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BACKGROUND AND PURPOSE

PD5 inhibitors have recently been reported to exert beneficial effects against ischaemia—reperfusion injury in several organs.
However, there are few studies regarding their neuroprotective effects in brain ischaemia. The present study was designed to
assess the effects of sildenafil against chemical hypoxia induced by malonate. Intrastriatal injection of malonate produces
energy depletion and striatal lesions similar to that seen in cerebral ischaemia through mechanisms that involve generation of
reactive oxygen species (ROS).

EXPERIMENTAL APPROACH

Volume lesion was analysed by cytochrome oxidase histochemistry. Generation of reactive species was determined by in situ
visualization of superoxide production and nitrotyrosine measurement. Protein levels were determined by Western blot after
subcellular fractionation.

KEY RESULTS

Sildenafil, given 30 min before malonate, significantly decreased the lesion volume in the rat. This protective effect cannot
be attributed to any effect on ROS production but to the inhibition of downstream pathways. Thus, malonate induced the
activation of apoptosis signal-regulating kinase-1 (ASK1) and two MAPK kinases, MKK3/6 and MKK?7, which lead to an
increased phosphorylation of [NK and p38 MAPK, effects that were blocked by sildenafil. Selective inhibitors of p38 and JNK
(SB203580 or SP600125, respectively) were used in combination with malonate in order to evaluate the plausible implication
of these pathways in the protection afforded by sildenafil. While inhibition of p38 provided a significant protection against
malonate-induced neurotoxicity, inhibition of JNK did not.

CONCLUSIONS AND IMPLICATIONS
Sildenafil protects against the chemical hypoxia induced by malonate through the regulation of the ASK1-MKK3/6-p38/MAPK
signalling pathway.

Abbreviations
ASK1, apoptosis signal-regulating kinase 1; MAPKKs, MAPK kinases; PKG, cGMP-dependent protein kinase; ROS,
reactive oxygen species; SAPKs, stress-activated protein Kinases; SDH, succinate dehydrogenase
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Introduction

PDES is a selective enzyme that catalyses the breakdown of
cGMP (Bender and Beavo, 2006) and has been found in
several tissues and some brain regions (Bender and Beavo,
2004). PDES inhibitors, such as sildenafil, were initially
approved for the treatment of erectile dysfunction and nowa-
days also for pulmonary arterial hypertension (Galie et al.,
2005), due to their vasodilatory effects resulting from the
activation of cGMP-dependent protein kinase, PKG (Archer
et al., 1994). During the last few years, sildenafil has also been
reported to exert beneficial effects against endothelial dys-
function induced by stroke in humans (Gori et al., 2005) and
protects against ischaemia-reperfusion injury in the heart of
rodents (Kukreja et al., 2004; Salloum et al., 2007) and other
organs such as the intestine (Soydan et al., 2009), colon (Irko-
rucu et al., 2009), testicles (Beheshtian et al., 2008), kidney
(Lledo-Garcia et al., 2009) or spinal cord (Kiymaz et al., 2008).
Furthermore, in preclinical studies of stroke models with
young and aged rats, delayed treatment with PDES inhibitors
increased neurogenesis, angiogenesis and synaptogenesis,
and improved functional outcomes compared with placebo
(Zhang et al., 2005; 2006; Ding et al., 2008; Menniti et al.,
2009). Based on these findings, safety studies in ischaemic
stroke patients are being conducted prior to investigating the
neurorestorative properties of sildenafil in humans (Silver
et al., 2009).

Despite all these evidences, there are very few studies
regarding the mechanism underlying the effects exerted by
sildenafil in brain ischaemic stroke models. The present study
was, therefore, undertaken to assess the plausible neuropro-
tective effects of sildenafil in a model of chemical hypoxia.
For this, we used malonate, a reversible inhibitor of succinate
dehydrogenase (SDH). Intrastriatal administration of this
mitochondrial toxin produces both energy depletion and stri-
atal lesions that share many features with those that accom-
pany focal ischaemia (Schulz et al., 1998). The mechanisms of
malonate-induced neuronal cell death comprise the genera-
tion of reactive oxygen species (ROS), secondary excitotoxic-
ity and apoptosis (Greene and Greenamyre, 1996; Dedeoglu
et al., 2002). Oxidative stress is known to activate specific cell
signalling pathways, such as MAPKs, which contribute to the
cellular damage seen after brain ischaemic insults (Saito et al.,
2005; Yanagisawa et al., 2008). Among them, JNK and p38
MAPK, also known as stress-activated protein kinases (SAPKs),
have recently been implicated in the toxic effects of malonate
as well (Asanuma et al., 2004; Gomez-Lazaro et al., 2007).

Based on these premises, we focused our study on the
effects of sildenafil on the intracellular signalling pathways
activated by oxidative stress after a malonate-induced chemi-
cal hypoxia.

Methods

Drugs and chemicals

Sodium malonate dibasic monohydrate was from
Sigma-Aldrich (Madrid, Spain); 1-[4-ethoxy-3-(6,7-dihydro-
1-methyl-7-o0x0-3-propyl-1H-pyrazolo [4,3-d]pyrimidin-5yl)
phenylsulfonyl]-4-methylpiperazine citrate (sildenafil citrate,
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Viagra™) was from Pfizer (New York, NY, USA) and 4-[5-(4-
Fluorophenyl)-2-[4-(methylsulphonyl)phenyl]- 1H-imidazol-
4-yl]pyridine hydrochloride (SB203580 hydrochloride) and
Anthra[1-9-cd]pyrazol-6(2H)-one (SP600125) were purchased
from Tocris (Biogen Cientifica SL, Madrid, Spain).

Animals, treatments and experimental design
All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). Experi-
ments were carried out in male Wistar rats (220-270 g; Harlan
Iberica, Barcelona, Spain). Rats (four per cage) were housed in
constant conditions of humidity and temperature (22 + 1°C)
with a 12 h/12 h light-dark cycle (lights on at 7:00 h). Food
and water were available ad libitum. The experiments were
performed after approval of the protocol by the institutional
Ethics Committee, in accordance with the law in force (Euro-
pean Directive 86/609/EEC and Real Decreto 1201/2005), fol-
lowing the Research Council’s Guide for the Care and Use of
Laboratory Animals. All efforts were made to minimize
animal suffering and to reduce the number of animals used in
the experiments.

Rats were anaesthetized with sodium pentobarbital
(60 mg-kg™' i.p.) and placed in a Kopf stereotaxic frame, with
the incisor bar set at 3.3 mm below the interaural line. The
skull was exposed, bregma pointed, and two holes were
drilled at coordinates according to the atlas of Paxinos and
Watson (1997): +0.6 mm AP, = 3 mm ML. Animals were
injected with 2 pL of malonate, SB203580 or SP600125 using
a 10 uL Hamilton syringe with a 26-gauge needle lowered
5.5 mm from the skull. After injection, the needle was left in
place for 2 min to allow complete diffusion of the injected
volume. The body temperature of the animals was kept con-
stant at 37°C using an electric blanket during surgery and
until recovery. Animals were housed individually until they
completely recovered from the anaesthesia.

In a first set of experiments, malonate (1.5 umol in 2 uL,
pH 7.4-7.6) or PBS was infused into the striatum, and animals
were killed at different time points (10 min, 30 min, 1, 3, 6 or
9 h) for Western blot analysis. In a different set of experi-
ments, rats were orally administered with saline or sildenafil
(1.5 mg-kg™) 30 min before malonate injection and killed 6 h
or 72 h after treatment for Western blot and histochemistry
analysis.

Solution of sildenafil was prepared as previously described
(Puerta et al., 2010) by grinding Viagra™ tablets into powder
and dissolved in distilled water. The drug solution was filtered
(0.45 um pore size) before oral administration. Dose was
chosen to simulate the dose for a patient with 70 kg body
weight after orally taking a 20 mg tablet of Viagra™ accord-
ing to Reagan-Shaw et al. (2008) and is the same dose that has
been shown to induce cardioprotection against ischaemia-
reperfusion injury (Das et al. 2004) and to exert neuroprotec-
tive effects against other neurotoxins (Puerta et al., 2009;
2010).

In a different set of experiments, SP600125 (1 nmol in
2 uL, pH 7.4-7.6 in DMSO 1%) or SB203580 (1 nmol in 2 pL,
pH 7.4-7.6 PBS), alone or in combination with malonate
(1.5 umol), was injected into the striatum and animals were
killed 6 h or 72 h after treatment.
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Cytochrome oxidase histochemistry and
analysis of lesion size

Seventy-two hours after treatments, rats were killed, and
brains were frozen immediately on dry ice and then sectioned
(25 um) on a cryostat. Every second section throughout the
extent of the lesion was mounted on a polylysine-coated
slide. Incubation medium consisted of 5 mg cytochrome ¢
and 30 mg 3,3’-diaminobenzidine in 50 mL of 0.1 M phos-
phate buffer, pH 7.4. Slides were incubated for 90 min at 37°C
and then removed to 4% neutral, buffered paraformaldehyde
for 10 min. Sections were rinsed with distilled water, dehy-
drated, cleared in xylene and coverslipped (Goni-Allo et al.,
2005). The lesioned area on each section was quantified using
a video-based MCID image analysis system (Imaging
Research, St. Catherines, Ontario, Canada). Area measure-
ments were summed and multiplied by intersectional dis-
tance (50 um) to determine lesion volume.

In situ detection of superoxide production

In situ visualization of superoxide production was assessed by
hydroethidine histochemistry as previously described (Kim
and Chan, 2002). Rats were administered with sildenafil
30 min prior malonate intrastriatal administration. Two
hours later, 200 uL of PBS containing 1 mg-mL™ hydroethi-
dine (Molecular Probes, Invitrogen, Carlsbad, CA, USA) and
1% DMSO was administered through the carotid artery.
Brains were collected 30 min later and frozen on dry ice.
Midbrain sections (25 pm thick) were mounted onto gelatin-
coated glass slides. Sections were incubated with DAPI
(Merck, Darmstadt, Germany) in PBS for 15 min in a dark
chamber and then were rinsed in distilled H,O and mounted
with Aquamount (Shandon, Pittsburgh, PA, USA). Hydro-
ethidine’s oxidation product, ethidium accumulation, was
examined by fluorescence microscopy (excitation 510 nm,
emission 580 nm) and was quantified using the image analy-
sis software AnalySISD 5.0 (Soft Imaging System, Olympus,
Miinster, Germany).

Nitrotyrosine (NT) measurement

For NT measurement, rats were orally administered with
saline or sildenafil (1.5 mg-kg™") 30 min before malonate
injection and were killed 72 h later. Striatal homogenates
were prepared in PBS containing a protease inhibitor cocktail
set (Calbiochem, Darmstadt, Germany), 0.5% Nonidet P-40,
0.5% sodium deoxycholate and 0.1% SDS. The homogenates
were centrifuged at 10 000x g for 10 min, and the superna-
tants were assayed for NT content using a Nitrotyrosine ELISA
Kit (Hycult Biotechnology b.v., Uden, the Netherlands)
according to the manufacturer’s instructions.

Subcellular fractionation and Western

blot analysis

For Western blot analysis, animals were killed by decapita-
tion; brains were rapidly removed, placed on ice and 2 mm
thick tissue section was taken (approximately 1 mm to either
side of the injection zone). Striatal tissue was dissected out
and fractionated into cytosolic and nuclear fractions accord-
ing to established protocols (Garcia-Osta et al., 2004; Vijay-
vergiya et al., 2005; Pallotti and Lenaz, 2007), with some
modifications. Briefly, tissues were gently homogenized by 20
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strokes in a glass-Teflon Potter homogenizer on ice in 200 uL
of buffer A (10 mM Tris, pH 7.4, 320 mM sucrose, 1 mM
EDTA, 1 mM DTT, and 1 mg-mL™" fatty-acid-free BSA) con-
taining phosphatase inhibitors (Phosphatase Inhibitor Cock-
tail I, Sigma-Aldrich) and protease inhibitors (Protease
Inhibitor Cocktail Set I, Animal-Free Aprotinin, Calbiochem).
Homogenates were then centrifuged at 1500x g for 5 min at
4°C. Supernatants were centrifuged at 100 000x g for 1 h at
4°C and saved as cytosolic (5100) fractions. Pellets were resus-
pended in 80 uL of Buffer B (150 mM NaCl, 10 mM Tris,
pH 8.5, 1.5 mM MgCl,, 0.5% Nonidet, 1 mM DTT, containing
phosphatase and protease inhibitors) and were centrifuged
twice at 1500x g for 5 min at 4°C to obtain the nuclear
fraction. To verify the relative subcellular purification, each
fraction was subjected to Western blotting for Thioredoxin 1
as a cytosolic marker using a rabbit monoclonal antibody
anti-Thioredoxin I (2298; Cell Signaling Technology, Beverly,
MA) and Lamin A/C as a nuclear marker using a rabbit
monoclonal antibody anti Lamin A/C (2032 Cell Signaling
Technology).

For DARPP-32 determinations, tissues were homogenized
as previously described (Goni-Allo et al., 2008) to obtain
whole cell extracts. Finally, protein was determined by Brad-
ford protein assay (Bio-Rad, Hercules, CA, USA).

Proteins (20 pug) were separated by electrophoresis on a
SDS-PAGE under reducing conditions. Membranes were
probed using anti-DARPP-32 (AB1656, Chemicon, Millipore,
Billerica, MA, USA); anti-p38 MAPK, anti-pASK1 (Ser®®), anti-
p-cjun (Ser®®, anti-JNK (56G8), anti-pJNK, anti-Lamin A/C,
anti-pMKK3/MKK6, anti-pMKK7 (9212, 3761, 9261, 9258,
9251, 2032, 9231, 4171, respectively, Cell Signaling Technol-
ogy); anti-pp38 MAPK (1229-1; Epitomics, Burlingame, CA,
USA), 1/1000 dilution or anti-B-actin monoclonal antibody
(A1978; Sigma), 1/10 000 dilution. Blots were visualized using
a chemiluminescense ECL Western blotting detection reagent
(Amersham, Buckinghamshire, UK). Band intensity was esti-
mated densitometrically on a GS-800 calibrated densitometer
(Bio-Rd One). Note that blots were stripped and re-probed
when necessary.

Data analysis

Results were expressed as mean = SEM Comparisons among
groups were made using Student’s t-test or one-way ANOvVA
followed by Tukey’s test for multiple group comparisons.
Treatment differences were considered statistically significant
at P < 0.05. Data analyses were performed using the Statistical
Program for the Social Sciences (SPSS for Windows, 15.0;
SPSS, Chicago, IL, USA).

Results

Sildenafil prevents striatal lesions caused by
malonate independent of ROS generation

To investigate the neuroprotective effects of sildenafil against
neuronal death-induced by malonate, rats were administered
with sildenafil (1.5 mg-kg™ p.o.) 30 min before striatal stere-
otaxic injections of 1.5 umol of malonate. Seventy-two hours
later, rats were killed and tissue was prepared for histochem-
istry and Western blot analysis. As shown in Figure 1A,
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Figure 1

Neuroprotective effect of sildenafil against malonate injection. Sildenafil (1.5 mg-kg™' p.0.) was administered 30 min before intrastriatal administra-
tion of malonate (1.5 umol/2 puL). Rats were killed 72 h later. (A) Representative cytochrome oxidase-stained slices and quantification of malonate-
induced striatal lesions (mm?) show that the neurotoxic effect of malonate is attenuated by sildenafil. Data are mean = SEM (n = 9-13 animals per
group). [tee = 6.233, P < 0.001]. (B) Quantitative measurement of DARPP-32 levels and representative Western blots showing DARPP-32 protein
bands at 32 kDa. B-actin was used as equal loading control. Data are mean = SEM (n = 5-8 animals per group). [F3,20 = 7.516, P < 0.01]. ***P <
0.001 versus sham, P < 0.01 versus malonate. (C) Effect of sildenafil on malonate induced superoxide production. Quantitative measurement of
fluorescence levels (bottom) and representative photomicrographs showing fluorescent ethidium signals (red) in the striatum 2.5 h after malonate
injection. (D) Effect of sildenafil on malonate-induced nitrotyrosine (NT) formation in the striatum 72 h after treatments. Results are mean = SEM,
n = 5-8. Statistical analysis yielded the following result: [Fs 23 = 5.726;P < 0.01]. Different from the corresponding sham group: *P < 0.05.
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malonate produced a large striatal lesion that was reverted by
sildenafil. Protective effect of this PDES inhibitor was further
confirmed by Western blot analysis of striatal DARPP-32
protein levels. DARPP-32 is a marker of medium spiny
GABAergic neurons, the dominant population of neurons in
the striatum and the most vulnerable to excitotoxic lesions
(Martinez-Serrano and Bjorklund, 1996). As depicted in
Figure 1B, malonate produced a consistent loss of striatal
DARPP-32 protein levels that was significantly prevented by
sildenafil.

It has been suggested that ROS generation by malonate
plays a key role in the mechanisms underlying neurotoxicity
(Fernandez-Gomez et al., 2005). We hypothesized, therefore,
that protection afforded by sildenafil could be due to the
inhibition of ROS production. Analysis of superoxide
radical production using hydroethidine in situ detection
revealed that in saline-injected rats, striatal superoxide and
superoxide-derived oxidant production was minimal (data
not shown). In contrast, ethidium fluorescence was increased
2.5 h after malonate injection, an effect not prevented by
sildenafil (Figure 1C). This was further confirmed when stri-
atal levels of NT, a highly reactive anion formed in the reac-
tion of NO with superoxide radicals (Ischiropoulos and
al-Mehdi, 1995), were measured 72 h after malonate injec-
tions (Figure 1D).

Malonate activates the ASK1/MAPKKs
pathway: Effect of sildenafil
As sildenafil failed to block malonate-induced ROS produc-
tion, we wondered whether sildenafil could be modulating
ROS activation of the SAPKs pathway. Recent studies have
shown that ASK1 is selectively required for sustained activa-
tion of the p38 and JNK SAPK induced by oxidative stress
(Tobiume et al., 2001). Among the variety of ASK1 regulators,
Akt is known to phosphorylate ASK1 on the serine 83, which
is associated with a decrease in its kinase activity (Kim et al.,
2001). Since sildenafil has been shown to activate Akt (Puerta
etal., 2009), we investigated the phosphorylation status of
ASK1 at Ser®*. Western blot analysis showed that malonate
significantly decreased the inhibitory phosphorylation of
ASK1, effect that was prevented by sildenafil (Figure 2A).
Once activated, ASK1 phosphorylates the MAPK kinases
MKK7 and MKK3/MKK6, which, in turn, promote JNK and
p38 kinase activities respectively (Ichijo, 1997). As shown in
Figure 2B, levels of p-MKK3/6 and p-MKK7 were significantly
increased 6 h after malonate administration, an effect that
was significantly decreased by sildenafil.

Time course activation of SAPKs pathway
after malonate
Based on our results and those reported by others (Asanuma
etal., 2004; Gomez-Lazaro etal., 2007), we examined the
time course activation of JNK and p38 after malonate injec-
tions in nuclear and cytosolic fractions.

p38 MAPK is activated following phosphorylation at
Thr'®/Tyr'8? by upstream MAPKKs. Upon activation, it trans-
locates to the nucleus where it interacts with its targeted
transcription factors (Raingeaud et al., 1996). As shown in
Figure 3A, malonate activated p38 in a time-dependent
manner. In particular, p-p38 and total p38 levels were signifi-
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Figure 2

ASK1 activation is inhibited by sildenafil. (A) Quantitative measure-
ments of optical density (O.D.) of p-ASK1 (Ser®®). [Fs21)=9.505,
P < 0.001]. (B) Quantitative measurements of Western blot analysis of
the phosphorylation status of the p38-activating kinases MKK3 and
MKK6 and the JNK-activating kinase MKK7. Note that values from
sham and sildenafil groups were so weak that were not taken into
account for quantitative measurement. Statistical analysis yielded the
following results: for p-MKK3/6 [t42 = 6.778, P < 0.001] and p-MKK7
[taoy=2.829, P < 0.05]. Results are mean + SEM, n = 5-8. Different
from the corresponding sham group: **P < 0.01. Different from
malonate-only animals: 8P < 0.05; %8P < 0.001. (C) Representative
blots showing that sildenafil reverted malonate-induced alterations
on the phosphorylation status of ASK-1, MKK3/6 and MKK7.
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Figure 3

Time course activation of SAPK induced by malonate. Animals were
killed at different time points after intrastriatal injection of malonate
(1.5 umol/2 pL). (A) Malonate induces p38 translocation to the
nucleus in a time-dependent manner. Representative Western blots
of cytosolic and nuclear fractions. $-actin and lamin A/C were used as
equal loading control (n=5 per group). (B) Representative Western
blots showing the time course expression levels of p-JNK in the
cytosol after malonate administration (n =15 per group). (C) Repre-
sentative blots showing the purity of our samples.

cantly decreased in the cytosolic fraction by 30 min after
malonate injections, whereas the opposite was found in the
nuclear fraction, remaining above control levels up to 9 h
later.

On the other hand, the activation of JNK (54 and 46 kDa),
measured as a significant increase in the ratio between the
phosphorylated and the unphosphorylated forms of JNK, was
not evident until 3 h after malonate injection remaining

Sildenafil and chemical hypoxia

significantly high for at least six more hours (Figure 3B).
Figure 3C shows a representative blot used to assess the purity
of our samples.

Effect of sildenafil on JNK activation induced
by malonate
As MAPKs are activated in response to malonate, we next
investigated whether sildenafil neuroprotection affected the
activation of these pathways. In this case, we administered
sildenafil 30 min prior to malonate injection and rats were
killed 6 h later because we had previously observed a sus-
tained increase of both, p38 and JNK, at this time point.
We first focused on JNK activation and found that silde-
nafil almost completely reversed the phosphorylation of JNK
(Figure 4A). Within the nucleus, activated JNK controls the
phosphorylation state of c-Jun as well as its transcriptional
function (Bogoyevitch and Kobe, 2006). As expected, using a
specific antibody for the phosphorylated form of c-Jun (p-c-
Jun Ser®®), we detected a significant activation of this tran-
scription factor 6 h after malonate that was also reduced by
sildenafil (Figure 4B).

JNK inhibition does not protect against
malonate-induced cell death

In parallel experiments, we investigated whether the inhibi-
tion of JNK would result in a corresponding decrease of
malonate neurotoxicity. For this, rats were treated with the
reversible ATP competitive JNK inhibitor, SP600125 (1 nmol/
2 uL), in combination with malonate. As seen in figure 5A,
the administration of SP600125 resulted in a significant
decrease of both p-JNK and p-cjun, indicating an effective
blockage of JNK activity. This effect, however, was not accom-
panied by any reduction on the infarct size induced by
malonate (Figure 5B). Furthermore, no effect on p38 translo-
cation to the nucleus was observed (Figure 5C and 5D).

Effect of sildenafil on p38 activation induced
by malonate

We next investigated the effect of sildenafil on the activation
of p38 observed after malonate injection. As described before,
sildenafil was administered 30 min prior to malonate, and
rats were killed 6 h later. As shown in Figure 6, sildenafil
prevented p38 and p-p38 reductions in the cytosol by inhib-
iting their translocation to the nucleus.

Malonate neurotoxicity is mediated via

p38 MAPK

The significance of p38 MAPK activation in malonate neuro-
toxicity was confirmed by administrating SB203580, a highly
specific inhibitor of p38 MAPK (Cuenda et al., 1995). Treat-
ment with SB203580 (1 nmol/2 uL) significantly decreased
the histological lesion caused by malonate (Figure 7A). Of
notice, SB203580 not only inhibited p38 activity but also
blocked the phosphorylation of JNK and c-jun caused by
malonate (Figure 7B). These results not only support the key
role of p38 translocation in malonate neurotoxicity but also
point to its inhibition by sildenafil as a plausible mechanism
underlying its cytoprotective effects.

British Journal of Pharmacology (2013) 168 1820-1834 1825
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2 pL), and rats were killed 6 h later. (A) Quantitative measurement of p-JNK/JNK levels and representative Western blots showing that sildenafil
inhibits the phosphorylation of JNK (46 and 54 kDa) induced by malonate. Note that the levels of p-JNK from sham and sildenafil groups were
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(B) Sildenafil inhibits the increase in c-jun phosphorylation at Ser® shown in nuclear fractions. Data are mean = SEM (n = 6 animals per group)

[taty=2.950, P < 0.05]. 8P < 0.05, ¥P < 0.01, ¥P < 0.001 versus malonate.

Discussion

Neuroprotective effects of PDES inhibitors have been
described in several models of neurological disorders such as
Parkinson’s disease (Picconi et al., 2011; Tozzi et al., 2012);
Alzheimer’s disease (Cuadrado-Tejedor et al., 2011) and mito-
chondrial neurotoxicity (Puerta efal., 2010). In addition,
they improve striatal synaptic plasticity under physiological
conditions (Calabresi et al., 1999). Lately, and encouraged by
the results obtained in other organs, new studies are focusing
on the potential role of sildenafil, and other PDES inhibitors,
in the treatment of cerebral ischaemia. Indeed, recent reports
have shown that sildenafil improves the outcome of rats after
stroke by enhancing angiogenesis, neurogenesis and improv-
ing neurologic function (Zhang et al., 2005; 2006; Ding et al.,
2008).
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Intrastriatal administration of the reversible succinate
dehydrogenase inhibitor, malonate, in rats closely mimics
some of the main pathological features of focal ischaemia
(Schulz et al., 1998). The mechanisms leading to neuronal
death in this model involve secondary excitotoxicity, genera-
tion of ROS and apoptosis (Greene and Greenamyre, 1996;
Dedeoglu et al., 2002). In the present study, we demonstrated
that sildenafil, given at a dose comparable with that used in
humans and administered 30 min before malonate injection,
attenuated striatal toxicity. Under our experimental condi-
tions, malonate produced histological lesions, assessed by
cytochrome oxidase histochemistry, and a consistent loss of
striatal DARPP-32 levels, effects that were significantly pre-
vented by sildenafil.

Oxidative stress has long been considered as the major
cause of tissue injury after cerebral ischaemia (Saito et al.,
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Figure 5

Effect of the JNK inhibitor, SP600125, on malonate induced neurotoxicity. SP600125 (1 nmol/2 uL) was administered intrastriatally in combination
with malonate (1.5 pmol/2 pL). (A) Quantitative measurement of optical density showing that SP600125 produced a half/significant decrease in
JNK and c-jun phosphorylation caused by malonate. Data are mean = SEM (n=5-8). Data analysed by Student’s t-test revealed significant
differences: for p-JNK 46 kDa [tg = 2.565, P<0.05], for p-JNK 54 kDa [to =2.721, P<0.05] and for p-c-jun [tno =4.544, P<0.05].
(B) Representative cytochrome oxidase-stained slices and quantification of malonate-induced striatal lesions (mm?) show that SP600125 failed
to inhibit the neurotoxic effect of malonate observed 72 h after treatment. (C) SP600125 had no effect on p38 translocation to the nucleus.
(D) Representative blots from nuclear and cytosolic fractions showing the effects of SP600125 on malonate-induced activation of the SAPKs
pathway 6 h after treatment.

British Journal of Pharmacology (2013) 168 1820-1834 1827



L Barros-Mifiones et al.

A
Cytosolic fraction
p-P38 Total P38
125
- T §8§
T 100 o B o §$ T _
s
8 154
a8
= 50 FEE *kk
e
0
Sildenafil - 4+ = 4 - 4+ = 4
Malonate - - + + - - 4
B
E
g [
=z = Malonate
w ®

Nuclear fraction

p-P38  Total P38
125 A

100--T— —T—
s4| |8 §§

50 A

0.D. (% malonate)

295 =

0
Sildenafil -+ -

Malonate 4+ <+ +

Sildenafil
+

Malonate

Cytosolic p-P38

Cytosolic P38

Actin

Nuclear p-P38

MNuclear P38

Lamin A/C

Figure 6

Sildenafil reverses p38 activation caused by malonate. Sildenafil (1.5 mg-kg™' p.o.) was administered 30 min before malonate injection (1.5 umol/
2 uL), and rats were killed 6 h later. (A) Quantitative measurement of p-p38 and p38 levels in both cytosolic and nuclear fractions. Note that nuclear
values from sham and sildenafil groups were so weak that were not taken into account for statistical analysis. Data are mean * SEM (n = 6-9).
Statistical analysis yielded the following results: for cytosolic p-p38 [F3,31y=12.73, P < 0.001] and total p38 [F331y=17.81, P < 0.001], for nuclear
p-p38 [ta3) = 2.224, P < 0.05] and total p38 [tq1) = 3.038, P < 0.01]. ***P < 0.001 versus sham; P < 0.05, P < 0.01, ¥8P < 0.001 versus malonate.
(B) Representative blots from nuclear and cytosolic fractions showing that sildenafil blocks p38 translocation induced by malonate.

2005) and is considered to play a key role in malonate-
induced neurotoxicity (Fernandez-Gomez et al., 2005). In an
attempt to understand the mechanisms underlying the pro-
tective effects afforded by sildenafil, we analysed the effect of
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this PDES inhibitor on ROS production. As expected,
malonate increased ROS production; but, in contrast to pre-
vious reports (Koupparis et al., 2005; Muzaffar et al., 2005;
Bivalacqua et al., 2009; Puerta et al., 2012), sildenafil failed to
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Activation of p38 is involved in malonate-induced cell death. Rats were administered intrastriatally with malonate (1.5 umol/2 pL) alone or in
combination with the p38 inhibitor, SB203580 (1 nmol/2 uL). (A) Representative cytochrome oxidase-stained slices and quantification of
malonate-induced striatal lesions (mm?) showing that SB203580 significantly inhibited the neurotoxic effect of malonate 72 h after treatment.
Data are mean = SEM (n = 6) [ta1)=12.89, P < 0.001]. (B) Quantitative measurements and representative blots showing that SB203580 inhibited
not only p38 activation but also the activation of the JNK pathway induced by malonate. For this, rats were killed 6 h after treatment. Statistical
analysis yielded the following results: for cytosolic p-p38 [Fz 30 = 13.29, P < 0.001] and total p38 [Fz20) = 16.60, P < 0.001], for nuclear p-p38
[tazy=5.319, P<0.05] and total p38 [tnz=3.409, P<0.05], for p-JNK/JNK (46 kDa) [ta1y=2.531, P<0.05] and p-JNK/|NK (54 kDa)
[tay=4.591, P<0.05] and for p-c-jun [te =5.292, P<0.01]. Different from the corresponding sham group: ***P < 0.001. Different from
malonate-only animals: P < 0.05; %P < 0.01.
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prevent malonate-induced rise in ROS production. Further-
more, sildenafil also failed to reduce the increased NT con-
centrations found 72 h after malonate. Fernandez-Gomez
et al. (2005) have suggested that malonate requires very few
minutes to disrupt mitochondrial redox status. This fast and
excessive production of ROS could overwhelm sildenafil anti-
oxidant capacity when the PDESi is given shortly before
malonate administration.

Upon ROS formation, many intracellular pathways are
activated. Among them, ASK1 is selectively required for sus-
tained activation of the SAPKs pathway induced by oxidative
stress (Tobiume et al., 2001; Sekine et al., 2006). The activity
of this kinase can be regulated by a number of different
ASK1-interacting proteins (Hsieh and Papaconstantinou,
2006; Hattori et al., 2009). For instance, phosphorylation of
ASK1 on Ser®, negatively regulates its proapoptotic function
and, in turn, leads to the enhancement of cell survival (Kim
et al., 2001). Our results show that malonate decreases the
inhibitory phosphorylation of ASK1, which can indirectly
indicate an increase on its activity. By contrast, sildenafil
treated animals kept the levels of inactive ASK1 similar to
those found in the sham group. Our group and others have
previously shown that sildenafil increases Akt phosphoryla-
tion in the brain (Wang et al., 2005; Puerta et al., 2009), an
effect that depends on the PI3K signal transduction pathway.
Akt is a serine/threonine kinase known to phosphorylate
ASK1 on Ser®; and therefore, although not directly addressed
in this work, the PI3K/Akt/Askl pathway could account for
the protection afforded by sildenafil against malonate.

Once activated, ASK1 can selectively activate JNK and p38
MAPKSs, leading to neuronal death through the activation of
different MAPKKs (Hattori et al., 2009). MKK3 and MKK®6 are
the main MAPKKs that phosphorylate and activate p38
MAPK (Enslen et al., 1998); whereas MKK?7 is responsible for
JNK activation (Bogoyevitch and Kobe, 2006). We therefore
analysed the phosphorylation levels of MKK3/6 and MKK7
after malonate and found they were significantly increased.
Of notice, sildenafil inhibited the activation of MKK3/6 and
MKK?7 induced by malonate possibly as a consequence of
ASK1 inhibition.

MAPKs play important roles in cellular response to differ-
ent stimuli (Cowan, 2003). Among the MAPKs, JNK and p38
are often implicated in cell death (Xia et al., 1995). A growing
body of evidence has demonstrated that JNK and p38 are
activated following cerebral ischaemia and contribute to
ischaemic neuronal death (Irving and Bamford, 2002 Borsello
et al., 2003; Toledo-Pereyra et al., 2008). Recently, JNK and
p38 have also been implicated in the toxic effects of malonate
(Asanuma ef al., 2004; Gomez-Lazaro et al., 2007). Taking this
into account and based on our previous results, we focused
on the plausible role of SAPKs inhibition in the neuroprotec-
tive effects of sildenafil against chemical hypoxia caused by
malonate. We addressed this issue, by analysing the activa-
tion pattern of JNK and p38 following malonate administra-
tion. We observed an important activation of p38, which
translocates to the nucleus within the first few minutes.
Although starting later, we also confirmed that malonate
induces the phosphorylation of JNK that, as well as p38,
remains activated up to 9 h after malonate. Noteworthy,
sildenafil inhibited the activation of both SAPKs. Further-
more, sildenafil prevented the activation of c-jun, a down-
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stream effector of JNK implicated in stress responses and
apoptosis (Behrens ef al., 1999). Although some authors have
suggested that p38 phosphorylation could be mediating the
angiogenic effects of sildenafil (Pyriochou et al., 2007), our
findings are in line with the observations of Caretti et al.
(2008), who reported that sildenafil prevents p38 phosphor-
ylation in a model of chronic hypoxia and also with the
results reported by Zhao et al. (2011), who showed that silde-
nafil inhibits the activation of both JNK and p38 caused
during LPS-induced pro-inflammatory response in vitro.

In order to elucidate the implication of SAPKs inhibition
on the protection afforded by sildenafil, we next studied the
effect of SP600125 and SB203580, selective inhibitors of JNK
and p38 respectively. Interestingly, the administration of
the reversible ATP competitive inhibitor of JNK, SP600125
(Bennett et al., 2001), failed to protect the cellular loss caused
by malonate. These data suggest that, at least in this context,
JNK activation and subsequent c-jun phosphorylation is not
relevant in malonate induced cell death. Otherwise, the
importance of p38 activation in malonate neurotoxicity
was confirmed using the selective inhibitor SB203580, as
it significantly reduced the infarct size. Of note, SB203580
also reduced the activation of JNK and c-jun induced by
malonate. This reduction could be attributed to a side effect
of SB203580, as it was previously described that high doses of
this inhibitor can affect JNK activation (Whitmarsh et al.,
1997). As reviewed by Boutros et al. (2008), MAPK pathways
are not independent from each other but contain a series of
overlapping signalling mechanism. Therefore, although not
described before, we cannot preclude a possible crosstalk
between p38 and JNK in this model.

The physiological actions of NO are primarily mediated
through stimulation of soluble guanylate cyclase, which
results in accumulation of cGMP and subsequent activation
of PKG (for review, see Schlossmann et al., 2003). Sildenafil by
inhibiting the enzymatic hydrolysis of cGMP by PDES, main-
tains the tissue accumulation of cGMP, which also leads to
downstream activation of PKG. Noteworthy, inhibition of
nitric oxide formation has been proven to prevent cell death
after a brain ischaemic insult or malonate treatment (Zhang
et al., 1996; Connop et al., 1997; Matthews et al., 1997; Schulz
etal., 1997; Zhao et al., 2000; Willmot et al., 2005) and so
does PDES inhibition (Kiymaz et al., 2008). These apparent
disparate findings may be explained as follows. NO reacts
avidly with superoxide radicals to form the cytotoxic mol-
ecule peroxynitrite playing a deleterious role in malonate and
ischaemia-induced neurotoxicity (Schulz et al., 1996; Mat-
thews etal., 1997; Dohi etal., 2003). PDES inhibition, by
acting downstream nitric oxide formation, does not promote
peroxynitrite formation but rather activates/inhibits signal-
ling pathways, like those reported in this study, that protect
against malonate-induced cell death.

In conclusion, our findings show that sildenafil exerts
neuroprotection against a chemical hypoxia induced by the
mitochondrial toxin, malonate, in rats. This protective effect
is independent of any change in ROS production but appears
to be related to an inhibition of the ASK1-MKK3/6-p38
pathway (Figure 8). Future studies using other animal models
of stroke are warranted to exploit the possible therapeutic
potential of sildenafil in preventing neuronal cell death fol-
lowing ischaemia/reperfusion.



Figure 8

Sildenafil and chemical hypoxia

Sildenafil

Proposed mechanisms underlying sildenafil neuroprotection against malonate-induced neurotoxicity. Inhibition of succinate dehydrogenase by
malonate administration induces mitochondrial dysfunction, which triggers the generation of ROS. The increase in ROS production leads to the
activation of ASK1, which, in turn, activates JNK and p38. Nuclear translocation of p38 contributes to neuronal death. Sildenafil afforded
protection is independent of any change in ROS production but appears to be related to the inhibition of the ASK1-MKK3/6-p38 pathway.
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