonsteroidal anti-inflammatory drug (NSAID) widely used in

clinical therapy. This compound inhibits cyclooxygenases (COXs),

enzymes involved in the synthesis of prostaglandins, which

provoke the inflammation. In the last few years, it has been re-

ported that NSAIDs can affect negatively the development of some

cancers [7,8], by inducing apoptosis and cell cycle arrest [9,10]. In

particular, diclofenac has a cytotoxic effect in many cultured cell

lines through an alteration of the cellular redox state [11,12].

Moreover, in a previous study we have shown that diclofenac

induces apoptosis in a neuroblastoma cell line, SHeSY5Y, causing

a mitochondrial dysfunction [13]. Indeed, the treatment of SHe

SY5Y with diclofenac increased the intracellular level of reactive

oxygen species (ROS) and reduced both protein levels and enzy-

matic activity of the antioxidant enzyme mitochondrial superoxide

dismutase (SOD2). It is interesting to note that neuroblastoma and

melanoma share a common neuroectodermal origin; another

similarity between the two tumors is that both are very refractory

to a conventional chemotherapy and/or radiation treatment.

Therefore, the assessment of new therapeutic strategies for helping

and/or replacing the actual clinical treatments of these neoplasms

is of great relevance.

In this study we have analyzed the cytotoxic effect of diclofenac

on melanoma cell lines. In particular, the effects of diclofenac were

evaluated in two human melanoma cell lines, A2058 and SAN, and

in a human immortalized fibroblastic cell line, BJ-5ta. We have

analyzed the events that trigger apoptosis during diclofenac

treatment and have studied the mitochondrial involvement, with

particular attention to SOD2.

2. Materials and methods

2.1. Chemicals and reagents

Dulbecco’s modified eagle’s medium (DMEM) and Roswell Park

Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS),

L-glutamine, penicillin G, streptomycin, trypsin were purchased

from Lonza. Hygromycin B was purchased from Invitrogen. Diclo-

fenac was obtained from Calbiochem. Medium 199, propidium

iodide (PI), dichlorofluorescein diacetate (DCFHeDA) and dihy-

droethidium (DHE) were purchased from Sigma. A protease

inhibitor cocktail was obtained from Roche Diagnostics. Caspase-3

and -9 fluorometric assay kits were purchased from BioVision.

Rabbit polyclonal antibody against human SOD2 was purchased

from Millipore; rabbit polyclonal antibody against Bcl-2 was from

Sigma; rabbit monoclonal antibody against GAPDH was obtained

from Cell Signaling; goat polyclonal antibody against b-actin, goat

polyclonal antibody against cytochrome c oxidase IV (COX-4),

mouse monoclonal antibody against cytochrome c and each

secondary antibody conjugated to horseradish peroxidase were

obtained from Santa Cruz Biotechnology. All other chemicals were

of analytical grade and were purchased from Sigma.

2.2. Cell culture

The human melanoma cell lines A2058, kindly provided from

CEINGE, Naples (Italy) and SAN [14] were derived from lymphonodal

metastasis. A2058 and SAN melanoma cells were grown in DMEM

and RPMI 1640 medium, respectively, supplemented with 10% FBS,

2 mM L-glutamine, 100 IU/mL penicillin G and 100 mg/mL strepto-

mycin in humidified incubator at 37 �C under 5% CO2 atmosphere. BJ-

5ta [15], a human skin fibroblast cell line immortalized with the

human telomerase reverse transcriptase (hTERT), was cultured in

a 4:1 mixture of DMEM and Medium 199 supplemented with 4 mM

L-glutamine, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 10% FBS,

100 IU/mL penicillin G, 100 mg/mL streptomycin and .01 mg/mL

hygromycin B in humidified incubator at 37 �C under 5% CO2

atmosphere. All cells were split and seeded in plates (75 cm2) every

three days and used during the exponential phase of growth. Cell

treatments were always carried after 24 h from plating.

2.3. Evaluation of apoptosis

To determine the number of apoptotic nuclei, 3  104 cells/well

were seeded into 96-well plates; at the end of each treatment, cell

suspensions were centrifuged and pellets were resuspended in

a hypotonic lysis solution containing 50 mg/mL PI. After incubation

at 4 �C for 30 min, cells were analyzed by flow cytometry to eval-

uate the presence of nuclei with a DNA content lower than the

diploid [16].

2.4. Measurement of the intracellular ROS content

The intracellular ROS levels were detected using the oxidation-

sensitive fluorescent probes DHE and DCFHeDA [17,18]. Briefly,

cells were seeded into 6-well plate (3  105 cells/well) and treated

with 150 mM diclofenac at different times. DHE was added in the dark

at 10 mM final concentration, 30 min before the addition of the drug.

DCFHeDA was added in the dark at 10 mM final concentration,

30 min before the end of each incubation with the drug; then cells

were collected, washed in 10 mM sodium phosphate, pH 7.2 buffer

containing 150 mM NaCl (PBS), and finally resuspended in 500 mL of

PBS for the fluorimetric analysis. The measurement of the ROS levels

was realized with a Cary Eclipse fluorescence spectrophotometer

(Varian). Excitation and emission wavelengths were 392 nm, and

410 nm for DHE, and 485 nm and 538 nm, for DCFHeDA respec-

tively; both excitation and emission slits were set at 10 nm.

2.5. Total cell lysates and Western blotting analysis

Cells were plated at a density of 0.3  106 cells/well in 6-well

plates. After the treatment, cells were harvested, washed with

PBS and then lysed in ice-cold modified RIPA buffer (50 mM Trise

HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxy-

cholate, 1 mM Na3VO4 and 1 mM NaF), supplemented with

protease inhibitors and incubated for 30 min on ice. The superna-

tant obtained after centrifugation at 12,000 g for 30 min at 4 �C

constituted the total protein extract. Protein concentration was

determined by the method of Bradford [19], using bovine serum

albumin (BSA) as standard. Western blotting analysis was realized

on equal amounts of total protein extracts. Briefly, protein samples

were dissolved in SDS-reducing loading buffer, run on a 14% SDS/

PAGE and then transferred to Immobilon P membrane (Millipore).

The filter was incubated with the specific primary antibody at 4 �C

overnight and then with the horseradish peroxidase-linked

secondary antibody at room temperature for 1 h. Membranes

were then analyzed by an enhanced chemiluminescence reaction,

using Super Signal West Pico kit (Pierce) according to the manu-

facturer’s instructions; signals were visualized by autoradiography.

2.6. Measurements of caspase-3 and -9 activity

To evaluate caspase-3 and -9 activation during diclofenac

treatment, the relative enzymatic activities were measured by

using caspase-3 and -9 fluorometric assay kits according to the

manufacturer’s protocol. Briefly, cells were seeded into 75 cm2

plates (2  106 cells/plate) and treated with 150 mM diclofenac. At

the end of each incubation cells were collected, washed with PBS,

and finally lysed at 4 �C in the cell lysis buffer. Cell lysates (150 mg)

were incubated with 50 mM DEVD-AFC or LEHD-AFC substrates at

37 �C for 2 h, to detect caspase-3 or caspase-9 activity, respectively.
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The measurements were realized with a Cary Eclipse fluorescence

spectrophotometer (Varian). Excitation and emission wavelengths

were 400 nm and 505 nm, respectively; both excitation and

emission slits were set at 10 nm.

2.7. Small interference RNA

The SOD2-specific small interfering RNA (SOD2 siRNA) and non-

silencing scrambled siRNA (NS siRNA) were purchased from

Dharmacon. Cell transfection with siRNA was performed using

Metafectene SI reagent according to the manufacturer’s protocol.

Briefly, cells were seeded into 12 wells/plate (0.6 �105 cells/well) in

complete medium and grown overnight. Then, 4 mL Metafectene SI

and 70 nM siRNA were added to 60 mL SI buffer, left at room

temperature for 15 min; the mixture was then added to the well.

After 72 h, the culture medium was replaced by a new complete

medium and cells were stimulated without or with 150 mM diclo-

fenac for additional 24 h. At the end of drug treatment, cells were

harvested and divided in two aliquots, to verify the SOD2 silencing

by Western blotting, and to measure the apoptosis by the PI

incorporation method.

2.8. Subcellular fractionation for Western blotting analysis

Cells were plated at a density of 2 � 106 cells/plate (75 cm2). After

the treatment, cells were harvested, washed in PBS and then

resuspended in buffer M (5 mM Hepes, pH 7.4, 250 mM mannitol,

0.5 mM EGTA, 0.1% BSA), supplemented with protease inhibitors, and

homogenized. The homogenate was centrifuged at 800 g for 10 min

at 4  C and the supernatant was then centrifuged at 12,000 g for

30 min at 4  C. The resulting supernatant represented the cytosolic

fraction, whereas the pellet, constituting the mitochondrial fraction,

was resuspended in RIPA buffer. Protein concentration was deter-

mined as previously indicated. Aliquots of both fractions (cytosolic

and mitochondrial) were used in Western blotting analysis.

2.9. Measurements of SOD2 activity

Cells were plated at a density of 2 � 106 cells/plate (75 cm2).

After the treatment, cells were collected and centrifuged at 300 g at

4  C for 5 min, washed once with PBS and the mitochondrial frac-

tion was prepared as described in the previous paragraph, with the

following modification. The mitochondrial pellet was resuspended

in 50 mM potassium phosphate, pH 7.8, containing 1 mM EDTA,

sonicated, centrifuged at 20,000 g at 4  C for 30 min and the

resulting supernatant, after protein quantitation, was used for

SOD2 assay. SOD activity was measured at 25  C in 100 mM

potassium phosphate, pH 7.8, 0.1 mM Na2EDTA by the inhibition of

cytochrome c reduction caused by superoxide anions generated

with the xanthine/xanthine oxidase method [20,21]. One unit of

SOD activity was defined as the amount of enzyme that caused 50%

inhibition of cytochrome c reduction.

2.10. Immunofluorescence staining

Cells were plated on coverslips at a density of 0.3 � 106 cells/

well in 6-well plates. At the end of drug treatment, cells were

incubated with 90 nM MitoTracker Red (Invitrogen) at 37  C for 1 h

and then washed three times with ice-cold PBS. The cells were fixed

with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100

and blocked in donkey serum (Millipore) diluted 1:10 in PBS, for

60 min at room temperature. Coverslips were incubated for 1 h at

37  C with a primary rabbit polyclonal antibody against SOD2,

diluted 1:50 in PBS, and subsequently incubated for 1 h at 37  C

with a FITC donkey anti-rabbit secondary antibody (Jackson

ImmunoResearch Europe Ltd.), diluted 1:50 in PBS. Slide mounting

was done in Vectashield. Fluorescent-labeled cells were viewed

with a confocal laser scanner microscope Zeiss LSM 510 and the

objective used was planopo 63X. The laser line was set at 488 nm

for the FITC-conjugated antibody and at 543 nm for MitoTracker

Red. Images were acquired simultaneously in the green and red

channels, and processed using LSM software.

Fig. 1. Morphological changes of A2058, SAN and BJ-5ta cell lines induced by diclofenac treatment. Cells were incubated for 48 h with vehicle alone or 150 mM diclofenac. Images are

representative of three independent experiments. Magnification �10.
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2.11. Statistical analysis

Numerical data were analyzed by Student’s t test, and one-way

ANOVA with Bonferroni corrections was used for multiple

comparisons.

3. Results

3.1. Morphological changes of SAN, A2058 and BJ-5ta cell lines

caused by diclofenac

A2058, SAN, and BJ-5ta cell lines were incubated with vehicle

alone or with a diclofenac concentration ranging between 50 mM and

200 mM, and then analyzed after 24 or 48 h by light microscopy to

evaluate morphological changes. Fig. 1 reports the images obtained

from cells incubated with 150 mM diclofenac for 48 h. Either in A2058

or in SAN, the diclofenac treatment provoked morphological

changes, such as nuclear condensation, membrane budding and cell

shrinkage, that represent typical signals of the apoptotic process

[22]. Interestingly, all these modifications were already evident on

cells incubated with 150 mM diclofenac for 24 h or with a lower drug

concentration (100 mM) for 48 h (not shown). On the other hand, in

the BJ-5ta cell line (Fig. 1) these morphological changes were much

less evident. Therefore, these data could suggest that the melanoma

cell lines are more sensitive to the pro-apoptotic potential of diclo-

fenac with respect to a nonmalignant fibroblast cell line.

3.2. Induction of the apoptotic process by diclofenac in melanoma

cell lines

To verify whether the above-mentioned morphological changes

induced by diclofenac were indicative of an apoptotic process, this

program of cell death was evaluated by different techniques. In

a first approach, the PI incorporation followed by flow cytometric

analysis was carried out. To this aim, A2058, SAN and BJ-5ta cell

lines were incubated for 24 h with an increasing concentration of

diclofenac. The cytometric analysis showed a dose-dependent

increase of apoptotic nuclei in A2058 (Fig. 2a) and in SAN

(Fig. 2b), whereas in BJ-5ta the apoptosis induction was not

observed, even in the presence of 200 mM diclofenac (Fig. 2c). To

evaluate the time-course of diclofenac-induced apoptosis, cells

were incubated with 150 mM diclofenac, that represents the lowest

diclofenac concentration inducing apoptosis in the melanoma cell

lines. After 24-h treatment, the number of nuclei with sub-diploid

DNA content increased both in A2058 (Fig. 2d) and SAN (Fig. 2e),

although to a different extent; on the other hand, no effect was

observed in the fibroblast cell line BJ-5ta (Fig. 2f). After 48 h of drug

treatment, the apoptotic process became more pronounced; in

particular, in A2058, the percentage of apoptosis reached 39% with

an 8-fold enhancement compared to untreated cells (Fig. 2d); in the

same conditions, SAN cells were more responsive, showing 71%

apoptosis (Fig. 2e). Concerning BJ-5ta, the increase in the

percentage of apoptosis induced by the 48-h treatment with

diclofenac was only 18%, with a modest 3-fold enhancement over

untreated cells (Fig. 2f).

The pro-apoptotic effect of diclofenac was also evaluated by

measuring the activity of caspase-3, the most important molecule

involved in the execution of apoptosis. In fact, when caspase-3 is

activated, the program for cell death becomes irreversible [23].

Hence, we have measured the caspase-3 activity in A2058, SAN and

BJ-5ta cell lines treated with 150 mM diclofenac for 24 h. The data

reported in Fig. 3 demonstrate that diclofenac induces an increase

of caspase-3 activity in both A2058 and SAN melanoma cell lines,

whereas no effect was detected for BJ-5ta. Also in this case the

Fig. 2. Cytotoxicity of diclofenac toward A2058, SAN and BJ-5ta cell lines. (a, b, c) Dose-dependent induction of apoptosis by diclofenac. A2058 (a), SAN (b) and BJ-5ta (c) cell lines

were incubated with the indicated concentrations of diclofenac and apoptosis was evaluated after a 24-h drug treatment. (d, e, f) Time-course of apoptosis by 150 mM diclofenac.

A2058 (d), SAN (e) and BJ-5ta (f) cell lines were treated with vehicle alone (white bars) or 150 mM diclofenac (black bars); apoptosis was evaluated after the indicated incubation

time and reported as a percentage. Data from triplicate experiments are reported as mean � SD. #P < .05 and *P < .01 compared to untreated cells.
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responsiveness of SAN was greater than that of A2058, thanks to an

initial lower level of this enzyme activity in untreated SAN cells.

To further investigate on the pro-apoptotic effect by diclofenac,

we have analyzed the protein levels of two members of Bcl-2

family, the anti-apoptotic Bcl-2 and the pro-apoptotic Bax [24,25],

and in particular we have evaluated the Bcl-2/Bax ratio, that

regulates the apoptotic process [26]. When A2058, SAN and BJ-5ta

cell lines were incubated with 150 mM diclofenac, a decrease in the

Bcl-2 protein levels was observed in both melanoma cell lines after

24 h; this reduction remained detectable in SAN cells even after

48 h of incubation (Fig. 4a, b). On the contrary, in nonmalignant

fibroblast cells BJ-5ta the Bcl-2 levels remained unchanged (Fig. 4a,

b). A different behavior was observed for the Bax protein; indeed,

its level increased in A2058 after 24-h and 48-h treatment with

diclofenac, whereas it remained unchanged in SAN; concerning BJ-

5ta, Bax decreased at 24 h and increased at 48 h (Fig. 4a, c).

However, the Bax level was better analyzed in comparison with

that of Bcl-2. For this reason, the ratio Bcl-2/Bax was measured and,

as shown in Fig. 4d, a reduction of this value was evident after 24-h

drug treatment in both A2058 and SAN. On the other hand, a small,

although significative increase of this ratio was evident after 24 h in

BJ-5ta fibroblast. Vice versa, no variation of the Bcl-2/Bax ratio was

observed after 48 h in all cell lines.

Fig. 3. Effect of diclofenac on the caspase-3 activity in A2058, SAN and BJ-5ta cell lines.

Cells were incubated for 24 h with vehicle alone (white bars) or 150 mM diclofenac

(black bars); caspase-3 enzymatic activity was reported as Arbitrary Units (AU). Data

from triplicate experiments are reported as mean � SD. #P < .05 and *P < .01 compared

to untreated cells.

Fig. 4. Effect of diclofenac on Bcl-2 and Bax protein levels of A2058, SAN and BJ-5ta cell lines. Cells were incubated with vehicle alone (white bars) or 150 mM diclofenac (black bars)

for 24 and 48 h. (a) Western blotting analysis was performed on total cellular extracts, using GAPDH and b-actin as loading control for Bcl-2 and Bax protein levels evaluation,

respectively. (b, c) Densitometric analysis of Bcl-2 and Bax protein levels. (d) Detemination of Bcl-2/Bax ratio. Data from three independent experiments are reported as mean � SD.
#P < .05 and *P < .01 compared to untreated cells.
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All these data confirm that the cytotoxic effect of diclofenac

must be ascribed to a pro-apoptotic process, mainly occurring in

the malignant melanoma cells.

3.3. Analysis of the intracellular ROS levels during diclofenac

treatment

It is known that NSAIDs affect the redox state of different cell

types [12,13,18]. Therefore, to get an insight on the mechanism of

diclofenac-induced apoptosis, we have measured, during cellular

drug treatment, the intracellular ROS production using the fluo-

rescent probes DHE, a probe that mainly detects the superoxide

anions, and DCFHeDA, a probe used for the evaluation of hydrogen

peroxide and other superoxide-derived ROS (Fig. 5). In particular,

when A2058 (Fig. 5a), SAN (Fig. 5b) and BJ-5ta (Fig. 5c) cells were

incubated with diclofenac and DHE at different times, a very early

increase of fluorescence intensity was observed only in the mela-

noma cell lines. On the contrary, in the fibroblast BJ-5ta, the drug

did not cause any significant increase of superoxide levels; rather,

a reduction of this radical species was evident after 15 min incu-

bation with diclofenac. Concerning the measurements of the

intracellular ROS levels with DCFHeDA, an increment of fluores-

cence intensity became evident only upon a longer incubation

with diclofenac in both A2058 (Fig. 5d) and SAN (Fig. 5e) cells;

Fig. 5. Effect of diclofenac on the intracellular ROS level. A2058 (a, d), SAN (b, e) and BJ-5ta (c, f) cell lines were incubated with vehicle alone (white bars) or 150 mM diclofenac (black

bars) for the indicated times. The intracellular ROS level was evaluated through the usage of the fluorescent probes DHE (a, b, c) or DCFHeDA (d, e, f). Fluorescence intensity was

reported as Arbitrary Units (AU). Data from triplicate experiments are reported as mean � SD. #P < .05 compared to untreated cells.

Fig. 6. Effect of diclofenac on SOD2 protein levels of A2058, SAN and BJ-5ta. Cells were incubated with vehicle alone (white bars) or 150 mM diclofenac (black bars) for 24 h and 48 h.

(a) Western blotting analysis was performed on total cellular extracts, using GAPDH as loading control. (b) Densitometric evaluation of three independent experiments reported as

mean � SD. #P < .05 compared to untreated cells.
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conversely, no increment of ROS levels was detectable during the

diclofenac treatment of BJ-5ta (Fig. 5f).

3.4. SOD2 levels during the diclofenac treatment

It is known that the mitochondrial SOD2 is the primary antioxi-

dant enzyme, protecting cells from oxidative injuries [27]. In

a previous work we showed that diclofenac caused a decrease of

SOD2 protein levels in the neuroblastoma cell line SHeSY5Y [13].

Therefore, we have evaluated if diclofenac affected the SOD2 levels in

SAN and A2058 cells, even considering the common neuro-

ectodermal origin of melanoma and neuroblastoma cell lines. Fig. 6

shows the SOD2 protein levels in the melanoma and nonmalignant

fibroblast cell lines treated with 150 mM diclofenac for 24 and 48 h. In

both melanoma cell lines a significant reduction of the SOD2 protein

level was evident after the 48-h treatment. On the other hand, the

diclofenac treatment didn’t cause any significant effect on SOD2

levels in BJ-5ta cells. Concerning the behavior of the Cu/Zn-SOD

(SOD1), no significant alteration of its protein level was observed

in A2058 cells treated with 150 mM diclofenac (not shown).

We have also evaluated if the reduction of SOD2 protein levels

during the diclofenac treatment was associated to a decrease of

enzyme activity in the melanoma cells. To this aim, mitochondrial

protein extracts were prepared from A2058, SAN and BJ-5ta cells

and incubated for 24 and 48 h in the absence or in the presence of

150 mM diclofenac. The values of SOD2 activity obtained after the

48-h treatment are shown in Fig. 7 and the data point to a signifi-

cant reduction of SOD2 activity in the extracts of both melanoma

cell lines treated with diclofenac; conversely, no reduction of SOD2

activity was observed in the extracts from BJ-5ta. The differences in

the reduction of activity between A2058 and SAN probably reflect

the different responsiveness of both melanoma cells and are

apparently in line with the previous data on SOD2 protein levels.

Concerning the data on the 24-h treatment, a slight reduction of

SOD2 activity was hardly observed only in the mitochondrial

extract from A2058 cells (not shown).

To further investigate if the reduction of SOD2 contributed to the

pro-apoptotic effect of diclofenac, the A2058 and SAN melanoma

cell lines were transfected with siRNAs specific for the SOD2

messenger. As shown in Fig. 8, the SOD2 silencing did not cause any

significant induction of the apoptosis in the absence of diclofenac.

On the other hand, in the presence of this drug, the SOD2 silencing

amplified the pro-apoptotic effect of diclofenac in both melanoma

Fig. 7. Effect of diclofenac on SOD2 activity. A2058, SAN and BJ-5TA cell lines were

incubated with vehicle alone (white bars) or 150 mM diclofenac (black bars) for 48 h.

SOD2 activity was measured in mitochondrial extracts through a spectrophotometric

method and reported as specific activity (U/mg). Data from triplicate experiments are

reported as mean � SD. #P < .05 compared to untreated cells.

Fig. 8. Amplification of the pro-apoptotic effect of diclofenac by SOD2 gene silencing in melanoma cells. A2058 and SAN were transfected with NS siRNA or SOD2 siRNA and, after

72 h from transfection, cells were incubated for additional 24 h with vehicle alone (white bars) or 150 mM diclofenac (black bars). Each sample was divided in two aliquots. (a) One

aliquot was used for the evaluation of the apoptosis by flow cytometry. The data from triplicate experiments were reported as a mean percentage� SD; #P < .05 and *P < .01 indicate

the statistical relevance of the comparisons. (b) Another aliquot was used for the evaluation of SOD2 protein levels by Western blotting analysis, using GAPDH and b-actin as loading

controls of total protein extracts from A2058 or SAN cells, respectively.
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cell lines. These findings could suggest that SOD2 plays a relevant

role in counteracting the pro-apoptotic effect of diclofenac, but is

probably dispensable when these stimuli are missing.

3.5. Effect of diclofenac on subcellular distribution of SOD2 and

cytochrome c, and activation of caspase-9

To better investigate on the mechanism by which diclofenac

induces apoptosis in melanoma cell lines, we have evaluated the

mitochondria involvement in this process, through the analysis of

the localization of some typical mitochondrial proteins, such as

cytochrome c and SOD2 (Fig. 9). Concerning cytochrome c, this

small protein is localized in the mitochondria and, upon some

death stimuli, translocates to cytosol, leading to caspase-9 activa-

tion [28,29]. Indeed, when A2058 cells were incubated with 150 mM

diclofenac for 24 h, cytochrome c translocated from mitochondria

to cytosol (Fig. 9a).

Regarding SOD2, this enzyme is considered as a typical mito-

chondrial marker [30,31], whereas its translocation from mito-

chondria to cytosol is less documented. Surprisingly, in A2058 cells

the diclofenac treatment altered the subcellular distribution of

SOD2, as clearly shown in Fig. 9a. Indeed, a significant amount of

SOD2 appeared in the cytosolic fraction at the expenses of an

almost corresponding reduction of this enzyme in the mitochon-

drial fraction. An identical behavior was observed upon treatment

of SAN cells with diclofenac, whereas no cytochrome c or SOD2

translocation occurred in BJ-5ta (not shown).

To further confirm the SOD2 cytosolic translocation after the

diclofenac treatment of melanoma cells, an immunofluorescence

procedure was used. As shown in Fig. 10, SOD2 localization was

followed by green fluorescence due to the secondary FITC antibody,

whereas mitochondria were stained with MitoTracker and visual-

ized by red fluorescence. The confocal images showed that in

untreated A2058, SAN and BJ-5ta cells, SOD2 was exclusively

present in the mitochondria, because only a merging yellow fluo-

rescence was evident. However, a different picture emerged when

these cells were incubated for 24 h with 150 mM diclofenac. In

particular, in A2058 and SAN cells, besides its normal localization in

mitochondria (yellow fluorescence), SOD2 was visualized also in

the cytosol (green fluorescence). On the other hand, SOD2 was

exclusively present in the mitochondria of BJ-5ta cells treated with

the drug.

It is known that caspase-9 activation is a typical event of the

intrinsic pathway of apoptosis [32]. Therefore, we have measured

the enzymatic activity of caspase-9 upon the diclofenac treatment.

The data shown in Fig. 11 indicate that the activity of caspase-9

underwent a significant enhancement in both melanoma cell

lines after 24-h incubation with 150 mM diclofenac. The higher

levels of activity reached by caspase-9 in A2058 with respect to SAN

cells reflect the higher initial level of this activity in untreated

A2058 cells. In the same conditions, no increase of caspase-9

activity was measured in the nonmalignant BJ-5ta cells. It is

worth mentioning that the responsiveness to the diclofenac treat-

ment was higher in SAN compared to A2058, as emerging by the

values of 4.3 and 2.2 measured as fold-induction over untreated

cells for SAN and A2058, respectively. Therefore, when considering

the different responsiveness of SAN and A2058 to diclofenac, the

results obtained with caspase-9 are in the same direction of the

previous data indicating an apoptosis induction, such as those

obtained with propidium iodide and caspase-3 assays. Collectively,

these results suggest that in melanoma cells diclofenac affects the

mitochondrial functionality, by inducing the apoptosis through the

intrinsic pathway.

4. Discussion

Melanoma is one of the most aggressive cutaneous cancers;

moreover, in last years, its incidence is growing remarkably and,

contrary to other neoplasms, a relatively younger population is

becoming affected by this tumor. Apoptosis represents an efficient

and physiological strategy through which the organism eliminates

neoplastic cells; however, melanoma cells, both in vivo and in vitro,

are quite refractory to apoptosis [33]. It is known that many

chemotherapeutic agents induce cell death in cancer cells through

an apoptotic mechanism. In the present work we have evaluated if

diclofenac, an anti-inflammatory agent even used as a coadjutant in

chemotherapy [34], may have cytotoxic effects in melanoma cells.

In a previous paper we showed that diclofenac had a pro-apoptotic

effect in the neuroblastoma cell line SHeSY5Y [13]; a similar action

by diclofenac was reported in other cancer cell lines [4,7,11,35,36].

In this paper we show that diclofenac is cytotoxic for A2058 and

SAN melanoma cells, whereas no significant effects were evident in

the nonmalignant fibroblast BJ-5ta. In particular, we have demon-

strated that, during the diclofenac treatment, the melanoma cells

die through an apoptotic mechanism, a process associated to other

events, such as increase of intracellular ROS levels, reduction of Bcl-

2/Bax ratio, mitochondrial release of cytochrome c, increase of

caspase-9 and -3 activity, reduction of SOD2 protein levels and

cytosolic translocation of this mitochondrial enzyme. The usage of

BJ-5ta as nonmalignant cell control, instead of a melanocyte cell

line, was suggested by the consistent and ubiquitous presence of

fibroblasts in any body tissue; therefore, in a therapeutic perspec-

tive, unspecific cell death should represent a more serious collateral

effect in ubiquitous cell types than in rare and specialized cell types,

such as melanocytes.

The morphological changes induced by diclofenac in A2058 and

SAN suggest that this drug induces cellular alterations typical of

cells undergoing apoptosis. This pro-apoptotic effect was selective

on malignant melanoma cells, because no significant morpholog-

ical alterations were evident in the fibroblast BJ-5ta. The increase of

PI incorporation and caspase-3 activity observed in melanoma cells

confirmed the susceptibility of A2058 and SAN to diclofenac.

Fig. 9. Effect of diclofenac on SOD2 and cytochrome c subcellular localization in

A2058. Cells were incubated for 24 h with vehicle alone or 150 mM diclofenac and then

the cytosolic and mitochondrial protein extracts were prepared. (a) Western blotting

analysis of the subcellular localization of cytochrome c and SOD2 was carried out,

using GAPDH or COX-4 as loading control of the cytosolic or mitochondrial fraction,

respectively. (b) Evaluation of the purity of subcellular fractions was monitored by

Western blotting, using b-actin or COX-4 as specific cytosolic or mitochondrial marker,

respectively.
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To investigate on the mechanisms involved in the cellular effects

induced by diclofenac, the expression profile of two members of

Bcl-2 family, the anti-apoptotic Bcl-2 and the pro-apoptotic Bax

was analyzed. It is known that Bcl-2 is actively involved in the

development of chemo- and radio-resistance [24,37,38] and its up-

regulation is associated to apoptosis resistance in many tumors,

especially melanomas [24,39]. Bax plays a key role in apoptosis by

acting on mitochondria permeability. In particular, this protein is

retained away from mitochondria through its interaction with

some anti-apoptotic Bcl-2 family proteins [26]. The decrease of Bcl-

2/Bax ratio in A2058 and SAN cells is indicative of the involvement

of these proteins in the pro-apoptotic effect of the drug on mela-

noma cell lines, even considering the slight increase of this ratio in

BJ-5ta. In particular, our data suggest that diclofenac treatment,

reducing the Bcl-2 protein levels in melanoma cell lines, affects the

capacity of Bcl-2 to interact with Bax and to block it.

Compared to nonmalignant counterparts, cancer cells usually

have higher intracellular ROS levels [40e42]. These highly reactive

molecules regulate cellular proliferation and eventually cooperate

to the oncogenic cell transformation [43]. On the other hand, ROS

are also involved in the activation of natural defences against the

appearance and propagation of neoplastic cells [44]. The observed

increase of intracellular ROS detected in both melanoma cells likely

contributes to the diclofenac-induced apoptosis. In particular, the

early increase of superoxide anions, deriving from the activity of

some enzyme systems involved in the detoxification of the drug

Fig. 10. Confocal images of SOD2 subcellular localization in melanoma and fibroblast cell lines upon diclofenac treatment. A2058, SAN and BJ-5ta cells were incubated for 24 h with

vehicle alone or 150 mM diclofenac. Mitochondria were stained with 90 nM MitoTracker Red for 1 h (red fluorescence); then, the SOD2 immunofluorescent staining (green

fluorescence) was performed using a polyclonal anti-SOD2 antibody, followed by FITC-conjugated antibody. The degree of spatial overlap in SOD2 distribution and MitoTracker Red

staining is shown by yellow fluorescence, corresponding to a superimposition of red and green images (merge). Arrows indicate the presence of SOD2 in the cytosol.
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[18], could, in turn, trigger the formation of other ROS at a later

stage. Hence, the increase of cellular ROS levels can affect the

mitochondrial function. Indeed, the uncoupling among the enzyme

systems involved in the mitochondrial electron chain transport

likely takes place, because of the typically known sensitivity to ROS

damage displayed by these macromolecular complexes. Because

SOD2 represents the major antioxidant enzyme in the mitochon-

dria, an efficient activity of this protein is required to counteract the

mitochondrial dysfunction induced by oxidative stress. Further-

more, in case of prolonged high ROS levels, a programmed cell

death becomes evident in various disease contexts [45]. Contro-

versial issues appeared on SOD2 involvement in neoplastic cells. In

some cases the expression level of SOD2 is high in aggressive

human tumors, and an increase of its enzymatic activity is associ-

ated to the resistance of some tumors to chemo- and radio-

therapies [46e49]. Under this concern, compounds causing

a specific down-regulation of SOD2 in neoplastic cells are attractive

molecules. In a previous work, we reported that diclofenac induces

an increase of ROS concomitant to a decrease of SOD2 levels in the

neuroblastoma cell line SHeSY5Y [13]. In this work, the decrease of

both SOD2 protein levels and enzymatic activity in melanoma cells

indicates that its reduction could represent another factor

rendering these cells more vulnerable to the diclofenac-induced

apoptosis respect to immortalized fibroblasts. In fact, an active

energy metabolism produces high ROS levels, especially superoxide

anions, in cancer cells; this constant oxidative stress condition

renders the neoplastic cells more dependent on SOD2 enzyme and

probably more susceptible to SOD2 modulators, respect to normal

cells [50]. Therefore, these data suggest that SOD2 could represent

a potential therapeutic target, because its inhibition contributes to

the induction of cell death in cancer cells. Moreover, in some cases

SOD2 exerts an anti-apoptotic role, demonstrated also by the

resistance to radiation-induced damage reported for cell lines

overexpressing SOD2 [51]. On the other hand, other issues attribute

an anti-oncogenic role to SOD2. For instance, overexpression of

SOD2 was associated to a regression of the neoplastic phenotype, as

well as to a decrease of the metastatic potential [52e55]. These

somehow controversial results are not surprising, because it is

important to note that an intracellular redox imbalance could affect

either the development or the regression of a malignant pheno-

type. All these observations promoted a further investigation on the

effect exerted by SOD2 in our experimental system. Indeed, when

SOD2 gene expression was silenced, the cytotoxic effect of diclo-

fenac was amplified in both A2058 and SAN cells, thus pointing to

the protective effect displayed by this antioxidant enzyme during

drug treatment. This result is in agreement with others studies in

which squamous cell carcinomas, transfected with an anti-sense

SOD2 and then inoculated into mice, proliferated more slowly in

the recipient mice; moreover, these latter also showed a longer life

span compared to controls [56].

The appearance of SOD2 in the cytosolic fraction of both mela-

noma cells after the diclofenac treatment, represents another

interesting and poorly documented issue of this work. However,

the presence of SOD2 in the cytosol could be a cause or a conse-

quence of the mitochondrial dysfunction induced by the drug.

Because SOD2 is enzymatically active only in the mitochondrial

compartment [57], the presence of an inactive SOD2 in the cytosol

could affect the cellular redox balance and then amplify the pro-

apoptotic effect of diclofenac. In fact, it was reported that sodium

selenite or bile salts provoke the cytoplasmic SOD2 localization,

thus contributing to the mitochondrial dysfunction [58].

Two different apoptotic pathways were essentially described:

an extrinsic pathway, promoted by death receptors, and an intrinsic

one, mediated by mitochondria. This organelle exerts a central role

in the control of the apoptotic process, mainly when cell death is

induced by drugs [59]. In fact, Bouchier-Hayes and colleagues [60]

assume that mitochondria can be considered as targets for phar-

macological intervention. Our data indicate that the observed pro-

apoptotic effect of diclofenac in melanoma cells is mediated

through the intrinsic mitochondrial pathway. Indeed, during the

diclofenac-induced apoptosis, a reduction of the Bcl-2/Bax ratio

and a translocation of both cytochrome c and SOD2 from mito-

chondria to cytosol take place. Moreover, these events are associ-

ated to a significant increase of caspase-9 activity in treated cells,

whose activation is notoriously mediated by the cytosolic trans-

location of cytochrome c [32].

In conclusion, our data suggest that diclofenac exerts its

cytotoxic effect targeting the mitochondria. In particular, the

increase of ROS levels, modulating the Bcl-2/Bax ratio [61], can, in

turn, provoke the cytosolic translocation of cytochrome c and then

caspase-9 activation. Furthermore, the reduction of SOD2 levels

and its appearance in the cytosol, together with the effects

described for the other parameters investigated, can be consid-

ered as signals of the mitochondrial dysfunction induced by

diclofenac in the melanoma cell lines. On the other hand, no

significant alteration of all these parameters was revealed in the

nonmalignant fibroblast cell line BJ-5ta, thus showing its lower

sensitivity to the pro-apoptotic effects of diclofenac. To this aim, it

has been reported that in some fibroblast cell lines, such as

a human dermal fibroblast [62] or the mouse fibroblast 3T3 [63],

lower levels were reported for the enzymes systems involved in

drug metabolization, a feature eventually explaining the different

resistance either among fibroblast and melanoma cells or among

various fibroblast lines.

Recently, many studies identified mitochondria as central players

in the process of neoplastic cellular transformation [42,64]. In fact,

these organelles are more numerous in cancer cells and this

circumstance leads to an increase of ROS levels; as a consequence,

a number of DNA mutations takes place, thus contributing to

exacerbate cell malignancy and to escape from senescence. Hence, it

is interesting to identify new drugs possessing anti-neoplastic

activity; in particular, these molecules should trigger the mito-

chondrion to produce further ROS, so to induce the selective death of

cancer cells. These drugs, associated to conventional treatments,

may amplify the therapeutic properties and circumvent a possible

chemoresistance; furthermore, these novel molecules could repre-

sent an alternative therapeutic strategy, when used in combination

Fig. 11. Effect of diclofenac on caspase-9 activity in A2058, SAN and BJ-5ta. Cells were

incubated for 24 h with vehicle alone (white bars) or 150 mM diclofenac (black bars);

caspase-9 enzymatic activity was reported as Arbitrary Units (AU). Data from triplicate

experiments are reported as mean � SD. #P < .05 and *P < .01 compared to untreated

cells.
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with inhibitors of proteins that modulate negatively apoptosis, such

as SOD2.
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Diclofenac, a nonsteroidal anti-inflammatory drug, induces apoptosis on the neuroblastoma cell line SH-SY5Y through a
mitochondrial dysfunction, affecting some antioxidant mechanisms. Indeed, the time- and dose-dependent increase of apoptosis
is associated to an early enhancement of the reactive oxygen species (ROS). Mitochondrial superoxide dismutase (SOD2) plays a
crucial role in the defence against ROS, thus protecting against several apoptotic stimuli. Diclofenac decreased the protein levels
and the enzymatic activity of SOD2, without any significant impairment of the corresponding mRNA levels in the SH-SY5Y
extracts. When cells were incubated with an archaeal exogenous thioredoxin, an attenuation of the diclofenac-induced apoptosis
was observed, together with an increase of SOD2 protein levels. Furthermore, diclofenac impaired the mitochondrial membrane
potential, leading to a release of cytochrome c. These data suggest that mitochondria are involved in the diclofenac-induced
apoptosis of SH-SY5Y cells and point to a possible role of SOD2 in this process.

1. Introduction

Reactive oxygen species (ROS), normally produced during
the aerobic metabolism, function as second messengers
involved in many cellular functions. On the other hand,
when ROS level increases because of oxidant treatments
and/or defective antioxidant systems, these highly reactive
compounds and radicals become dangerous toxic agents.
In fact, ROS may cause severe damages to several cellular
macromolecules, including proteins, lipids, and DNA, thus
contributing to the development of many pathological
conditions. Indeed several evidences have been reported,
indicating that the redox homeostasis is a finely regulated
mechanism involved in normal cellular functions and pre-
vention of several stress-associated pathologies [1].

Many drugs have toxic side effects, because they provoke
an imbalance of the intracellular ROS level. In the past,
cellular death due to a chemical injury was frequently
linked to a necrotic process; now, it is clear that the main
effect provoked by several drugs is the programmed cell
death [2]. Diclofenac, a nonsteroidal anti-inflammatory drug
(NSAID) widely used in clinical therapeutics, has cytotoxic
effects and induces apoptosis in many cultured cell lines
[3, 4]. This behaviour is common even to other NSAIDs
and some anticancer agents. Indeed, many experimental,
epidemiologic and clinical studies suggest that NSAIDs, and
in particular the highly selective cyclooxigenase-2 inhibitors,
could act as anticancer agents [5, 6]. It has been reported
that a combination of a specific NSAID and certain anti-
cancer drugs has potential clinical applications. For instance,
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diclofenac potentiates the chemotherapeutic effects of some
drugs in neuroblastoma cell lines [7]. However, little is
known about the effect of this NSAID on nervous cell lines
[8], because most of the studies on this compound regard
hepatic, gastric, or kidney cells [3, 4, 9]. In particular, ROS
are involved in the diclofenac-induced apoptosis of cultured
gastric cells as well as in nephrotoxicity in vivo [9, 10];
furthermore, an oxidative injury causes the mitochondrial
permeability transition in diclofenac-treated hepatocytes
[11]. However, the molecular mechanisms underlying the
induction of apoptosis by diclofenac have not been clarified
in neuronal cells.

In this paper, we have investigated the involvement of
mitochondrial dysfunction in the mechanism of diclofenac-
induced apoptosis in the neuroblastoma cell line SH-SY5Y.
In particular, we have analyzed the role of the manganese
superoxide dismutase (SOD2) in this process. SOD2 is a
key enzyme of the mitochondrial matrix involved in the
protection against oxidative stress, which converts the toxic
superoxide anions to hydrogen peroxide and molecular
oxygen. Numerous reports have demonstrated that SOD2
has an essential role in the protection against many apoptotic
stimuli [12–14]. In fact, in mice a partial deficiency of the
SOD2 gene (sod2(+/−)) increases the sensitivity to apoptosis
[15], whereas its overexpression has an antiapoptotic effect.
In particular, SOD2 is involved in the inhibition of the
mitochondrial permeability transition after cell treatment
with tumor necrosis factor-α or ionizing radiations [16–
18], and blocks the Fas-mediated apoptosis [19, 20]. Our
data show that the treatment of the neuroblastoma cell
line SH-SY5Y with diclofenac induces a decrease in SOD2
protein level and an increase of the ROS concentration. This
impaired redox balance predisposes the cell to apoptosis
through a mechanism involving the mitochondrial pathway.

2. Materials and Methods

2.1. Chemicals. RPMI 1640 medium, fetal bovine serum
(FBS), L-glutamine, penicillin G, streptomycin and trypsin
were purchased from Cambrex. Diclofenac was obtained
from Calbiochem. Rhodamine 123 (R123), dichlorofluo-
rescein diacetate (DCFH-DA), and propidium iodide were
purchased from Sigma. A protease inhibitor cocktail was
obtained from Roche Diagnostics. Polyclonal antibody
against human SOD2 was purchased from Upstate; poly-
clonal antibody against GAPDH was obtained from Cell
signaling; polyclonal antibody against β-tubulin, goat poly-
clonal antibody against Cox-4, monoclonal antibody against
cytochrome c, and each secondary antibody conjugated
to horseradish peroxidase were obtained from Santa Cruz
Biotechnology. Recombinant thioredoxin A2 from the hyper-
thermophilic archaeon Sulfolobus solfataricus (SsTrx) was
obtained as previously reported [21]. All other chemicals
were of analytical grade and were purchased from Sigma.

2.2. Cell Culture. The human neuroblastoma cell line SH-
SY5Y was obtained from American Type Culture Collec-
tion. SH-SY5Y cells were grown in RPMI 1640 medium

supplemented with 10% FBS, 2mM L-glutamine, 100 IU/ml
penicillin G, and 100 µg/ml streptomycin, in humidified
incubator at 37◦C under 5% CO2 atmosphere. They were
split and seeded in plates (75 cm2) every three days and used
for assays during exponential phase of growth.

2.3. Cytotoxicity Assay. An increasing concentration of
diclofenac was added to cultures, and cells were incubated
for different times. Cytotoxicity was quantitatively assessed
by measurements of lactate dehydrogenase (LDH) activity
released in the extracellular fluid from damaged or destroyed
cells [22]. Briefly, different aliquots of cell incubation media
were added to a 1-ml reaction mixture containing 0.1M
Tris-HCl, pH 7.5, 125 µM NADH, and incubated for 15
minutes at 30◦C. The reaction started with the addition of
600 µM sodium pyruvate and was followed by the decrease in
absorbance at 340 nm. The results were normalized to 100%
death caused by cell sonication.

2.4. Evaluation of Apoptosis. To determine the number of
apoptotic nuclei in diclofenac-treated cells, 3× 104 cells/well
were seeded into 96-well plates; at the end of each treatment,
cell suspensions were centrifuged and pellets were resus-
pended in a hypotonic lysis solution containing 50 µg/ml
propidium iodide. After incubation at 4◦C for 30 minutes,
cells were analysed by flow cytometry to evaluate the presence
of nuclei with a DNA content lower than the diploid [23].

2.5. Detection of Intracellular ROS Content. The intracellular
ROS level was detected using the oxidation-sensitive fluores-
cence probe DCFH-DA [11]. Briefly, cells were seeded into
6-well plate (3 × 105 cells/well) and treated with 150 µM
diclofenac for different times. DCFH-DA was added in the
dark at 10 µM final concentration 30 minutes before the
end of each incubation; then cells were collected, washed in
10mM sodium phosphate, pH 7.2 buffer containing 150mM
NaCl (PBS), and finally resuspended in 500 µL of PBS for the
fluorimetric analysis. Themeasurement of the ROS levels was
realised with a Cary Eclipse fluorescence spectrophotometer
(Varian). Excitation and emission wavelengths were 485 nm
and 530 nm, respectively; both excitation and emission slits
were set at 10 nm.

2.6. Reverse Transcriptase Polymerase Chain Reaction. For the
analysis of SOD2mRNA expression, total RNA was extracted
from 1 × 106 cells using a Trizol Reagent (Invitrogen)
as described by the manufacturer. The yield and integrity
of each RNA sample were checked spectrophotometrically
at 260 nm and by agarose gel electrophoresis, respectively.
Equal amounts of RNA (2–4 µg) were subjected to a
reverse transcriptase polymerase chain reaction (RT-PCR),
using a specific kit (Invitrogen) and random primers;
three dilutions of cDNA were amplified by PCR using Taq
DNA polymerase (Invitrogen). For DNA amplification of
both SOD2 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), the PCR program was 5 minutes initial denat-
uration at 95◦C, 20–23 cycles of amplification (95◦C, 1
minute; 50◦C, 1 minute; 72◦C, 1 minute), final extension
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step at 72◦C for 10 minutes. The following primers were
used: 5′d-TACGTGAACAACCTGAACGT-3′ (sense) and
5′d-CAAGCCATGTATCTTTCAGTTA (antisense) for SOD2;
5′d-CACCATCTTCCAGGAGCGAG-3′ (sense) and 5′d-
TCACGCCACAGTTTCCCGGA-3′ (antisense) for GAPDH.
The amplified cDNA products were analysed by agarose gel
electrophoresis. SOD2 PCR products were normalized to the
respective intensity of the house-keeping gene GAPDH.

2.7. Evaluation of Mitochondrial Membrane Potential. Mito-
chondrial membrane potential was evaluated by measuring
the incorporation of the fluorescent probe R123. Briefly,
cells were seeded into 6-well plate (3 × 105 cells/well),
incubated at 37◦C for 1 hour in the presence of 5 µM
R123, washed twice with PBS and placed in fresh complete
medium containing 150 µM diclofenac. After different times
of drug treatment, themediumwas withdrawn, and collected
cells were washed twice with PBS. After detachment with
trypsin, cells were harvested in PBS and centrifuged at
4◦C for 10 minutes. Following aspiration of supernatant,
the cellular pellet was resuspended in 500 µL of PBS.
The fluorescence of cell-associated R123 was measured in
the above-mentioned fluorescence spectrophotometer, using
excitation and emission wavelengths of 490 nm and 520 nm,
respectively; both excitation and emission slits were set at
10 nm. The fluorescence intensities were normalized versus
the cell number.

2.8. Total Cell Lysates and Western Blotting Analysis. SH-
SY5Y cells were plated at a density of 3 × 105 cells/well
in 6-well plates, and 150 µM diclofenac was added to the
cultures. After the drug treatment, cells were harvested,
washed with PBS, and then lysed in ice-cold modified
RIPA buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl, 1%
Nonidet P-40, 0.25% sodium deoxycolate, 1mM Na3VO4,
and 1mM NaF), supplemented with protease inhibitors and
incubated for 30 minutes on ice. The supernatant obtained
after centrifugation at 12,000× g for 30 minutes at 4◦C
constituted the total protein extract. Protein concentration
was determined by the method of Bradford [24], using
BSA as standard. Western blotting analysis was realised on
equal amounts of each total protein extract. Briefly, protein
samples were dissolved in SDS/reducing loading buffer, run
on a 14% SDS-PAGE, then transferred to Immobilon P
membrane (Millipore). The filter was incubated with the
specific primary antibody at 4◦C overnight and with the
horseradish peroxidase-linked secondary antibody at room
temperature for 1 hour. Membranes were then analyzed
by an enhanced chemiluminescence reaction, using Super
Signal West Pico kit (Pierce) according to the manufacturer’s
instructions; signals were visualized by autoradiography.

2.9. Subcellular Fractionation for Western Blotting Analysis
of Cytochrome c. SH-SY5Y cells were plated at a density of
2 × 106 cells/plate (75 cm2). After treatment with 150 µM
diclofenac, cells were harvested, washed in PBS, then
resuspended in buffer M (5mM Hepes, pH 7.4, 250mM
mannitol, 0.5mM EGTA, 0.1% BSA), supplemented with

protease inhibitors, and homogenized. The homogenate
was centrifuged at 800× g for 10 minutes at 4◦C, and
the supernatant was then centrifuged at 12,000× g for 30
minutes at 4◦C. The resulting pellet (mitochondrial fraction)
was resuspended in buffer M and the final supernatant
represented the cytosolic fraction. Protein concentration
was determined as previously indicated. Aliquots of both
fractions (cytosolic andmitochondrial) were used inWestern
blotting analysis for the cytochrome c localization.

2.10. Measurement of SOD Activity. SH-SY5Y cells were
plated at a density of 2 × 106 cells/plate (75 cm2) and,
after one-day plating, 150 µM diclofenac was added to the
cultures. Cells were then collected at different times as pre-
viously indicated and then centrifuged at 300× g at 4◦C for
5 minutes, washed once with PBS, and finally resuspended
in 50mM potassium phoshate, pH 7.8, containing 1mM
EDTA. The cellular suspension was sonicated, centrifuged
at 20,000× g at 4◦C for 30 minutes, and after protein
quantitation, the supernatant was used for an activity gel
assay. In particular, aliquots of cell extracts (50 µg) were
fractionated on a 10% polyacrylamide gel and SOD activity
was evaluated as previously described [25]. This method is
based on the inhibitory effect of SOD on the reduction of
nitro-blue tetrazolium by the superoxide anions generated by
the photochemical reduction of riboflavin; SOD is visualized
as a colourless band over a blue background.

2.11. Statistical Analysis. All results are presented as his-
tograms and data are the average ± SD of at least three
independent measurements. In particular, data were ana-
lyzed by one-way ANOVA, and differences were considered
significant when the corresponding P-values were < .05 in
the Bonferroni’s post-hoc test.

3. Results

3.1. Diclofenac-Induced Apoptosis in the Human Neuroblas-
toma Cell Line SH-SY5Y. To evaluate whether diclofenac had
cytotoxic effects on neuronal cells, the human neuroblas-
toma cell line SH-SY5Y was incubated for 24 hours with
increasing concentrations of diclofenac. Propidium iodide
incorporation followed by flow cytometric analysis showed
a dose-dependent increase of apoptotic nuclei with sub-
diploid DNA content (Figure 1(a)). The cytosolic enzyme
lactate dehydrogenase (LDH) has been already used as a
marker of cytotoxic injury [11]. Indeed, a significant increase
of LDH activity is typically found in culture media of cells
undergoing a disruption of plasma membrane. To this aim,
we have assayed the LDH activity in the culture media of
SH-SY5Y cells incubated up to 48 hours with increasing
concentrations of diclofenac. No significant release of the
intracellular LDH was observed up to 150 µM diclofenac
(not shown), which was taken as the maximal concentra-
tion of this compound not causing a significant cytotoxic
effect (MNTC). To analyse the time-dependent increase of
apoptosis, SH-SY5Y cells were exposed to 150 µM diclofenac
and analysed at different times. As shown in Figure 1(b), the
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Figure 1: Diclofenac-induced apoptosis in SHSY-5Y cells. (a)
SH-SY5Y cells were incubated with the indicated concentrations
of diclofenac and apoptosis was evaluated after a 24-hour drug
treatment. (b) SH-SY5Y cells were treated with vehicle alone (white
bars) or 150 µMdiclofenac (black bars) and apoptosis was evaluated
after the indicated incubation times. The percentage of apoptosis
was measured as described in Section 2.4; ∗P < .01 compared to
untreated cells.

apoptotic process was already evident after 8-hour treatment
and progressively increased up to 72 hours.

3.2. Effect of Diclofenac on the Intracellular ROS Level. It is
known that NSAIDs alter the redox state of different cell
types through an enhancement of intracellular ROS levels
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Figure 2: Effect of diclofenac on the intracellular ROS level. SH-
SY5Y cells were incubated with vehicle alone (white bars) or 150 µM
diclofenac (black bars) for the indicated times. The intracellular
ROS level was evaluated through the usage of the fluorescent probe
DCFH-DA, as described in Section 2.5. Fluorescence intensity was
reported as Arbitrary Units (AU); ∗P < .01 compared to untreated
cells.

[9–11]. Therefore, we have decided to investigate whether
diclofenac affects the intracellular ROS levels also in SH-
SY5Y cells, using the fluorescent probe DCFH-DA. Indeed,
when these cells were incubated with diclofenac and DCFH-
DA at different times, an early increase of the ROS level
was detected with respect to control cells; furthermore, ROS
production progressively continued at least up to 4 hours
(Figure 2).

3.3. Effect of Diclofenac on SOD2 Levels. As SOD2 is the
primary antioxidant enzyme in mitochondria protecting
cells from oxidative injuries, we have evaluated the role
exerted by this enzyme in SH-SY5Y cells in the course
of diclofenac treatment. To this aim, the dose- and time-
dependent effects of this drug on SOD2 protein levels of
SH-SY5Y cells were analysed in the experiments reported
in Figure 3. When these neuronal cells were incubated for
24 hours with increasing diclofenac concentrations, a dose-
dependent decrease of the SOD2 protein level was observed,
as evaluated by Western blotting using antibodies against
human SOD2 (Figure 3(a)). A similar picture emerged
when SH-SY5Y cells were incubated with 150 µM diclofenac
and analysed at different times. The decrease of SOD2
levels (Figure 3(b)) was evident after 24-hour treatment and
increased at 48 hours.

To investigate the possibility that the reduction of the
SOD2 protein levels corresponded also to a decrease in SOD
activity, the protein extracts obtained from cells incubated
with 150 µMdiclofenac were analysed at different times using
a SOD activity gel, which allows the detection of the activity
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Figure 3: Effect of diclofenac on SOD2 protein levels. (a) Dose dependence. SH-SY5Y cells were incubated with the indicated concentrations
of diclofenac for 24 hours. The SOD2 protein level was evaluated by immunoblotting; as a loading control, the same filter was probed
with anti-GAPDH antibody. (b) Time dependence. SH-SY5Y cells were incubated with vehicle alone or 150 µM diclofenac at the indicated
times and treated as indicated in (a). β-tubulin was used as house-keeping control. (c, d) Densitometry evaluation of three independent
experiments carried out as in (a) and (b), respectively; #P < .05 compared to untreated cells.

of both mitochondrial SOD2 and cytosolic SOD1. Inter-
estingly, the SOD2 activity decreased in a time-dependent
manner (Figure 4), thus indicating that the reduction of the
enzyme level caused a lower efficiency in the defence against
the superoxide anions. Vice versa, the activity of SOD1 was
not affected by the diclofenac treatment (not shown).

We also evaluated whether the diclofenac-induced
decrease of SOD2 levels/activity depends on a down-
regulation of the corresponding mRNA. To this aim, SH-
SY5Y cells were incubated in the presence or in the absence of
150 µMdiclofenac for 4, 8, and 24 hours. In order to evaluate
a possible regulation of the enzyme at transcriptional level,
after RNA extraction, a cDNA was obtained by reverse
transcriptase and used as a template in a PCR realised in
the presence of specific oligonucleotides for SOD2. The data
presented in Figure 5 indicate that the diclofenac treatment
did not significantly alter the mRNA levels of SOD2 at
all times investigated. A similar picture with proportionally
lower signals emerged when dilutions of the cDNA template

were used in the RT-PCR assay (not shown). These results,
together with the low number of amplification cycles used,
confirm that the employed PCR conditions fell in the linear
dose-response range.

3.4. Effect of a Heterologous Thioredoxin on the Antioxi-
dant Power of Diclofenac-Treated Cells. Thioredoxin (Trx),
a small (12 kDa) and ubiquitous protein involved in many
cellular functions, is a potent disulphide oxidoreductase
controlling the reduced state of intracellular proteins. The
crucial antioxidant power of Trx also takes advantage of its
ability to cross the cellular membrane; in fact, evidences
have been reported that Trx can be released from cells
[26–28] and even enter a living cell [29, 30]. Moreover,
endogenously produced or exogenously added Trx increases
the SOD2 expression in lung carcinoma [31] or neuronal
cells [32]. To this aim, the effect of TrxA2 from the
hyperthermophilic archaeon Sulfolobus solfataricus (SsTrx)
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Figure 4: Effect of diclofenac on SOD2 activity. (a) SH-SY5Y
cells were treated with vehicle alone or 150 µM diclofenac for
the indicated times. Total cell extracts were fractionated on a
nondenaturing polyacrylamide gel and SOD2 activity was evaluated
as described in Section 2.10. (b) Densitometry evaluation of three
independent experiments; ∗P < .01 compared to untreated cells.

on the reduction of SOD2 levels caused by diclofenac was
evaluated (Figure 6). When SH-SY5Y cells were treated with
150 µM diclofenac, the SOD2 protein level was significantly
reduced. The addition of increasing concentrations of SsTrx
allowed a restoration of the SOD2 level, thus counteracting
the effect of diclofenac. In particular, in the presence
of 10 µM SsTrx, the amount of SOD2 was even higher
compared to untreated cells. In a control experiment, the
addition of 10 µM SsTrx did not cause any significant
variation of the SOD2 level in the absence of diclofenac (not
shown).

The possible protective effect of SsTrx on the diclofenac-
induced apoptosis was also evaluated. As shown in Figure 7,
the addition of SsTrx partially reverted the programmed cell
death provoked by the drug. In particular, in the presence of
10 µM SsTrx, the apoptosis of the diclofenac-treated cells was
reduced at all times investigated.
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Figure 5: Analysis of SOD2 mRNA level in SH-SY5Y cells treated
with diclofenac. (a) Total RNA extracts from SH-SY5Y cells,
incubated with vehicle alone or 150 µM diclofenac for the indicated
times, were amplified by RT-PCR as indicated in Section 2.6 and
analysed on a 1% agarose gel. As a control, the amplification of
GADPH from the same extracts was carried out. (b) Densitometry
evaluation of three independent experiments.

3.5. Effect of Diclofenac on Mitochondrial Membrane Poten-
tial and Cytochrome c Localization. Loss of the membrane
mitochondrial potential occurs as an early event during the
apoptosis induced by specific stimuli in some cellular systems
[33]. To better evaluate the molecular mechanisms under-
lying the diclofenac-induced apoptosis in SH-SY5Y cells,
the efficiency of the mitochondrial function was evaluated
through measurements of its membrane potential, using the
fluorescent probe R123. It is known that this compound
crosses the mitochondrial membrane and accumulates into
the matrix, only when the transmembrane potential is
preserved; therefore, in case of a loss of the membrane
potential, the R123 fluorescence undergoes a significant
reduction [34]. As shown in Figure 8, the mitochondrial
incorporation of R123 in SH-SY5Y cells treated with 150 µM
diclofenac underwent a significant reduction compared to
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Figure 6: Effect of a heterologous thioredoxin on the reduced SOD2
protein level caused by diclofenac. (a) SH-SY5Y cells were incubated
for 24 hours in the absence or in the presence of 150 µM diclofenac
plus the indicated concentrations of SsTrx. The SOD2 protein level
was evaluated by immunoblotting. As a loading control, the same
filter was probed with an anti-β-tubulin antibody. (b) Densitometry
evaluation of three independent experiments; #P < .05 compared to
untreated cells; ∗P < .01 compared to diclofenac-treated cells.

that measured on untreated cells. This hypopolarization of
the mitochondrial membrane caused by diclofenac became
evident after 2-hour treatment and significantly increased
with the incubation time.

A deeper insight on the involvement of mitochondria
in the diclofenac-induced apoptosis was realised with a
Western blotting analysis aimed at the evaluation of the
cytochrome c release from mitochondria. In particular, the
detection of cytochrome c was carried out on both cytosolic
and mitochondrial protein fractions from SH-SY5Y cells
incubated in the absence or in the presence of 150 µM of
diclofenac at different times (Figure 9). Interestingly, the
cytochrome c was already present after a 8-hour incubation
mainly in the cytosolic fraction of diclofenac-treated cells;
moreover, the amount of this mitochondrial marker in the
cytosol significantly increased after a 24-hour treatment
(Figure 9(a)). This behaviour was confirmed by the con-
comitant analysis on the mitochondrial fraction, where a
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SsTrx. SH-SY5Y cells were incubated for the indicated times in
the absence (white bars) or in the presence of 150 µM diclofenac
without (black bars) or with 10 µM SsTrx (gray bars). The
percentage of apoptosis was measured as described in Section 2.4;
∗P < .01 compared to untreated cells or diclofenac treated cells;
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Figure 9: Effect of diclofenac on the subcellular distribution of cytochrome c. Cytosolic and mitochondrial fractions were prepared from
SH-SY5Y cells incubated in the absence or in the presence of 150 µM diclofenac for the indicated times. Distribution of cytochrome c (Cyt
c) in cytosolic (a) and mitochondrial (b) fraction was evaluated by immunoblotting. The same filters were also probed with anti-GAPDH
(a) or anti-COX-4 (b) antibodies as loading control in the cytosolic or mitochondrial extracts, respectively. (c, d) Densitometry evaluation
of three independent experiments carried out as in (a) and (b), respectively; ∗P < .01 and #P < .05 compared to untreated cells.

reduction of the cytochrome c level was observed in the
diclofenac-treated cells (Figure 9(b)). These data indicate
that cytochrome c is released from the mitochondria, as a
consequence of the diclofenac treatment of SH-SY5Y cells.

4. Discussion

In this paper we describe the effects of diclofenac on cultures
of the neuroblastoma cell line SH-SY5Y, thus extending to
this neuronal cell our knowledge on the possible toxicity of
this drug, already reported for gastric, hepatic, or renal cells.
Indeed, we present evidence that diclofenac induces apop-
tosis through a modulation of the mitochondrial function,
associated to an alteration of the redox homeostasis.

It is known that apoptosis is the primary cell death
induced by drugs [35] and that this process is mainly medi-
ated by the mitochondrial pathway [36, 37]. Here we show
that diclofenac induces apoptosis of SH-SY5Y cells in a time-
and concentration-dependent manner, thus suggesting that
this compound is somehow toxic even for a neuronal-type
cell. Previous pharmacokinetic studies demonstrated that the
blood level of diclofenac, on the basis of the therapeutic
doses used in patients (50–150 mg/day), ranges between
10 and 30 µM [38]. However, in some circumstances the
local concentration of the drug might increase. In particular,
diclofenac concentration increases as a consequence of long-
term treatments, overdosing, limited clearance, and so forth,
as previously reported [39–42]. For these reasons, in our
in vitro studies we have used a diclofenac concentration of
150 µM, because this value corresponded to the maximal
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concentration of this compound not causing cytotoxicity, as
determined by cytotoxicity assays on SH-SY5Y cells. In the
light of the large therapeutic usage of diclofenac, these data
are more relevant because of the known ability of this drug
to cross the blood-brain barrier [43]. Apoptosis is regulated
by many signals and metabolic events, and the cellular redox
state plays a critical role in this process. Indeed, several data
showed that ROS, mainly produced by mitochondria, are
involved in the programmed cell death through an induction
of the oxidative stress [44]. In particular, an increased ROS
level frequently represents a triggering event upstream of
the mitochondrial membrane depolarization, cytochrome c
release, caspase activation, and nuclear fragmentation [45].
An alteration of the ROS levels was already demonstrated
in diclofenac-induced apoptosis in gastric and renal cells
[9, 10]. Also in our neuronal cell system diclofenac provokes
an early and significant increase of the intracellular ROS
levels.

These results prompted us to evaluate the downstream
effects of altered ROS levels in the course of diclofenac
treatment of SH-SY5Y cells. Under this concern, SOD2
represents the major antioxidant enzyme in mitochondria,
where the intense cellular respiration may produce a large
amount of ROS. Therefore, an efficient SOD2 activity
is required to counteract the mitochondrial dysfunction
induced by an oxidative stress, which could lead to the
programmed cell death usually observed in various disease
contexts [46]. The antiapoptotic role of SOD2 is even
demonstrated by the resistance to the radiation-induced
damage reported for cell lines overexpressing SOD2 [47].
Our data on SH-SY5Y cells show that diclofenac impairs
SOD2 functions, thus suggesting that this enzyme is involved
in the apoptotic mechanism induced by the drug. In
particular, this process is associated to a significant and
concomitant reduction of both protein level and enzymatic
activity of SOD2, whereas RT-PCR experiments showed
that the corresponding mRNA levels are not affected by
the diclofenac treatment. Therefore, a transcriptional regu-
lation of the SOD2 gene by diclofenac could be excluded;
probably, an increased degradation of the protein levels
could explain the reduced activity of the enzyme. The
behaviour of SOD2 in the diclofenac response was com-
pared with the effects reported for other compounds in
various experimental systems. For instance, stautosporine,
a protein kinase inhibitor, did not affect the mRNA levels
of SOD1 and SOD2, but decreased protein and activity
levels of both enzymes [48]. Other authors reported that
SOD2 is degraded by caspases in Jurkat T cells, following
oligomerization of the Fas receptor [20]. On the other
hand, in rat astrocytes the lipopolysaccharide induced an
increase of SOD2 mRNA, but not of the SOD2 protein [49].
These observations confirm the regulation of SOD2 func-
tions following a drug treatment; however, the differences
observed among the various experimental systems indicate
that the SOD2 response is a multifactorial process only
poorly clarified.

It is known that the induction of SOD2 can be mediated
by various macromolecules, such as interleukyn-1 [50],
lipopolysaccarides [51], and tumor necrosis factor-α [52];

furthermore, thiol-reducing agents can affect SOD2 biosyn-
thesis, as demonstrated by the enhanced SOD2 expression
caused by thioredoxin, a potent disulfide oxidoreductase
[31]. In this paper, the addition of a heterologous thiore-
doxin to diclofenac-treated cultures of SH-SY5Y led to an
enhancement of the SOD2 levels, as well as to a reduction
of the apoptosis. This result confirms the involvement of
SOD2 in the apoptotic processes induced by the drug
and suggests that an archaeal thioredoxin is active also in
human cells. Furthermore, we can speculate on a possible
functional interaction between heterologous components of
the thioredoxin system, because purified archaeal SsTrx was
added in its oxidised inactive form; its conversion to the
reduced active form involves a reaction putatively catalysed
by the human thioredoxin reductase.

The increased ROS level, the low functionality of the
mitochondrial antioxidant enzyme SOD2, together with
a partial recovery of SOD2 properties by a heterelogous
thioredoxin, strongly suggest the involvement of mitochon-
dria in the diclofenac-induced apoptosis of SH-SY5Y cells.
This hypothesis was confirmed by measurements of the
mitochondrial membrane potential. Indeed, an excessive
production of ROS and a decrease in SOD2 levels contribute
to the mitochondrial dysfunction. In particular, after a
significant loss of the mithocondrial membrane potential,
apoptosis-inducing factors are released from the mitochon-
dria, thus leading to the activation of the caspase cascade,
and ultimately to nuclear condensation [44, 45, 53, 54]. Also
in our system, the diclofenac treatment induces an early
mitochondrial hypopolarization, correlated to an increase of
the intracellular ROS levels, both events representing typical
features of the onset of mitochondrial apoptosis. Another
crucial marker of the intrinsic apoptosis is the cytocrome c
release from the mitochondria, as a consequence of mem-
brane depolarization. Our data showed that cytochrome c
translocates from the mitochondria to the cytosol during the
diclofenac treatment of SH-SY5Y cells. This finding, together
with the mitochondrial membrane depolarization, provides
a more direct link between mitochondria and diclofenac-
induced apoptosis, thus confirming that the programmed
cell death in SH-SY5Y follows the mitochondrial path-
way.

The results obtained in this work could be relevant for
a deeper insight on the therapeutic usage of diclofenac,
pointing to the oxidative damage related to its cytotoxic
effect. In particular, the involvement of the main antioxidant
mitochondrial enzyme in the apoptotic process may suggest
the use of SOD2 small interfering RNA in combination with
diclofenac, in order to improve the treatment of cancer, such
as neuroblastoma. On the other hand, diclofenac, because
of its ability to alter the cellular redox state of neuronal
cells, could be considered a neurotoxic compound. Under
this concern, previous studies showed that diclofenac and
indomethacin, another NSAID, enhance the effects of some
neurotoxins on PC12 cells [55] and that diclofenac inhibits
the proliferation and differentiation of neuronal stem cells
[8]. Our results on the protective effects of SsTrx open some
perspectives on the possible counteraction of the side effects
caused by diclofenac.
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