
lable at ScienceDirect

Neurobiology of Aging 35 (2014) 520e531
Contents lists avai
Neurobiology of Aging

journal homepage: www.elsevier .com/locate/neuaging
Effect of phosphodiesterase-5 inhibition on apoptosis and beta amyloid load in
aged mice

Daniela Puzzo a, Carla Loreto b, Salvatore Giunta b, Giuseppe Musumeci b, Giuseppina Frasca a,
Maria Vittoria Podda c, Ottavio Arancio d, Agostino Palmeri a,*
aDepartment of Bio-Medical Sciences, Section of Physiology, University of Catania, Catania, Italy
bDepartment of Bio-Medical Sciences, Section of Anatomy, University of Catania, Catania, Italy
c Institute of Human Physiology, Medical School, University Cattolica, Rome, Italy
dDepartment of Pathology and Cell Biology, Taub Institute for Research on Alzheimer’s Disease and the Aging Brain, Columbia University, New York, NY, USA
a r t i c l e i n f o

Article history:
Received 23 May 2013
Received in revised form 5 September 2013
Accepted 6 September 2013
Available online 7 October 2013

Keywords:
Aging
Sildenafil
Apoptosis
Caspase-3
Bax/Bcl-2 ratio
BDNF
APP processing
Beta-amyloid
* Corresponding author at: Department of Bio-M
Physiology, Viale A. Doria 6 (ed. 2), Catania 95125, I
fax: þ39 095 7384217.

E-mail address: apalmeri@unict.it (A. Palmeri).

0197-4580/$ e see front matter � 2014 Elsevier Inc. A
http://dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
a b s t r a c t

Age-related cognitive decline is accompanied by an increase of neuronal apoptosis and a
dysregulation of neuroplasticity-related molecules such as brain-derived neurotrophic factor and
neurotoxic factors including beta amyloid (Ab) peptide. Because it has been previously demonstrated
that phosphodiesterase-5 inhibitors (PDE5-Is) protect against hippocampal synaptic dysfunction and
memory deficits in mouse models of Alzheimer’s disease and physiological aging, we investigated the
effect of a treatment with the PDE5-I, sildenafil, on cell death, pro- and antiapoptotic molecules, and Ab
production. We demonstrated that chronic intraperitoneal injection of sildenafil (3 mg/kg for 3 weeks)
decreased terminal deoxyuridine triphosphate nick end labeling-positive cells in the CA1 hippocampal
area of 26e30-month-old mice, downregulating the proapoptotic proteins, caspase-3 and B-cell lym-
phoma 2-associated X, and increasing antiapoptotic molecules such as B-cell lymphoma protein-2 and
brain-derived neurotrophic factor. Also, sildenafil reverted the shifting of amyloid precursor protein
processing toward Ab42 production and the increase of the Ab42:Ab40 ratio in aged mice. Our data
suggest that PDE5-I might be beneficial to treat age-related detrimental features in a physiological
mouse model of aging.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cyclic guanosine monophosphate (cGMP) is a second
messenger-regulating signal transduction in various biological
systems, including the central nervous system (CNS). Its levels are
maintained thanks to a balance between its production, catalyzed
by guanylyl cyclase, and its degradation, carried out by phospho-
diesterases (PDEs). Because cGMP has been recognized as a key
molecule in synaptic plasticity and memory, an increasing number
of studies have focused on strategies aimed to regulate its levels.
Indeed, a decrease in cGMP-dependent signal transduction has
been demonstrated in hippocampus during aging and Alzheimer’s
disease (AD). The age-induced decrease in cGMP has been related to
an increase in PDE expression and activity (Domek-qopaci�nska and
Strosznajder, 2010) and also to the accumulation of beta amyloid
edical Sciences - Section of
taly. Tel.: þ39 095 7384262;

ll rights reserved.
(Ab) peptide, a key molecule in AD pathogenesis, which is cap-
able of inhibiting the N-methyl-D-aspartate (NMDA) receptor-
dependent activation of the nitric oxide (NO)ecGMP pathway
(Chalimoniuk and Strosznajder, 1998) and the physiological in-
crease of cGMP levels that occur during hippocampal synaptic
plasticity (Puzzo et al., 2005).

Age-related decline of cognitive functions is thought to be
associated with: (1) an increase of neuronal apoptosis (Elmore,
2007), a process of programmed cell death that might result in
pathological processes such as degeneration (Pollack and
Leeuwenburgh, 2001; Pollack et al., 2002; Reix et al., 2007); (2) a
dysregulation of neuroplasticity-related molecules such as brain-
derived neurotrophic factor (BDNF) (Assunção et al., 2010; Kim
et al., 2010; Li et al., 2009; Liu et al., 2006; Zhao et al., 2009); and
(3) an increase of neurotoxic factors including Ab that could also
exert a pathogenic role in cognitive decline of elderly nondemented
individuals (Rodrigue et al., 2012). Interestingly, sildenafil (Viagra),
a specific PDE5 inhibitor (PDE5-I) widely used as the elective drug
to treat erectile dysfunction and pulmonary hypertension, has
recently been proposed as a molecule to treat a variety of disorders
including AD and aging.
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In this study, we focused on normal aging, which is associated
with substantial structural and functional changes in the CNS
(Ziv and Melamed, 2010). However, it is not yet clear whether
PDE5-Is can counteract neuronal apoptosis, BDNF dysregulation,
and increased Ab levels.

Apoptosis is regulated by a subtle balance between pro- and
antiapoptotic molecules, like those of the proto oncogene B-cell
lymphoma protein-2 (Bcl-2) family. Among the Bcl-2 family, the
protein B-cell lymphoma 2-associated X (Bax) is activated in the
initiation of apoptosis, which is followed by downstream events
including caspase activation. In particular, caspase-3 is a widely
studied apoptosis executioner (Cohen, 1997) implicated in synapse
degeneration and dysfunction during AD and aging (D’Amelio et al.,
2011; Louneva et al., 2008; Lynch and Lynch, 2002). On the other
hand, the Bcl-2 protein plays an antiapoptotic role, which is, how-
ever, counteracted by caspase-3, leading to an enhancement of cell
death (Yang et al., 2002).

The Bax/Bcl-2 system is regulated by the cyclic adenosine
monophosphate-responsive element binding protein (CREB). This
protein is known to play a critical role in neuronal survival (Dawson
and Ginty, 2002; Walton and Dragunow, 2000) and exerts an
antiapoptotic role in several cell types. The suppression of CREB by
functional antagonists (Jaworski et al., 2003), or the postnatal
disruption of CREB and cAMP responsive element modulator
(Mantamadiotis et al., 2002) results in a progressive neuronal
apoptosis and neurodegeneration. Moreover, CREB-null mice
display an excess of apoptosis and degeneration in the peripheral
nervous system (Lonze et al., 2002), and the age-related decline of
CREB activity (Asanuma et al., 1996; Chung et al., 2002; Kudo et al.,
2005; Monti et al., 2005) might be associated with an increase of
neuronal apoptosis. CREB induces also the transcription of BDNF
(Zieg et al., 2008), a neurotrophic factor involved in several
neuronal functions during development and adult life, that has
been recently widely studied for its role in the pathophysiology of
neurodegenerative and psychiatric disorders. BDNF stimulates
synaptic activity directly or by exerting a positive feedback on
synaptic activity itself; in turn, BDNF levels are modulated by
synaptic activity (Arancio and Chao, 2007). Furthermore, BDNF is
capable of protecting neurons against apoptosis by stimulating the
production of Bcl-2 antioxidant molecules (Mattson, 2000;
Tamatani et al., 1998). Thus, the impairment of CREB phosphory-
lation might affect synaptic plasticity and apoptosis through a
reduction of BDNF.

A suppression of CREB and BDNF activity can also be caused by
an increase in Ab levels such as those detected in AD or aging (Puzzo
et al., 2005, 2009; Tong et al., 2001). In contrast, Ab injections in
hippocampal rat cortex have been recently demonstrated to stim-
ulate the increase of apoptotic markers such as inflammatory cy-
tokines, caspase-3, and terminal deoxynucleotidyl transferase
(TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end
labeling (TUNEL)-positive cells (Abdi et al., 2011). Additionally,
caspase-3 is capable of stimulating the formation of Ab by acting on
amyloid precursor protein (APP), a transmembrane protein pro-
cessed by a series of secretases to produce Ab. Indeed, APP full-
length might be initially cut by a-secretases (nonamyloidogenic
pathway) generating the soluble (s) fragment, sAPPa and the
carboxy-terminal fragment (CTF) 83; or by the b-secretases (amy-
loidogenic pathway) generating sAPPb and CTF99. Then, g-secre-
tase generates a p3 fragment and APP intracellular domain
fragment from C83 and Ab40e42 and APP intracellular domain
from C99.

In previous works, we have demonstrated that a 3-week treat-
ment with the PDE5-I sildenafil counteracted the decrease of CREB
phosphorylation observed in a mouse model of AD (Puzzo et al.,
2009), and in a physiological mouse model of aging (Palmeri
et al., 2013). In both models, the drug also rescued the decline of
cognitive performance. In addition, the increase in Ab levels of AD
mice was rescued (Puzzo et al., 2009). Considering that CREB might
regulate proapoptotic and antiapoptotic pathways, and that PDE5-
Is modify CREB activity (Matsushita et al., 2012; Palmeri et al.,
2013; Puerta et al., 2010; Puzzo et al., 2009), in this study we
investigated whether sildenafil treatment might act on neuronal
apoptosis, and interferewith the Bax/caspase-3 and Bcl-2 pathways
in aged mice. We also examined the neurotrophic factor BDNF.
Finally, we assessed whether sildenafil might act on APP processing
and the formation of Ab in aged mice.

2. Methods

2.1. Animals

We used C57Bl/6J WT mice from a colony kept in the animal
facility of the Department of Bio-Medical Sciences - Section of
Physiology (University of Catania). The animals weremaintained on
a 12-hour light/dark cycle (lights on at 6:00 AM) in temperature-
and humidity-controlled rooms; food and water were available ad
libitum. The protocol was approved by the University Institutional
Animal Care and Use Committee.

2.2. Drug administration and experimental groups

Sildenafil was administered based on previous findings (Palmeri
et al., 2013; Puzzo et al., 2009) indicating that the minimum
effective concentration was 3 mg/kg/day and the minimum effec-
tive period was 3 weeks. Animals were first treated with intraper-
itoneal sildenafil or vehicle for 3 weeks. Then, brains were removed
and stored according to the specific experimental procedure. All
experiments were performed in parallel using 4 groups of mice: (1)
young mice treated with vehicle; (2) young mice treated with sil-
denafil; (3) old mice treated with vehicle; and (4) old mice treated
with sildenafil. Young mice were 3e6 months old, and old mice
were 26e30 months old. Mice were sex-balanced for each group.

2.3. In situ detection and measurement of apoptotic cells (TUNEL)

For in situ detection of apoptosis at the level of single cells we
used TUNEL (In Situ Cell Death Detection Kit, POD, Roche Applied
Science) as previously reported (Musumeci et al., 2011). The
method involves the addition of dUTP labeled with fluorescein to
the ends of the DNA fragments by the catalytic action of TdT. All
end-labeling experiments were performed in triplicate so that the
results for various tissue samples could be standardized. Paraffin-
embedded brain sections 1.5 mm in thickness were dewaxed as
previously described. Slides were rinsed twice in 0.01 M
phosphate-buffered saline (PBS) (pH 7.4), transferred to 0.07 M
citrate buffer (pH 6.0), and subjected to 750 W microwave irradi-
ation for 1 minute for permeabilization. Sections were then
immersed in Tris-HCl 0.1 M, pH 7.5, containing 3% bovine serum
albumin (both from Roche Diagnostics, Milano, Italy) and 20%
normal bovine serum (Sigma-Aldrich) for 30 minutes at 20 �C,
rinsed twice in PBS, and immersed in TdT buffer (Roche Applied
Science). Sections were then covered with TdT and fluorescein-
labeled dUTP in TdT buffer and incubated in a dark humid cham-
ber at 37 �C for 60 minutes. All sections were incubated with
an antibody specific for fluorescein conjugated to peroxidase
with 30-minute incubation at 37 �C. Staining was visualized with
diaminobenzidine (DAB), which stained nuclei with DNA frag-
mentation the color brown. Sections were counterstained with
Mayer’s Hematoxylin (Histolab Products AB, Goteborg, Sweden).
For negative control samples, TdT was omitted from the reaction.
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Ten fields from randomly selected slides were observed using a
light microscope. Each field was photographed with a digital
camera (Canon) at magnification �20 and �40. For each photomi-
crograph, 3 observers blinded to sample identity counted the
number of cells exhibiting a positive TUNEL reaction. The propor-
tion of positive cells was calculated for each photomicrograph and a
mean value was obtained for each sample.

2.4. Western blot analyses

Western blot analyses was performed as previously described
(Podda et al., 2013; Puzzo et al., 2013). Crude extracts were pre-
pared by homogenizing whole mouse brains in a buffer containing
T-Per buffer (Thermoscientific, Rockford, IL, USA) and a protease
inhibitor cocktail (Roche Diagnostics) in a Teflon-glass homoge-
nizer followed by sonication. Protein concentrations were deter-
mined using Bradford’s method (Bradford, 1976) using bovine
serum albumin as a standard. Sample proteins (50 mg) were diluted
in sodium dodecyl sulphate protein gel loading solution (Invi-
trogen, Monza, Italy), boiled for 5 minutes, separated on 4%e12%
Bis-tris gel (Invitrogen) and electroblotted onto nitrocellulose
membranes (Invitrogen). We used the following antibodies:
caspase-3 (Abcam, Cambridge, UK; 1:5000), Bax (Abcam; 1:1000),
Bcl-2 (Abcam; 1:100), BDNF (Millipore, Billerica, MA, USA; 1:500),
APP full-length (22C11; Millipore; 1:4000), soluble APPa (IBL,
Gunma, Japan; 1:50), soluble APPb (Covance, Emeryville, CA, USA;
1:500), CTFs (Invitrogen, 1:100), and tubulin (Santa Cruz Biotech-
nology Inc, Bergheimer, Germany; 1:20,000), which was used as
loading control. Secondary antibodies (Amersham Biosciences,
Milano, Italy) were diluted 1:10,000 and 1:4000. Nonspecific
binding was blocked for 2 hours at 37 �C with 5% nonfat dry milk in
Tween-Tris-buffered saline. All antibodies were prepared in 5%
nonfat dry milk solution in Tween-Tris-buffered saline. Blots were
developed using the enhanced chemiluminescence (ECL) technique
(Amersham Biosciences) and relative band densities were quanti-
fied using ImageQuantTL 7.0 software. No signal was detectedwhen
the primary antibody was omitted (data not shown). Results were
normalized with tubulin.

2.5. Immunohistochemistry

After overnight washing, specimens were dehydrated in graded
ethanol, cleared in xylene, and paraffin-embedded, with their
anatomical orientation preserved. Sections were processed as pre-
viously described (Musumeci et al., 2012; Palmeri et al., 2013).
Briefly, they were incubated for 30 minutes in 0.3% H2O2/methanol
to quench endogenous peroxidase activity then rinsed for 20 mi-
nutes with PBS (Bio-Optica, Milano, Italy). The sections were heated
(5 minutes, 3 times) in capped polypropylene slide-holders with
citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0; Bio-
Optica), using a microwave oven (750 W) to unmask antigenic
sites. The blocking step was performed before application of the
primary antibody with goat serum (Vector Laboratories, Burlin-
game, CA, USA), 1:20 work dilution in PBS-Tween, for 1 hour in a
moist chamber. Then, the sections were incubated overnight at 4 �C
with the following rabbit antibodies: caspase-3 (1:25), Bax (1:50),
Bcl-2 (1:100), and BDNF (1:2000). The secondary antibody, bio-
tinylated anti-rabbit antibody was applied for 30 minutes at room
temperature, followed by the avidin-biotin-peroxidase complex
(Vector Laboratories) for an additional 30 minutes at room tem-
perature. The immunoreaction was visualized by incubating the
sections for 4 minutes in a 0.1% 3,30-DAB and 0.02% hydrogen
peroxide solution (DAB substrate kit, Vector Laboratories). The
sections were lightly counterstained with Mayer’s Hematoxylin
(Histolab Products AB) mounted in glycerol vinyl alcohol (GVA)
mount (Zymed Laboratories, San Francisco, CA, USA) and observed
using a Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen,
Germany).

The caspase-3, Bax, Bcl-2, and BDNF staining status was identi-
fied as either negative or positive. Immunohistochemistry-positive
staining was defined as the presence of brown chromogen detec-
tion on the edge of the hematoxylin-stained cell nucleus, distrib-
uted within the cytoplasm or in the membrane via evaluation using
light microscopy. Stain intensity and the proportion of immuno-
positive cells were also assessed using light microscopy. Intensity of
staining was graded on a scale of 0 to 4, according to the following
assessment: no detectable staining ¼ 0, weak staining ¼ 1, mod-
erate staining¼ 2, strong staining¼ 3, and very strong staining¼ 4.
The percentage of caspase-3, Bax, Bcl-2, and BDNF immunopositive
cells (extent score) was independently evaluated by 4 investigators
(2 anatomical morphologists and 2 histologists) and scored as a
percentage of the final number of 100 cells in 5 categories:<5% (0);
5%e30% (þ); 31%e50% (þþ); 51%e75% (þþþ), and >75% (þþþþ).
Counting was performed at magnification �200. Negative control
sections were processed like the experimental slides, except that
they were incubated with PBS instead of the primary antibody.

To quantify immunohistochemical staining, 10 sections per an-
imal were analyzed in stepwise fashion as a series of consecutive
fields with a 40� objective and the stained area was expressed as
pixels per field. Fields, randomly selected from each section, were
analyzed and the percent area stained with caspase-3, Bax, Bcl-2,
and BDNF antibodies was calculated using an image analyzer (Im-
age-Pro Plus 4.5.1, Immagini & Computer, Milan, Italy), which
quantifies the level of positive immunolabeling in each field. Values
from all consecutive images of each biopsy were averaged. Negative
control sections were processed like the experimental slides, except
that they were incubated with PBS instead of the primary antibody.
Digital pictures were taken using the Zeiss Axioplan light micro-
scope and photographed with a Canon digital camera; evaluations
were made by 3 blinded investigators, whose evaluations were
assumed to be correct if values were not significantly different. In
case of disputes concerning the interpretation, the case was revised
to reach a unanimous agreement.

2.6. Congo red

For Congo red, hydrated sections were incubated in a freshly
prepared alkaline alcoholic saturated sodium chloride solution (2.5
mM NaOH in 80% alcohol) for 20 minutes, then incubated in 0.2%
Congo red solution (Bio-optica) for 30 minutes. The sections were
lightly counterstained with Mayer’s Hematoxylin (Bio-optica),
dehydrated in graded ethanol, and cleared in xylene. Finally, sec-
tions were coverslipped with GVA mount (Zymed Laboratories).
Slice preparation and analyses were performed as described for
immunohistochemistry.

2.7. Determination of Ab levels

For analyses of Ab42 and Ab40 burden, frozen hemibrains were
weighed and homogenized with an extraction buffer containing
100 mM NaCl, 0.4% diethylamine (Schmidt et al., 2005) and com-
plete protease inhibitor cocktail (Roche). Human/Rat b(42)-Amyloid
ELISA kit, High-Sensitive and Human/Rat b(40)-Amyloid ELISA kit
(Wako Chemicals) were used. In brief, samples were centrifuged for
1 hour at 13,000 rpm, and supernatant diluted 1:1 before adding to
ELISA plates coated with anti-human Ab11e28 antibody and then
incubated at 4 �C overnight. After washingwith awash solution, the
sample was incubated for 1 hour in 100 mL of horseradish peroxide
conjugated anti-human Ab35e43 antibody (for Ab42) or anti-
human Ab1e40 antibody (for Ab40). The sandwiched Ab1e42 and
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Ab1e40 were visualized using a 3,30,5,50-tetramethylbenzidine so-
lution and the absorbancewasmeasured at awavelength of 450 nm
using a microtiter plate reader after the addition of a stop solution.
Ab concentrations were expressed as pmol/g tissue.

2.8. Statistical analysis

All experiments were blind with respect to treatment. Datawere
expressed asmean� standard error of the mean. Statistical analysis
was performed using dedicated software (Systat, Chicago, IL, USA).
Comparisons were tested using analysis of variance and Bonferroni
test. p Values < 0.05 were considered statistically significant.

3. Results

3.1. Sildenafil decreases apoptosis in aged mice

We first analyzed whether treatment with sildenafil might in-
fluence neuronal death at the hippocampal level. TUNEL, a widely
used method for detecting DNA fragmentation caused by apoptosis
(Gavrieli et al., 1992), showed an increase of apoptosis in the CA1
hippocampal area of old mice (young, 7.75 � 0.62 cells per field vs.
old, 59.75�1.70 cells per field; F(1,6)¼ 821.468; p< 0.0001; Fig. 1).
TUNEL-positive cells were dramatically reduced in old mice by
sildenafil treatment (29.25 � 1.03 cells per field; F(1,6) ¼ 235.011;
p < 0.0001; Fig. 1).

To further confirm the antiapoptotic effect of sildenafil, we
analyzed proapoptotic molecules such as Bax and caspase-3.
Western blot analyses on brain extracts showed that old animals
presented an increase of proapoptotic molecules compared with
Fig. 1. Sildenafil treatment reduces the age-induced neuronal apoptosis in the CA1 hippoca
animals (left panel, magnification �20; right panel, magnification �40). (B) The increase
treatment (right panels). Upper panels, magnification �20, scale bar, 100 mM; bottom pan
number of TUNEL-positive cells per field and table indicating a weak staining in young mic
sildenafil. n ¼ 4 mice for each group. * p < 0.0001. Abbreviations: ES, extent score; IS, inten
triphosphate-biotin nick end labeling.
young animals (Bax: 1.11 � 0.01 vs. 0.27 � 0.01; F(1,6) ¼ 1483.403;
p< 0.0001; caspase-3: 1.23� 0.01 vs. 0.32� 0.01; F(1,6)¼ 1939.653;
p < 0.0001; Fig. 2AeC) and that a 3-week treatment with sildenafil
induced a significant decrease of Bax (0.72� 0.02; F(1,6)¼ 162.715;
p < 0.0001; Fig. 2A and B) and caspase-3 levels (0.69 � 0.03;
F(1,6) ¼ 221.339; p < 0.0001; Fig. 2A and C) suggesting an anti-
apoptotic effect of the PDE5-I. Analyzing young animals, no differ-
ences were detected in Bax (0.26 � 0.01; F(1,6) ¼ 0.093; p ¼ 0.770;
Fig. 2A and B) and caspase-3 (0.34 � 0.01; F(1,6)¼ 0.780; p ¼ 0.411;
Fig. 2A and B) expression in control or sildenafil-treated mice. We
then focused on the CA1 hippocampal area where cells are partic-
ularly susceptible to age-related damage and where we have
already demonstrated a decrease of cognitive function and CREB
phosphorylation (Palmeri et al., 2013). CA1 immunohistochemical
examination showed that old mice treated with sildenafil pre-
sented a decrease of Bax-positive cells (34.6% decrease compared
with vehicle-treated brains; F(1,6) ¼ 42,181.640; p < 0.0001;
Fig. 2D) and caspase-3epositive cells (45.4% decrease compared
with vehicle-treated brains; F(1,6) ¼ 528,836.259; p < 0.0001;
Fig. 2E).

The effects of sildenafil on the levels of the antiapoptotic
molecule, Bcl-2, and the Bax/Bcl-2 ratio were also examined. A
strong decrease of Bcl-2 was found in the brains of old mice
compared with young animals (0.31 � 0.03 vs. 0.97 � 0.04; F(1,6) ¼
139.531; p < 0.0001; Fig. 3A), that was partially rescued by sil-
denafil (0.51 � 0.01; F(1,6)¼ 33.887; p ¼ 0.001, comparing old mice
treated with vehicle or sildenafil). The treatment did not
completely restore Bcl-2 (F(1,6) ¼ 95.668; p < 0.0001 comparing
old treated mice with young mice), however, it modified the Bax/
Bcl-2 ratio (3.7 � 0.377 vs. 1.414 � 0.070).
mpal area. (A) Few TUNEL-positive cells (brown) are present in the CA1 area of young
in DNA fragmentation present in old mice (left panels) is significantly reduced after
els, magnification �40, scale bar, 50 mM. (C) Bar graph showing the differences in the
e, a very strong staining in old mice, and a moderate staining in old mice treated with
sity of staining; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine



Fig. 2. Sildenafil treatment reduces proapoptotic molecules in the CA1 hippocampal area of old mice. (A) Western blot analysis comparing the expression of Bax and caspase-3 from
old and young mice treated with vehicle or sildenafil. (B and C) Bar graphs showing the results of the densitometric scan of the Western blots reported in (A) showing that sildenafil
treatment decreases Bax and caspase-3 expression in old mice. (D) Bax strong immunoexpression in the CA1 area of old mice is reduced by sildenafil. (E) The weak staining for
caspase-3 is further reduced after treatment. (D and E) Upper panels, magnification � 20, scale bar, 100 mM; bottom panels, magnification �40, scale bar, 50 mM. n ¼ 4 mice for each
group. * p < 0.0001. Abbreviations: Bax, B-cell lymphoma 2-associated X protein; ES, extent score; IS, intensity of staining.
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Photomicrographs of Bcl-2epositive cells in the CA1 area
(Fig. 3B) showed that sildenafil rescued the age-related decrease of
Bcl-2 expression (65.5% increase compared with vehicle-treated
brains; F(1,6) ¼ 2410.775; p < 0.0001; Fig. 3B).

3.2. Sildenafil increases BDNF levels in aged mice

Western blot analyses showed that treatment with sildenafil
ameliorated BDNF levels in old mice (0.50 � 0.08 vs. 0.88 � 0.01;
F(1,6) ¼ 32.632; p ¼ 0.001), even if they were not equal to levels
found in young animals (1.05 � 0.09; F(1,6) ¼ 15.459; p ¼ 0.008
comparing young mice with sildenafil-treated old mice; Fig. 3C
and D). Also in this case, immunohistochemistry focused on the
CA1 hippocampal area confirmed the beneficial effect of the drug
that allowed old mice to rescue BDNF levels (88.2% increase
compared with vehicle-treated brains; F(1,6) ¼ 70826.080; p <

0.0001; Fig. 3D).

3.3. Sildenafil modifies APP processing and Ab levels

We analyzed whether sildenafil might influence APP processing
and Ab formation. First, we focused on old mice to understand
whether APP and its fragments were changed with aging. We found
an increase in full-length APP (1.16 � 0.05 vs. 0.90 � 0.05; F(1,14) ¼
11.385; p ¼ 0.005 comparing old and young mice treated with
vehicle; Fig. 4A and B) and sAPPb (1.59 � 0.04 vs. 0.95 � 0.03;
F(1,14) ¼ 134.893; p < 0.0001; Fig. 4A and C) and a decrease of
CTF83 (0.55 � 0.06 vs. 0.97 � 0.01; F(1,14) ¼ 30.480; p < 0.0001;
Fig. 4A and F). Treatment with sildenafil normalized these values
(APP: 0.78� 0.05; F(1,14) ¼ 27.701; p< 0.0001; sAPPb: 0.89� 0.08;
F(1,14) ¼ 52.170; p < 0.0001; CTF83: 0.89 � 0.08; F(1,14) ¼ 10.595;
p ¼ 0.006 comparing treated and untreated old mice). Other com-
ponents of the APP pathway were unchanged (sAPPa: 0.92 � 0.01
vs. 0.81�0.03; F(3,28)¼ 2.164; p¼ 0.115; CTF99: 0.49� 0.1 vs. 0.60
� 0.13; F(3,28) ¼ 3.197; p ¼ 0.095 comparing old and young mice;
Fig. 4A, D, and E).

When we examined Ab levels in aged mice, we found an
increase of Ab42 (54.49 � 3.79 pmol/g of tissue vs. 37.83 �
2.06, F(1,26) ¼ 15.951; p ¼ 0.001; Fig. 5A) and a decrease of
Ab40 (111.45 � 6.68 vs. 158.31 � 3.90 comparing old and young
mice treated with vehicle, F(1,22) ¼ 33.836; p < 0.0001; Fig.
5B) with a consequent increase of the Ab42:Ab40 ratio (0.51 �
0.04 vs. 0.24 � 0.01; F(1,26) ¼ 31.157; p < 0.0001; Fig. 5C).
3-weeks treatment with sildenafil reported Ab levels to values
equal to those of young healthy mice (Ab42: 40.23 � 1.43,
F(1,26) ¼ 0.909; p ¼ 0.349; Ab40: 140.46 � 7.66, F(1,22) ¼
3.662; p ¼ 0.069; Fig. 5A, B) and normalized Ab42:Ab40 ratio
(0.28 � 0.02; F(1,26) ¼ 3.230; p ¼ 0.084; Fig. 5C). Conversely,
young mice treated with sildenafil showed an increase of sAPPb
(1.19 � 0.07, F(1,14) ¼ 9.619; p ¼ 0.008; Fig. 4A, C) resulting in
a slight increase of both Ab42 (45.47 � 1.65, F(1,26) ¼ 4.375; p
¼ 0.048; Fig. 5A) and Ab40 levels (171.59 � 5.01, F(1,26) ¼
5.011; p ¼ 0.036; Fig. 5B), Ab42:Ab40 ratio remaining un-
changed (0.26 � 0.01; F(1,26) ¼ 1.095; p ¼ 0.305; Fig. 5C).
However, sAPPb and Ab42 levels were lower than those in old
mice (sAPPb: F(1,14) ¼ 22.526; p < 0.0001; Ab42: F(1,26) ¼
4.85; p ¼ 0.037). Finally, young and old mice did not present
senile plaques in the hippocampal CA1 area (Fig. 5D).



Fig. 3. Sildenafil treatment increases antiapoptotic molecules in old mice. (A) Western blot analysis comparing the expression of Bcl-2 from old and young mice treated with vehicle
or sildenafil and bar graph showing that the decrease of Bcl-2 in old mice is rescued by treatment with sildenafil. (B) Sildenafil increases Bcl-2 immunoexpression from moderate to
very strong. (C) The expression of BDNF increases in old mice after a 3-week treatment with the PDE5-I. (D) The moderate BDNF staining observed in the CA1 of old mice changed to
strong after treatment. (B and D) Upper panels, magnification �20, scale bar, 100 mM; bottom panels, magnification �40, scale bar, 50 mM. n ¼ 4 mice for each group. ** p < 0.0001;
* p < 0.001; # p < 0.05. Abbreviations: Bcl-2, B-cell lymphoma protein-2; BDNF, brain-derived neurotrophic factor; ES, extent score; IS, intensity of staining; PDE5-I,
phosphodiesterase-5 inhibitor.
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4. Discussion

The present study showed that a 3-week treatment with the
PDE5-I sildenafil inhibits brain apoptosis in aged mice. We came to
this conclusion through the analyses of TUNEL assay and the quan-
tification of proapototic and antiapoptotic molecules such as
caspase-3, Bax, and Bcl-2. We particularly focused on the hippo-
campal CA1 region, because of its particular vulnerability to
neuronal cell death during aging and neurodegeneration (Schmidt-
Kastner and Freund, 1991) and the correlation between CA1
apoptotic signs with the impairment of hippocampal-dependent
forms of learning and memory during aging (Bennett et al., 1998;
Uysal et al., 2012).

The decrease of TUNEL-positive neurons after treatment is
consistent with several studies indicating that the stimulation of
the NO/cGMP pathway exerts an antiapoptotic effect. The NO
donor S-nitroso-N-acetyl-d,l-penicillamine and the membrane-
permeable cGMP analogue 8-Br-cGMP (Podda et al., 2008, 2012)
inhibited serum deprivation-induced apoptosis (Kim et al., 1999)
and 6-hydroxydopamineeinduced apoptosis (Ha et al., 2003) in
PC12 cells by inhibiting mitochondrial cytochrome c release,
caspase-3 activation, and DNA fragmentation. Other NO-generating
compounds, cGMP analogues, soluble guanylyl cyclase activators,
and cGMP-specific phosphodiesterase inhibitors have been
demonstrated to protect: (1) PC12 cells and rat sympathetic neu-
rons from death after withdrawal of trophic support (Farinelli et al.,
1996); (2) PC12 cells against glutamate-induced apoptosis (Yang
et al., 2001); and (3) astrocytes from H2O2-induced apoptosis
(Takuma et al., 2001). In PC12 cells, NO-induced cGMP elevations
also exerted an antiapoptotic effect that counter-balances the pro-
apoptotic actions of high doses of NO (Fiscus et al., 2002), empha-
sizing how NO might have a proapoptotic or antiapoptotic effect
based on the doses and the cells on which it acts (Choi et al., 2002;
for a review see Kang et al., 2004) consistently with the



Fig. 4. Sildenafil treatment modifies APP processing in young and old mice. (A) Western blot representative bands of APP and its fragments in young and old mice after treatment
with vehicle or sildenafil. (B) Bar graph showing that chronic treatment with sildenafil decreases full-length APP in aged mice. (C) The age-induced increase in sAPPb is rescued by
sildenafil that, in contrast, produces a slight increase of sAPPb in young mice. (D and E) No changes are detected in sAPPa and CTF99. (F) The decrease of CTF83 is rescued by
sildenafil. n ¼ 8 mice for each group. ** p < 0.0001; * p < 0.01. Abbreviations: APP, amyloid precursor protein; CTF, carboxy-terminal fragment; sAPP, soluble amyloid precursor
protein; Sild, sildenafil; Veh, vehicle.
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phenomenon of hormesis (see later in text), according to which
several physiological molecules exhibit opposite effects at high or
low concentrations (Calabrese et al., 2010; Puzzo et al., 2012).

The NO antiapoptotic effect was caused by the inhibition of
caspase-3 via a cGMP-dependent mechanism and by direct inhi-
bition of caspase-3elike activity through protein S-nitrosylation
(Kim et al., 1997). Sildenafil has also been shown to reverse the
hypoxia-induced neuronal apoptosis (Caretti et al., 2008) and
tadalafil to counteract ischemia-induced neuronal cell death, thus
facilitating recovery after ischemic cerebral injury (Ko et al., 2009).
Besides in the CNS, sildenafil exerts its antiapoptotic effect in
different types of cells such as skeletal muscle (Armstrong et al.,
2013), cardiomyocytes (Das et al., 2005; Ebrahimi et al., 2009;
Fisher et al., 2005; Westermann et al., 2012), endothelial cells
(Gokce et al., 2010), tissue samples of rats with colitis (Karakoyun
et al., 2011), cavernous tissues (Mostafa et al., 2010), and renal
tubular cells (Akgül et al., 2011).

Aging-induced apoptosis was associated with an increase of
caspase-3 and Bax activity, a decrease of Bcl-2, and an increase of
the Bax/Bcl-2 ratio (Dorszewska et al., 2004; Kaufmann et al., 2001;
Marcotte et al., 2004; Pollack et al., 2002). This is in contrast with
other studies showing no changes in proapoptotic proteins, TUNEL-
positive cells, and antiapoptotic proteins in the hippocampus with
age (Shimohama et al., 1998; Wu et al., 2006). However, these
studies were performed on different animal models and at different
ages (24-month-old rats and 16-month-old senescence-accelerated
mice, respectively), and our investigation was conducted on a
physiological mouse model of aging at 26e30 months of age. In our
conditions, the observed apoptotic profile was reverted by sildenafil
treatment. The reduction of caspase-3 by sildenafil has also been
observed in ischemia models on skeletal muscle (Armstrong et al.,
2013), on myocardium (Das et al., 2005; Fisher et al., 2005;
Milano et al., 2011), and in hyperammonia (Arafa and Atteia,
2013), as the reduction of Bax, the increase of Bcl-2, or the modi-
fication of the Bax/Bcl-2 ratio toward an antiapoptotic pathway in
different tissues (Bae et al., 2012; Barros-Miñones et al., 2013;
Caretti et al., 2008; Mostafa et al., 2010). In this regard, previous
studies on the antiapoptotic effect of NO underlined how NO could
inhibit Bcl-2 cleavage that occurred in association with an inhibi-
tion of apoptosis and caspase-3elike activation, blocking the vi-
cious cycle of caspaseeBcl-2 (Kim et al., 1998).

We then focused on BDNF, a neurotrophin with a crucial role in
synaptic plasticity and memory which has been involved in hip-
pocampal age-related changes (for a review, see Tapia-Arancibia
et al., 2008 and von Bohlen und Halbach, 2010). It is still a matter
of discussion whether BDNF levels decrease or increase with aging,
depending on the species, the cerebral region investigated, and the
concomitant presence of neurodegenerative diseases. Several
studies have demonstrated an age-related decrease of BDNF in the
hippocampus of aged rats and mice (Assunção et al., 2010; Kim
et al., 2010; Li et al., 2009; Liu et al., 2006; Zhao et al., 2009), but
it has also been reported that the alteration of synaptic plasticity
occurring in aged rats (Lapchak et al., 1993) or gerbils (Hwang et al.,
2006) was not related to a modification of BDNF content. Some
reports, on the contrary, indicated that the concentration of BDNF
increased with normal aging in the rat and mouse hippocampus
and it decreased in the cortex, and no differences in BDNF levels
were found in the hippocampus of senescence-accelerated mice
with memory impairment (Katoh-Semba et al., 1998). BDNF
decrease has been found to be determinant during aging in pri-
mates (Hayashi et al., 1997, 2001) and in humans, where a decrease
in BDNF serum levels has been detected (Erickson et al., 2010;
Lommatzsch et al., 2005) related to memory dysfunction, even if
hippocampal BDNF messenger RNA seems not to be modified by



Fig. 5. Sildenafil treatment modifies Ab levels in young and old mice. (A) Old mice show an increase of Ab42 levels that are reduced by sildenafil. The same treatment induces the
opposite effect in young mice leading to a slight increase of Ab42. (B) Old mice show a decrease of Ab40 that is rescued by sildenafil. This sildenafil-induced increase of Ab40 is also
observed in young animals. (C) Sildenafil normalized Ab42:Ab40 ratio in old mice. (D) No plaques are detected using Congo red staining in young and old animals. Scale bar, 50 mM;
n ¼ 12 mice for Ab40 and n ¼ 14 mice for Ab42. ** p < 0.01; * p < 0.05. Abbreviation: Ab, beta amyloid.
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age (Webster et al., 2006). In neurodegenerative diseases, such as
AD, almost all studies consistently showed that there is a decrease
in BDNF levels related to cognitive impairment (for a review, see
Tapia-Arancibia et al., 2008). In conclusion, these findings indicate
that BDNF has an important role during aging. In this study, we
demonstrated that the decrease of BDNF levels found in old mice,
concomitant with the apoptotic condition and the impairment of
synaptic plasticity and memory (Palmeri et al., 2013), was rescued
by sildenafil treatment. This is consistent with previous studies
indicating that PDE5 inhibitors increase BDNF levels in a mouse
model of AD (Cuadrado-Tejedor et al., 2011), in a model of neuro-
toxicity resembling some of the neuropathological features of
Huntington’s disease (Puerta et al., 2010), and in a mouse model
of type 2 diabetes (Wang et al., 2011). Moreover, because BDNF
is thought to activate the mitogen-activated protein kinases /
extracellular-regulated kinase cascade (Chiou et al., 2006; Peng
et al., 2008) leading to an increase of CREB and Bcl-2, and in turn,
CREB regulates BDNF and Bcl-2 transcription (Perianayagam et al.,
2006; Zieg et al., 2008); the positive effect of sildenafil on age-
related features might be because of the regulation of these
neuroplasticity-related proteins.

Another finding of this study was the modification of APP pro-
cessing and Ab levels by sildenafil. We have previously demon-
strated that PDE5 inhibition decreased Ab load in APP/PS1
transgenic models of AD (Puzzo et al., 2009), and it did not exert the
same effect in Tg2576 mice (Cuadrado-Tejedor et al., 2011). How-
ever, because in this work we did not use mice overexpressing
human Ab but physiological models of aging, we first analyzed
whether murine Ab and the relative APP pathway were modified in
aged wild type mice. We found an intensification of the amyloi-
dogenic pathway of APP cleavage (increase of full-length APP and
sAPPb but a decrease of CTF83) toward the formation of Ab42
whereas Ab40 levels were decreased. Thus, consistent with other
studies (Placanica et al., 2009), aged mice presented an increase of
the Ab42:Ab40 ratio considered an index of neurotoxicity
(Kuperstein et al., 2010; Pauwels et al., 2012). As expected, we did



Fig. 6. Overview diagram of sildenafil effects in aged mice. Red arrows indicate inhibition, and green arrows indicate stimulation. Abbreviations: Ab, beta amyloid; APP, amyloid
precursor protein; Bax, B-cell lymphoma 2-associated X protein; Bcl2, B-cell lymphoma protein-2; BDNF, brain-derived neurotrophic factor; CTF, carboxy-terminal fragment; i.p.,
intraperitoneal; p-CREB, Phosphorylated cAMP Response Element Binding protein; sAPP, soluble amyloid precursor protein.
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not find senile plaques in normal old mice, consistent with the
more recent view indicating that soluble Ab produces more severe
synaptic dysfunction and neuronal damage than do plaques
(Selkoe, 2002). This shifting in the APP processingwas counteracted
by sildenafil that normalized APP, sAPPb, CTF83, and the Ab42:Ab40
ratio in old mice.

Surprisingly, young mice treated with sildenafil showed a slight
increase of sAPPb and Ab, whose levels, much lower than those
found in old animals, should not exert toxic effects. This could be in
line with recent evidence suggesting that the PDE4 inhibitor roli-
pram increases APP protein expression and Ab in neuronal cells
(Canepa et al., 2013). Moreover, considering that: (1) the cyclic
adenosine monophosphate/protein kinase A pathway acts in par-
allel with the cGMP/protein kinase G (PKG) pathway leading to
CREB phosphorylation (Lu et al., 1999); (2) the NO/cGMP/PKG
pathway might represent a crucial target through which Ab acts
when at high doses (Puzzo et al., 2005); and (3) a moderate Ab
increase might exert positive effects on hippocampal long-term
potentiation and memory in normal mice (Puzzo et al., 2008, 2012),
it is feasible that the low increase in Ab levels induced by sildenafil
might mediate some cGMP-induced beneficial effect on cognition
in young mice, even if further investigations are needed to address
this issue.

It is interesting to notice that Ab (Puzzo et al., 2012) and the NO/
cGMP pathway (Calabrese et al., 2010) behave in a hormetic fashion,
stimulating or inhibiting cellular functions based on the applied
dose (i.e., low doses of Ab or NO stimulate synaptic plasticity and
memory, and high doses inhibit these processes). This is in linewith
an increasing number of studies pointing to the importance of
hormesis in aging and neurodegenerative diseases (for a review, see
Calabrese et al., 2013). During aging, the body’s ability to regulate
the homeostatic balance between oxidant and antioxidant systems
decreases leading to an increased production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) (Calabrese et al.,
2011, 2012) responsible for the tissue damage. Although the
continuous presence of a low concentration of ROSeRNS is able to
stimulate the production of antioxidant enzymes and other defense
mechanisms, overcoming a sustainable threshold determines cell
damage. The CNS is particularly vulnerable to oxidative stress and
the increased production of ROSeRNS causes an impairment of
neuronal plasticity (Gilgun-Sherki et al., 2002) and neuroplasticity-
related molecules (i.e., BDNF; Wu et al., 2004). Moreover, oxidative
stress leads to accumulation of unfolded ormisfolded proteins, such
as Ab, which is known to play a fundamental role in AD patho-
genesis and during aging (Calabrese et al., 2008). Thus, longevity
results on the ability of cells to activate adaptation phenomena in
response to oxidative insults, and, depending on the severity of this
insult and the individual genetic predisposition, homeostasis can be
restored, making the body less vulnerable to disease, or adaptation
can fail, paving the way to neurodegenerative disease. In this
context, modulation of endogenous cellular defense mechanisms
represents an interesting and innovative therapeutic approach.
Recently, the vitagene system, encoding for heat shock proteins,
heme oxygenase-1, thioredoxin reductase, and sirtuins, has been
identified as a potential novel target for cytoprotection acting
through a hormetic mechanism (Calabrese et al., 2008, 2010, 2011,
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2012, 2013) and the NO/cGMP system might be involved in this
neuroprotective network as a prosurvival pathway.

In conclusion, our findings strongly suggest that inhibition of
PDE5 can counteract apoptosis during aging by modulating pro-
and antiapoptotic molecules and the APP pathway. This, together
with the modification of CREB phosphorylation (Palmeri et al.,
2013; Puzzo et al., 2009) might explain the improvement of
cognitive function in AD and aged mice treated with sildenafil (see
Fig. 6 for a summary of the effects of sildenafil in aged mice).
However, as previously emphasized, none of the existing
commercially available PDE5-Is are optimized for the CNS, thus,
further studies are needed to develop new safe and effective drugs
for human use in chronic diseases such as aging and AD.
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