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Abstract:

Sildenafil is a phosphodiesterase-5 (PDE5) inhibitor and is predominantly used in the treatment of erectile dysfunction. While main-

taining an excellent safety and tolerability profile in the management of erectile dysfunction, sildenafil also provides a prolonged

benefit in various other diseases. Sildenafil has been shown to have a potential therapeutic efficacy for disorders related to the central

nervous system and pulmonary system. In the central nervous system, it exerts its neuroprotective effects in multiple sclerosis and

has a significant memory enhancing action. Sildenafil also significantly enhances neurogenesis. Several lines of evidence indicate

that targeting PDE5 with sildenafil offers novel strategies in the treatment of age-related memory impairment. Guanylate cy-

clase/cGMP/protein kinase G pathway or glutamate/nitric oxide/cGMP pathway appears to mediate memory enhancing effects.

Some of the positive cognitive features of sildenafil therapy are likely attributable to the mechanisms reviewed here. Sildenafil has

been shown to reduce pulmonary hypertension and alleviate pain in animals and humans. The present review primarily focuses on

the various pharmacological effects of sildenafil with regard to its influence on the nervous and pulmonary system.
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Abbreviations: AD – Alzheimer’s disease, Akt – protein ki-

nase B, AMPA – �-amino-3-hydroxy-5-methylisoxazole-4-

-propionic acid, CaM KII – calmodulin-dependent protein ki-

nase II, cGMP – cyclic guanosine monophosphate, cGK –

cGMP-dependent protein kinase, GC – guanylate cyclase, sGC

– soluble guanylate cyclase, GSK-3 – glycogen synthase ki-

nase 3, GTP – guanosine triphosphate, LTP – long-term poten-

tiation, PKG – protein kinase G, NO – nitric oxide, NMDA –

N-methyl-D-aspartate, PDE5 – phosphodiesterase-5

Introduction

Sildenafil is the first oral drug approved by the United

States Food and Drug Administration for the thera-

peutic treatment of erectile dysfunction. Sildenafil

(a chemical compound designated as UK-92,480) was

initially synthesized by pharmaceutical scientists
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working at Pfizer’s research facility in Kent, United

Kingdom. The focus of research by the scientists at

Pfizer was to treat hypertension and angina pectoris.

However, the phase I clinical trials did not yield a sig-

nificant antihypertensive effect and sildenafil had lit-

tle therapeutic potential for the treatment of angina.

Interestingly, sildenafil exhibited a different pharma-

cological effect in these patients, marked penile erec-

tion [59]. This unexpected pharmacological finding

resulted in patenting sildenafil in 1996 by Pfizer.

Later, sildenafil was approved by the Food and Drug

Administration in 1998 for use in erectile dysfunc-

tion. Thus, the miracle drug sildenafil became the first

oral drug approved for the therapeutic treatment of

erectile dysfunction in the United States and the sale

exceeded 1 billion dollars in the period of 1999–2001.

Sildenafil citrate is a water soluble aromatic com-

pound and its main pharmacological action is through

the inhibition of phosphodiesterase-5 (PDE5) in the

corpus cavernosum which contains most of the blood

in the penis during erection [24, 55, 94, 112].

PDE5 belongs to an important family of proteins

that regulates the intracellular level of cyclic guano-

sine monophosphate (cGMP). There are eleven differ-

ent types of phosphodiesterases which are distributed

throughout the body [59]. Phosphodiesterases hydro-

lyse cyclic nucleotides and, therefore, are involved in

second messenger signaling pathway [24]. Among the

various types of phosphodiesterases, only three selec-

tively hydrolyze cGMP relative to cAMP. PDE5 hy-

drolyzes cGMP and is found in several parts of the

body such as the lungs, platelets, various forms of

smooth muscle and several brain regions [11, 122].

Sildenafil structurally resembles the guanosine base

of cGMP and the 3-substituent extension fills a space

in the enzyme active site occupied by ribose [119].

Sildenafil selectively inhibits PDE5 and increases the

level of cGMP leading to beneficial effects in target-

ing some organs (Fig. 1). Interestingly, several lines

of recent evidence indicate that sildenafil may offer

novel strategy in the therapeutic treatment of age-

related memory impairment, pain, pulmonary hyper-

tension and multiple sclerosis. This review endeavors

to provide an overview of such studies, and includes

animal findings and potential mechanisms that may

explain the pharmacological effects.
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Sildenafil and erectile dysfunction

Erectile dysfunction is an intricate physiological and

psychological process which is influenced by various

factors [4]. Erection is mainly initiated by visual, ol-

factory, imaginary stimuli and recruitment of penile

afferents. Production of nitric oxide (NO) and cGMP

is reduced with age and causes erectile dysfunction in

many cases [115]. With regard to the psychological

aspect, erectile dysfunction significantly affects the

quality of life, such as objectively measured decreases

in physical satisfaction, emotional satisfaction, and

general happiness of a patient [79]. Erectile dysfunc-

tion is associated with feelings of isolation, low self-

esteem and depression [110]. The factors that signifi-

cantly affect sexual performances are environmental

influence, cultural factors, gender dynamics, avail-

ability of partners and physical setting [95]. It is esti-

mated that 20 to 30 million American men suffer from

erectile dysfunction. Erectile dysfunction affects

nearly 150 million men worldwide and the number is

expected to more than double over the next 25 years

[9]. Around the world, patients with this dysfunction

usually try various natural products and other local

remedies for better performance. Practitioners of

Ayurvedic (ancient Indian medicine) and Chinese

medicine, African herbalists and traditional healers

from a wide range of cultures around the world have

many centuries of knowledge regarding the use of

medicines of plant origin to treat a wide variety of

sexual dysfunction. Certain botanicals have been

identified as having significant aphrodisiac properties

and the ability to improve sexual functioning and

overall systemic health. Recent studies have shown

that certain botanicals have the ability to improve pe-

ripheral and systemic blood flow and to act as vasodi-

lators, leading to increased blood flow to the penis

and erectile tissue and, therefore, augment the sexual

pleasure and performance [118]. There are numerous

problems associated with the use of botanicals with

regard to its quality, dose and dosage forms. Adverse

effects and long-term toxic response of these botani-

cals have not been well characterized in animals and

humans.

Patients with erectile dysfunction responded posi-

tively to the current pharmacological drug (synthetic)

therapy. Drug therapies are based on their ability to

substitute, partially or completely, the degenerated or

faulty endogenous mechanisms that control penile

erection. Most drugs have a direct action on penile tis-

sue facilitating penile smooth muscle relaxation, in-

cluding prostaglandin E1, NO donors, phosphodies-

terase inhibitors, and alpha-adrenoceptor antagonists.

Dopamine receptors in central nervous centers that

participate in the initiation of erection have also been

targeted for the treatment of erectile dysfunction.

Sildenafil, orally administered PDE5 inhibitor, has

become a first-line treatment option for erectile dys-

function. Several recent reviews focused on the bene-

ficial effect of regular PDE5 inhibitor administration

on the improvement of erectile function and the

mechanism of drug action [24, 52, 55, 94, 112, 115].

Three PDE5 inhibitors (sildenafil, tadalafil, and var-

denafil) in a range of doses are available [94]. Silde-

nafil is a potent inhibitor of cGMP specific PDE5

which is responsible for degradation of cGMP in the

corpus cavernosum [17]. Inhibition of PDE5 reduces

the degradation of cGMP which allows erectile func-

tion to occur by relaxation of penile smooth muscle.

Sildenafil during the last 8–9 years has been pre-

scribed by more than million physicians around the

globe. Sildenafil combats sexual dysfunction caused

by diverse etiology or by such different factors as

drugs, psychological barriers, aging or induced by

diseases like diabetes mellitus, Parkinson’s disease,

depression and renal failure.

Sildenafil and pulmonary hypertension

Pulmonary hypertension occurs in the major pulmo-

nary artery that carries blood from the right ventricle

of the heart to the lungs. The high blood pressure in

the lungs is referred to as pulmonary hypertension. In

the lungs, when the smaller blood vessels become

more resistant to blood flow, the right ventricle is un-

der stress to pump sufficient blood to the lungs. Pul-

monary hypertension is a rare blood vessel disorder of

the lung which may be defined as a pulmonary artery

systolic pressure greater than 30 mmHg or a pulmo-

nary artery mean pressure greater than 20 mmHg.

Pulmonary hypertension can be classified as primary

and secondary hypertension. The cause of primary

pulmonary hypertension is not clearly understood.

However, the secondary pulmonary hypertension may

be due to pulmonary, cardiac and extrathoracic mal-

function. Cor pulmonale may lead to various disor-
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ders of the respiratory system. Pulmonary hyperten-

sion usually paves the way to cor pulmonale. The esti-

mated prevalence of primary pulmonary hypertension

is 1–2 cases/million. The prevalence of pulmonary

hypertension is about 1.7 times higher in women than

in men. However, in children pulmonary hypertension

is seen equally often in both sexes but this is altered

after puberty. Primary pulmonary hypertension most-

ly develops between 20 to 40 years of age and has no

racial preference [100]. Pain in the chest, shortness of

breath with minimal exertion, fatigue, dizzy spells

and fainting are the main symptoms of pulmonary hy-

pertension. Pulmonary hypertension can also be in-

duced primarily by breathing disorders like emphy-

sema and bronchitis. The other fewer causes may

include scleroderma, systemic lupus erythematosus,

congenital heart disease, pulmonary thromboembo-

lism, HIV infection, liver disease, diet and drugs, like

fenfluramine and dexfenfluramine.

Pulmonary hypertension is often not diagnosed

properly and is thus advanced to a critical state by the

time it is properly diagnosed. Due to improper disease

management, pulmonary hypertension has been his-

torically chronic and incurable resulting in a poor sur-

vival rate. Interestingly, new therapeutic treatments

are available which have significantly improved prog-

nosis and augmented the survival time, and patients

are able to manage the disease for 15 to 20 years or

longer. The therapeutic treatment of primary pulmo-

nary hypertension mainly involves calcium channel

blockers, anticoagulants, short-acting vasodilators, in-

hibitors of platelet aggregation, ionotropic agents, cor-

ticosteroids or other immunosuppressive agents. Thus,

the treatment of pulmonary hypertension is complex

and it does not lead to a complete therapeutic cure.

Recent studies have shown that sildenafil attenuated

pulmonary hypertension by increasing the supply of

blood to the lungs [45, 49, 64, 97]. Sildenafil can act

by relaxing the arterial wall and by decreasing the

pulmonary arterial resistance. Due to the presence of

PDE5 in the arterial wall, smooth muscle and lungs,

sildenafil acts in these areas and induces vasodilata-

tion. Pfizer submitted an additional registration for

sildenafil as an oral therapy for pulmonary arterial hy-

pertension with the FDA, and the drug was approved

for this indication in June 2005. The formulation for

the pulmonary hypertension therapy was named Re-

vatio, avoiding confusion with Viagra. Revatio is for-

mulated as white, film-coated round tablets equiva-

lent to 20 mg of sildenafil for oral administration.

Sildenafil and pain

Pain is a complex process which involves modulation

of both the peripheral and central nervous system

[80]. Pain is a self-protective mechanism which

forces the body to move away from danger, and after-

wards, to rest the injured part, giving the body the

chance to heal itself. Pain may be classified according

to the origins of pain signal generation. It may be neu-

ropathic, psychogenic, referred, somatic and visceral

pain. In acute pain (predominantly nociceptive), vis-

ceral, somatic and referred mechanisms play impor-

tant roles in the pain perception. There have been suf-

ficient studies in recent years indicating that pain

perception is no longer a straightforward afferent

transmission of pain signal. Pain is perceived as

a consequence of the response to electrical (neural)

and chemical (hormonal) changes in the body as a re-

sult of damage, disease or injury. The signals resulting

from any insult, damage or injury are picked up by

sensory receptors in nerve endings [125]. Eventually

the neurons transmit the signal from the site of injury

to the spinal cord, then into the brain where that signal

is perceived as pain. Anatomically specific ascending

excitatory and descending inhibitory pathways play

a role in pain signal transmission. Centralization of

the pain signal generators (cephalad relocation in the

central nervous system) occurs spontaneously or neu-

ral pathways are interrupted, leading to totally unex-

pected pain syndromes. Scientific evidence shows

that acute persistent pain eventually sensitizes wide

dynamic neurons in the dorsal horn of the spinal cord,

called the wind-up phenomenon. This phenomenon

may constitute the basic etiology for chronic pain syn-

dromes. Persistent and excessive pain is harmful to

the well being and, therefore, pain needs to be treated

as early and as completely as possible. Frequently in

non-nociceptive, chronic pain, neuropathic and psy-

chogenic mechanisms prevail, resulting in protracted

suffering and disability both physically and mentally

[87].

Chronic neuropathic pain, often associated with in-

jury of peripheral or central nerves, has been con-

firmed to be very difficult to treat therapeutically [87].

Opioids are a major class of analgesics used in man-

agement of moderate to severe pain. Nevertheless,

treatment with opioids has been found ineffective in

alleviating neuropathic pain. Recent studies have

shown that NMDA receptor seems to play a major
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role in neuropathic pain and in the development of

opioid tolerance [41]. Many experiments in both ani-

mals and humans have established that NMDA an-

tagonists such as ketamine and dextromethorphan can

alleviate neuropathic pain and reverse opioid toler-

ance. Chronic pain in patients due to spinal cord in-

jury could be reduced by a very low dose of ketamine

[33]. Ketamine produces a transient relief from pain

associated with burns; however, this has been attrib-

uted to its local anesthetic action [86]. Wiesenfeld-

Hallin [124] summarized clinical studies which indi-

cated that ketamine could also reduce the need for

opiates in the treatment of severe pain. Mathisen et al.

[74] showed that chronic neuropathic orofacial pain

could be relieved transiently by racemic ketamine and

its two stereoisomers, with effective serum concentra-

tions of the three drugs related to their affinity for the

NMDA receptor. Major concern with administering

NMDA antagonists to treat chronic pain is the impair-

ment in memory and attention [72]. Ketamine can

also produce a psychotic state in humans reminiscent

of schizophrenic symptoms [66].

Recently sildenafil has been shown to have im-

mense potential for the treatment of pain in animals

and humans. Sildenafil produced antinociceptive ef-

fect in animal models of pain after local peripheral

and systemic administration [3, 8, 61, 84]. Acetylcho-

line and cholinomimetic agents with predominant

muscarinic action are known to increase the concen-

tration of cGMP by activation of the NO signaling

pathway in the nociceptive conditions. Patil et al. [85]

investigated NO-cGMP-PDE5 pathway in nocicep-

tive conditions in the experimental animals. Acetyl-

choline or neostigmine (cholinomimetic agent) aug-

mented the peripheral antinociceptive effect of silde-

nafil. Peripheral accumulation of cGMP may be

responsible for antinociceptive effect of sildenafil

[62]. There may be a possible interaction between

cholinergic agents and PDE5 system in models of no-

ciception [84]. Nearly 50% of diabetes mellitus pa-

tients may develop diabetic neuropathy [7, 40]. The

treatment of pain in diabetic patients in many ways is

unsatisfactory. Anticonvulsants, antidepressants and

opioids have become the mainstay in the treatment of

chronic neuropathic pain [102]. Sildenafil is a new

candidate for a pathogenetically valid treatment in

diabetic patients with chronic neuropathic pain [5].

Sildenafil inhibits spinal PDE5 and leads to the accu-

mulation of cGMP that produces intrathecal antino-

ciception. Results of the recent study suggest that

cGMP accumulates as a result of PDE5 inhibition and

interacts with the cholinergic system to mediate this

pain-reducing effect [84].

Sildenafil and multiple sclerosis

Multiple sclerosis is an inflammatory disease of the

central nervous system characterized by pathologic

changes including demyelination and axonal injury in

the brain, spinal cord, and optic nerves. Myelin

sheathes surround nerves in the brain and spinal cord.

Myelin is lost in multiple areas, leaving plaques or

scars called scleroses so named multiple sclerosis.

Myelin is the fatty substance that coats and protects

these fibers, similar to the way insulation shields elec-

trical wires. Multiple sclerosis is a chronic, potentially

debilitating disorder that affects the central nervous

system. The central nervous system contains millions

of nerve cells joined together to form nerve fibers.

Electrical impulses originate in nerve cells and travel

along the nerve fibers to and from the brain. Inflam-

mation and injury to the myelin sheath leads to neu-

ronal injury. The result may be multiple areas of scar-

ring (sclerosis) in the central nervous system. Eventu-

ally, this scaring or sclerosis can slow or block the

nerve signals that control muscle coordination, strength,

sensation and vision. Multiple sclerosis affects ap-

proximately 400,000 individuals in the United States

and 2.5 million worldwide, with a typical onset during

the productive years between the ages of 20 and 50.

Multiple sclerosis is more predominant in women.

Multiple sclerosis patients experience their first

symptoms between the ages of 20 and 40. Symptoms

of multiple sclerosis vary widely, depending on the lo-

cation of affected nerve fibers. Signs and symptoms

of multiple sclerosis may include fatigue, numbness

or weakness of limbs, partial or complete loss of vi-

sion, double vision or blurring of vision, tingling or

pain in numb areas of the body, electric-shock sensa-

tions that occur with certain head movements, tremor,

lack of coordination or unsteady gait and dizziness.

Some patients may also develop slurred speech, mus-

cle stiffness or spasticity, paralysis, or problems with

bladder, bowel or sexual function. Mental changes

such as forgetfulness or difficulties with concentration

also can occur. Beta interferons, glatiramer (Copax-
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one), mitoxantrone (Novantrone), corticosteroids,

muscle relaxants and medications to reduce fatigue

are the current therapeutic strategies used in multiple

sclerosis.

Multiple sclerosis leads to memory impairment

through disturbances in the cortical and subcortical

pathways as a consequence of demyelination and ax-

onal transection. Neurologists employ magnetic reso-

nance imaging (MRI) to track the effect of drug ther-

apy on the development or lack of new lesions [43].

Sildenafil has been shown to protect multiple sclero-

sis patients from neurodegeneration through increased

gray matter perfusion in the brain [73]. Functional

MRI taken after oral administration of sildenafil has

shown significant increase in gray matter perfusion in

multiple sclerosis patients. Sildenafil has been shown

to enhance neurogenesis suggesting its role in neuro-

protection in multiple sclerosis.

Sildenafil and neurogenesis

The old hypothesis regarding neurogenesis, or the

birth of new neuronal cells, suggested that neurogene-

sis could occur only in developing organisms. How-

ever, recent scientific studies have demonstrated that

neurogenesis occurs continuously into and throughout

adult life in both vertebrate and invertebrate organ-

isms [48, 116]. Neurogenesis is significant in the hip-

pocampus of mammals [1, 36, 120], song control nu-

clei of birds [2] and the olfactory pathway of rodents

[71], insects [22] and crustaceans [50]. Neurogenesis

occurs in adult forebrain regions of the subventricular

zone and the dentate gyrus in various species [117].

Ongoing neurogenesis is thought to be an important

mechanism underlying neuronal plasticity, enabling

organisms to adapt to environmental changes and in-

fluencing learning and memory throughout life [103,

106]. Neurogenesis, essential for synaptic plasticity

and formation of memory, generally declines with age

and is associated with neurodegenerative diseases [89,

123]. Recently, numerous factors that regulate neuro-

genesis have been identified. Physical activity and en-

vironmental conditions are significant aspects that

have been known to affect proliferation and survival

of neurons in vertebrates as well as invertebrates.

Crayfish in an enriched environment had improved

neurogenesis and neuronal survival compared to sib-

lings in an “impoverished” environment [70]. Hor-

mones, such as testosterone and adrenal steroids, have

also been found to influence the rate of neurogenesis

in vertebrates and invertebrates [21]. Serotonin is

known to play a key role in neurogenesis in a variety

of organisms. In lobsters, serotonin depletion signifi-

cantly decreased the proliferation and survival of ol-

factory projection neurons and local interneurons. In-

terestingly, neurogenesis follows a circadian rhythm

in the juvenile lobster. Even though new neurons are

generated regularly throughout the day, extensively

more neurons were generated in the evening or night,

the most active time for lobsters. Studies in animals

showed that both serotonin reuptake inhibitors and the

antiepileptic drug phenytoin (dilantin) blocked the ef-

fects of stress on the hippocampus.

Preclinical studies indicate that stress is associated

with changes in structure of the hippocampus. The

hippocampus is the area of the brain which plays

a critical role in memory and neurogenesis. Imaging

studies measuring magnetic resonance have found

a smaller volume of the hippocampus in patients with

post-traumatic stress disorder related to both combat

and childhood abuse. These patients were also found

to have deficits in memory by neuropsychological

testing. Functional imaging studies using positron

emission tomography found decreased hippocampal

activation with memory tasks. However, paroxetine

significantly increased the hippocampal volume lead-

ing to enhanced memory function. Like paroxetine,

phenytoin was also effective in post-traumatic stress

disorder in increasing hippocampal volume but with-

out significant change in memory [19].

Sildenafil also enhances functional recovery and

neurogenesis after stroke in rats [126–128]. Sildenafil

has been shown to increase cGMP levels in the brain,

induce neurogenesis and reduce neurological deficits

in rats after stroke [39]. Neuronal growth is decreased

with age mainly due to lowered production of cGMP

and stroke reduces the number of functional neurons

in the brain. Prenatal brain development is influenced

by neuronal nitric oxide synthase and suggests a role

for cGMP in both neurogenesis and synaptogenesis

[23]. Production of NO and cGMP is reduced with

age [115] suggesting that decreased cGMP levels

could contribute to age-related decrements in neuro-

genesis. Therefore, studies on aged animals have im-

portant clinical implications for stroke treatment. Stroke

remains as a major cause of death and disability in

aged population [82]. Sildenafil promotes cell prolif-
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eration in neurospheres isolated from the subventricu-

lar zone of adult rat [122]. PDE5 is expressed in neu-

rospheres [11, 122]. Sildenafil significantly increased

cGMP levels and neurogenesis in neurospheres.

Sildenafil also significantly phosphorylated protein

kinase B (Akt) in neurospheres. Phosphorylated Akt

has been associated with an increase in phosphoryla-

tion of glycogen synthase kinase 3 (GSK-3), a down-

stream target of Akt. This was confirmed in a study

with PI3-K/Akt inhibitor, LY 294002. Co-incubation

of LY 294002 with neurospheres abolished the phos-

phorylation. This study suggests that Sildenafil-en-

hanced neurogenesis likely occurs through activation

of the PI3-K/Akt/GSK-3 pathway. Sildenafil increases

the cGMP levels and enhances neurogenesis in cell

culture studies [122]. Suzuki et al. [114], have shown

that glutamate can significantly increase the prolifera-

tion rates of human neural progenitor cells. Therefore,

it is clear that glutamate-NO-cGMP pathway plays

a role in sildenafil-mediated neurogenesis. The use of

specific PDE5 inhibitors such as sildenafil may, there-

fore, offer an innovative approach for improvement of

brain function in the aged population.

Sildenafil and memory enhancement

Alzheimer’s disease is a progressive neurodegenera-

tive disorder that is mainly characterized by cognitive

impairment. An estimated 4 million people, most of

them elderly, have Alzheimer’s disease in the United

States, affecting 30–50% of individuals aged 85 and

older [37]. The specific cause of Alzheimer’s disease

is unknown, but genetic abnormalities appear to play

a role and neuroinflammation is now recognized as a

prominent feature in Alzheimer’s pathology [75].

Therapeutic treatment consists of alleviating symp-

toms, providing long term care at a minimal cost with

fewer adverse effects. Progressive neurodegeneration

results in chronic cognitive decline culminating in

memory loss and motoneuronal dysfunctions. Alz-

heimer’s disease patients find difficulty reasoning,

making judgments, communicating and carrying out

daily activities. With the progression of Alzheimer’s,

patients may also experience changes in personality,

behavior and life style, such as anxiety, suspicious-

ness or agitation, as well as delusions or hallucina-

tions [56].

Prevalence of Alzheimer’s disease is increasing in

trend, particularly in economically developed coun-

tries due to many reasons including increase in life

expectancy and change in food habitts. Huge invest-

ments are currently made for the therapeutic interven-

tion and cure of Alzheimer’s disease. The cholinergic

and glutamatergic neurotransmitter systems, which

share a close functional relationship, may play a role

in the pathogenesis of Alzheimer’s disease. Acetyl-

cholinesterase inhibitors (AChEI) are effective for the

treatment of mild to moderate Alzheimer’s disease.

Currently the three cholinesterase inhibitors donepe-

zil, rivastigmine, and galantamine are widely recom-

mended for clinical use [14, 63]. Galantamine is of

particular interest because it has a dual mechanism of

action: it is postulated to be both an AChEI and an al-

losteric modulator of nicotinic receptors. Memantine,

an N-methyl-D-aspartate (NMDA) inhibitor, has been

approved for the therapeutic use in moderate to severe

Alzheimer’s disease [25, 44]. Modulation of NMDA

and nicotinic receptors by memantine and galan-

tamine may provide an optimal combination therapy

for Alzheimer’s disease. However, there is no perfect

drug currently available for the treatment. Recent

studies have shown that PDE5 inhibitors can counter-

act deficits in long-term memory caused by pharma-

cological agents or aging [27, 29, 34, 35]. Therefore,

targeting PDE5 with a selective inhibitor like silde-

nafil may offer a novel therapy aimed at slowing pro-

gression, prevention and, eventually, therapy of Alz-

heimer’s disease. Event-related brain potentials re-

corded following sildenafil administration suggest

an enhanced ability in young men to focus attention

on auditory stimuli [107]. This finding is significant

as the first attempt to study the cognitive effects of

sildenafil in humans using electrophysiological tech-

niques. Animal studies have shown sildenafil to en-

hance memory [10, 27, 28, 30, 34, 90–93, 101, 111].

Administration of sildenafil directly into the hippo-

campus after the first trail in object recognition task,

improved memory in mice [77, 101] and enhanced the

processes of consolidation of object information [93].

Similarly, sildenafil has been shown to attenuate

memory impairment induced by nitric oxide synthase

inhibition [30], hyperammonemia [34, 35] and block-

age of muscarinic cholinergic receptors [27]. Silde-

nafil administration improved the cognitive perform-

ance in diabetic conditions and electroconvulsive

shock-induced animal models [83].
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There are several theories proposed to explain the

memory enhancement by phosphodiesterase inhibi-

tion. PDE5 inhibition causes vasodilatation, probably

through cGMP, in rats [31, 32]. Thus, one of the sug-

gested mechanisms is memory improvement through

increased blood flow and consequent glucose metabo-

lism in the brain [93]. The NO-cGMP-cGK pathway

is involved in learning-related forms of synaptic plas-

ticity [92]. Studies have revealed a variety of molecu-

lar mechanisms, including retrograde signaling and

activation of presynaptic PKG and calmodulin-depen-

dent protein kinase II (CaM KII) for the expression of

long-term potentiation (LTP). LTP in the associatio-

nal/commissural pathway requires NMDA receptor

activation, postsynaptic depolarization, a rise in post-

synaptic Ca��, and insertion of postsynaptic AMPA-

type glutamate receptors [108]. Induction of LTP is

blocked by inhibition of nitric oxide synthase [16].

Evidence from this study and other reviews implicates

NO as a retrograde messenger in memory mechanism

[28]. Though LTP is considered as a postsynaptic

event, retrograde signaling of NO followed by

cGMP-stimulated release of glutamate is suggested as

a presynaptic mechanism [6, 16, 53]. Cascade of

events related to memory enhancement by sildenafil

is presented in Figure 2. A unifying hypothesis in-

tended to explain the sildenafil-mediated memory en-

hancement proposes that accumulation of cGMP initi-

ates a complex cascade. Presynaptic PDE5 inhibition

increases the cGMP level and triggers the release of

glutamate and subsequent NMDA receptor activation.

Postsynaptic inhibition of PDE5 increases protein

synthesis and synaptogenesis. Increased activity of

cGMP-coupled ion channels may lead to early con-

solidation of information into memory [65, 107].

Electrophysiological experiments with long-term po-

tentiation revealed that cGMP had to be kept high but

below a certain threshold to reach the peak capacity to

learn [34].

Bernabeu et al., found that administration of cAMP

into the hippocampus enhanced passive avoidance

learning, suggesting cAMP involvement in later

stages of memory consolidation processes [12]. Direct

administration of cGMP into the hippocampus im-

proved object memory in rats whereas there was no

improvement by cAMP. Cyclic GMP-regulated pro-

cesses in the hippocampus play a significant role in

the early stages of memory consolidation and cAMP
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signaling pathways are occupied in the late post-

training memory processing of inhibitory avoidance

learning [10, 13]. LTP is mainly a postsynaptic event.

However, LTP is expressed by increasing the pre-

synaptic release of glutamate through the GC/

cGMP/PKG pathway [23, 27, 28, 65]. Glutamate-

NO-cGMP pathway modulates important cerebral

processes such as intercellular communication, the

circadian rhythms and LTP [15, 18]. Sildenafil may

also reduce the cognitive deficits associated with ag-

ing and be used for treating age-related neurodegen-

eration. Production of NO and cGMP is reduced with

age and to some extent contributes to age-related

memory decline [115]. Sildenafil, a specific inhibitor

of cGMP degrading enzyme, therefore, offers a new

strategy for memory improvement and a novel ther-

apy for Alzheimer’s disease in the future.

Adverse effects of sildenafil

Few incidences of transient ischemic attack following

sildenafil medication have been published [57, 78,

81]. In many cases, patients acquired risk factors suf-

ficient to develop transient ischemic attack and silde-

nafil might have provoked the incidence [78, 96]. Al-

though a definitive cause has not been determined,

transient ischemic attack is thought to occur through

reduced blood pressure. Sildenafil may cause venodi-

lation, brief arrhythmia and cerebral arterial vascula-

ture in patients with sympathetic cereberovascular

disease. This leads to lowering of blood pressure

across diseased artery resulting in transient ischemic

attack and followed by stroke. Sildenafil may also

cause increase in sympathetic activity and subse-

quently stroke [88]. A small number of patients have

reported developing seizures subsequent to taking

sildenafil and this is mostly among patients with other

complications like hypertension [46]. Due to inhibi-

tion of PDE5, sildenafil causes accumulation of

cGMP which triggers the release of glutamate [98].

The increased release of glutamate may cause sei-

zures in susceptible individuals [51]. Few cases of

amnesia have been reported after sildenafil medica-

tion [42, 105]. Susceptible people will develop ische-

mia in hippocampal region leading to transient global

amnesia [69]. Migraine is a risk factor for transient

global amnesia. Nonarteritic anterior ischemic optic

neuropathy (NAION) has been reported rarely in men

following sildenafil medication [47]. Hayreh [54] has

reviewed the oral treatment of erectile dysfunction

and non-arteritic anterior ischemic optic neuropathy.

Blue tinge to vision, increased brightness of lights,

and blurry vision are reported in many occasions par-

ticularly at higher dose of sildenafil [60]. Sildenafil

has a relatively low IC�� for PDE5 that was found in

rod and cone photoreceptor cells of retina [59]. Preva-

lence of impaired vision caused by sildenafil could be

explained by the elevated cGMP in retina [68]. Cyclic

nucleotide-gated channels are found in the membrane

of cone outer segments and at the synaptic terminal

[99, 104]. Inhibition of NO synthesis may induce

anxiety [38]. Sildenafil in many cases helps men fight

anxiety through treating the erectile dysfunction. De-

pression, anxiety and psychosocial problems are high

in men with erectile dysfunction and were amelio-

rated by sildenafil [26, 76, 79, 109, 113]. However,

animal studies have shown an anxiogenic effect of

sildenafil [58, 67, 121]. A small number of men also

reported developing anxiety after taking sildenafil.

Sildenafil may increase the cGMP levels and conse-

quently reduce the NO release in the brain through

a negative feedback mechanism. Sildenafil may also

have other common side effects such as headache, up-

set stomach, diarrhea, chest pain, dizziness or light-

headedness, fainting, flushing, itching or burning dur-

ing urination, rash, stuffy nose, prolonged and painful

erection. Widespread clinical use of sildenafil and re-

view from consumers around the world reveal that

problems with acute side effects and health risks are

minimal for the majority of patients [20, 28, 59].

Outlook

This review summarizes the pharmacological effect

of sildenafil in pulmonary hypertension and central

nervous system and also discusses the adverse effects.

Sildenafil is chemically characterized as a pyrazolo-

pyrimidine derivative and biochemically as a PDE5 in-

hibitor. With regard to its biological effects, evidence

from clinical trials and experimental studies suggest

that sildenafil exhibits a plethora of pharmacological

actions. Although still in the preclinical phase, prom-

ising results have been reported for sildenafil from

studies in stroke. While maintaining excellent safety
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and tolerability profile in the treatment of erectile dys-

function, sildenafil presents a prolonged benefit in the

central nervous system, pulmonary hypertension, and

pain. Aspects of neurogenesis, memory enhancement,

neuroprotection and antinociception are encouraging

and need further investigation. Basically, sildenafil

acts through cGMP, however, there are many lines of

its action for investigation.
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