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Background: Hypertonicity of the internal anal sphincter (IAS) appears to be involved in the pathogenesis
of anal fissure. The relaxant effects of sildenafil, a selective phosphodiesterase 5 (PDE5) inhibitor, on
isolated human IAS were investigated.
Methods: The efficacy (maximal effect, Emax) and potency (− log IC50, where IC50 is half-maximal
inhibitory concentration) of the PDE5 inhibitors, sildenafil and zaprinast, and of nitric oxide donors,
sodium nitroprusside and glyceryl trinitrate, as relaxants of histamine (0·1 mmol/l)-induced tone
were examined in IAS strips under isometric contraction. The presence of PDE5 isoenzymes and
changes in intracellular calcium and cyclic nucleotide levels in IAS muscle were tested by real-time
reverse transcriptase–polymerase chain reaction, epifluorescence microscopy and enzyme immunoassay
respectively.
Results: Sildenafil produced a concentration-related inhibition of the mean(s.e.m.) histamine-induced
tone (Emax 83(2) per cent, − log IC50 7·04(0·05); n = 12). Zaprinast produced relaxation to similar degree,
but with lower potency. Nitric oxide donors also relaxed IAS. Sildenafil (1 µmol/l) produced a 1·8-fold
increase in guanosine 3′,5′-cyclic monophosphate content, with no change in adenosine 3′,5′-cyclic
monophosphate levels. Sildenafil markedly depressed the peak intracellular calcium increase evoked by
histamine. PDE5A1, PDE5A2 and PDE5A3 transcripts were expressed in IAS muscle.
Conclusion: Sildenafil relaxes the augmented tone of human IAS in vitro. These results support the
potential use of this PDE5 inhibitor in the treatment of chronic anal fissure.
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Introduction

Chronic anal fissure causes local pain and decreased health-
related quality of life1. Although the exact pathogenesis
remains uncertain, sustained hypertonicity of the internal
anal sphincter (IAS) has long been recognized as a factor
in the maintenance of anal fissures. Surgical procedures to
reduce this spasm result in high healing rates but have
the potential to induce incontinence1,2. Consequently,
there has been increasing interest in pharmacological
agents that produce relaxation of the IAS and promote
healing of fissures. Thus, drugs such as nitric oxide donors,
botulinum toxin and calcium channel blockers are being
used increasingly to treat chronic anal fissure, although

they may have untoward effects and their long-term
effectiveness is uncertain3,4.

The cyclic nucleotides, adenosine 3′,5′-cyclic
monophosphate (cAMP) and guanosine 3′,5′-cyclic
monophosphate (cGMP), are important regulators of
vascular and visceral smooth muscle tone, as an increase
in their intracellular concentration generally leads to
relaxation, mainly via an alteration in calcium signalling5.
Intracellular levels of cAMP and cGMP are regulated
by a family of at least 11 different phosphodiesterase
(PDE) isoenzymes6. Sildenafil citrate is a very potent
(concentration required to inhibit maximal activity by
50 per cent (IC50) is 1–4 nmol/l) and highly selective
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inhibitor of the cGMP-specific PDE5 encoded by the
gene PDE5A7. PDE5 inhibition results in augmentation
of cGMP and relaxation of vascular and visceral smooth
muscle. Sildenafil citrate is currently marketed for
the treatment of erectile dysfunction8 and pulmonary
hypertension9, but the visceral smooth muscle relaxing
effect of PDE5 inhibitors could be advantageous in the
treatment of other pathologies. In particular, sildenafil
has been shown to relax isolated canine IAS10, and
topical sildenafil reduces anal resting tone in patients
with chronic anal fissure11. Furthermore, PDE5 inhibitors
may enhance the inhibitory action of nitric oxide, an
endogenous transmitter of the inhibitory non-adrenergic,
non-cholinergic system, which also acts through the cGMP
pathway and plays an important role in human IAS action12.
However, the in vitro effect of sildenafil on isolated human
IAS has not been reported to date.

The aim of this study was to examine the inhibitory
effect of sildenafil on histamine-stimulated isolated human
IAS. The presence of PDE5 isoenzymes in human IAS was
also determined, as well as the effect of sildenafil on cGMP
and intracellular calcium levels in IAS muscle, since the
inhibitory activity of sildenafil on IAS tone is related to
these molecular targets.

Methods

Pharmacomechanical experiments

Human anal tissue was obtained from 32 patients (20
men and 12 women of mean age 67 (range 37–87)
years) who underwent abdominoperineal resection for
rectal carcinoma between 2000 and 2005. The study
protocol was approved by the local ethics committee and
informed consent was obtained from all patients. Twenty-
two patients received standard radiotherapy (total dose 45
Gy given with a high-energy photon linear accelerator as
1·8 Gy per fraction over 5 weeks) and chemotherapy that
finished 6 weeks before surgery13. The other ten patients
received no presurgical treatment.

A segment of IAS was dissected from macroscopically
normal tissue within 30 min of removal from the patient14

under the supervision of a pathologist. The specimens of
IAS used in the study showed no evidence of malignancy.
The tissue was transferred immediately to cold (4°C)
Krebs–Henseleit solution equilibrated with 5 per cent
carbon dioxide in oxygen (pH 7·4). The epithelium of the
anal canal and the rectal mucosa were removed along with
the submucosa. Muscle strips, measuring approximately
10 × 2 × 1 mm, were prepared along the plane of the
circular muscle bundles. IAS strips were mounted in
organ baths filled with Krebs–Henseleit solution (as

above; 37°C) and isometric tension was recorded with
transducers (Grass FT03 isometric force transducer; Grass
Instruments, Quincy, Massachusetts, USA) connected to
a PowerLab data acquisition system (ADInstruments,
Castle Hill, New South Wales, Australia). Preparations
were equilibrated for 60 min under a resting tension of 2 g
with changes of physiological salt solution every 15 min.
This resting tension was found in preliminary experiments
to be the optimal stretch tension for the development of
relaxant responses.

The responsiveness of preparations was then tested
with histamine (0·1 mmol/l). Preparations that failed to
respond to histamine (about 10 per cent of preparations)
were discarded15. After washout of the spasmogen, the
preparations were re-equilibrated for 30 min and histamine
(0·1 mmol/l) was added to produce a stable plateau contrac-
tion. Although isolated human IAS preparations are known
to develop inherent myogenic tone16, the present authors
preferred to induce a stable plateau contraction with a
spasmogen. This reduced the variability of spontaneously
generated tone, which eventually shows an oscillatory pat-
tern of contraction and fails to reach a plateau, and thus
mimics the clinical state of hypertonicity. Histamine was
selected for use as a spasmogen as its value has been defined
in previous studies16. Control strips (those not exposed to
inhibitory drugs) maintained a plateau level or lost about
10–15 per cent of histamine-induced tone over the time
interval (approximately 90 min) needed to make cumulative
concentration–response curves in the time-matched strips
exposed to relaxant drugs. During the cumulative addi-
tion of drugs, successive concentrations were added only
when the tissue had reached maximum relaxation (usually
5–10 min). At the end of all experiments, theophylline
(3 mmol/l) was added to each organ bath to establish a
reference for maximal relaxation.

Cumulatively increasing concentrations of the PDE5
inhibitors, sildenafil (from 0·1 nmol/l to 10 µmol/l) and
zaprinast (from 10 nmol/l to 1 mmol/l), and nitric oxide
donors, sodium nitroprusside and glyceryl trinitrate
(each from 1 nmol/l to 0·1 mmol/l), were constructed
in increments of 0·5 log units. The inhibitory effect of
piclamilast (concentration from 1 nmol/l to 1 µmol/l), a
potent and selective inhibitor of the cAMP-specific PDE4,
was also examined for comparison with PDE5 inhibitors. In
separate experiments, tissues were incubated with sildenafil
(1 µmol/l) for 20 min, and histamine (0·1 mmol/l) was then
added to assess the effect of sildenafil in preventing a
subsequent drug-induced spasm of IAS muscle.

For practical reasons, the IAS specimen was cryop-
reserved in some cases by using a previously described
protocol that preserves the pharmacomechanical properties
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of smooth muscle17, and the experiments were carried out
within 1 week with no significant changes in relaxation to
the studied drugs (data not shown).

Agonist concentration–response curves were fitted using
a non-linear fitting program (GraphPad Prism 4·03;
GraphPad, San Diego, California, USA). Drug potency
(− log IC50) was estimated as the negative logarithm of
the concentration of drug required to produce 50 per cent
of maximal drug-induced relaxation. Drug efficacy (Emax)
was measured as the relaxation in response to the highest
concentration used, expressed as the percentage of maximal
relaxation achieved by theophylline (3 mmol/l), added at
the end of all experiments.

Intracellular calcium measurements

Isolated IAS myocytes were obtained by means of an enzy-
matic dissociation method as described previously18. Cells
were subcultured after reaching confluency. Subculturing
was performed up to four to five passages, at which point
cells showed a stable α-actin expression, as determined
with a monoclonal antibody against α-smooth muscle actin;
more than 95 per cent of the cells stained positively.

Intracellular calcium concentration was measured by
epifluorescence microscopy (Spectramaster System; Perkin
Elmer, Life Sciences, Cambridge, UK) using the fluores-
cence calcium indicator dye fura-2, as detailed previously18.
Cells were loaded with fura-2 acetoxymethyl ester (5 µmol/l
in Dulbecco’s modified Eagle’s medium–F12 culture
medium for 50 min at 37°C), washed three times, placed
in a circular thermostated (37°C) chamber (Ambient Tem-
perature Controlled Perfusion Chamber Module; Perkin
Elmer), and mounted on the stage of an inverted micro-
scope (Eclipse TE300; Nikon, Tokyo, Japan). The effects
of drugs on intracellular calcium levels were examined in
fura-2-loaded cells that had been equilibrated for 15 min.
After establishing a stable baseline, histamine (0·1 mmol/l)
was added and the changes in intracellular calcium con-
centration were monitored for 3 min. The concentration
of histamine was selected to be the same as that used in the
pharmacomechanical experiments to generate tone. Cells
were challenged with histamine 10 min after addition of
sildenafil (1 µmol/l). Estimation of intracellular calcium
concentration was achieved by ratiometric analysis of fura-
2 fluorescence images elicited by excitation at 340 and
380 nm in single cells, as described previously18.

Cyclic nucleotide measurements

IAS muscle strips were exposed to 1 µmol/l sildenafil or
drug vehicle, and cyclic nucleotide levels were determined
after 15 min incubation by enzyme immunoassay, as

outlined previously19. The concentration of sildenafil and
length of incubation were determined from previous
reports20. The tissues were frozen instantaneously in
liquid nitrogen and stored at − 80°C for further analysis.
The cAMP and cGMP levels were measured by enzyme
immunoassay using Biotrak RPN225 and RPN226 assay
kits respectively (Amersham Biosciences, Piscataway, New
Jersey, USA), according to the manufacturer’s instructions.
The protein content of the homogenate was determined
by the method of Bradford21. Cyclic nucleotide content
was expressed as picomoles per milligram of protein.

Detection of PDE5A mRNA expression

Total RNA was extracted by using TriZol Reagent
(Invitrogen, Carlsbad, California, USA) according to
manufacturer’s instructions. Integrity of the extracted
RNA was confirmed with the Bioanalizer (Agilent, Palo
Alto, California, USA). The three alternatively spliced
PDE5 isoforms, PDE5A1, PDE5A2 and PDE5A3, were
analysed by real-time reverse transcriptase–polymerase
chain reaction (RT–PCR)22. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was chosen as the endogenous
control gene. Primers for PDE5A1, PDE5A2, PDE5A3
and GAPDH were designed using Primer Express
software (PE Biosystems, Morrisville, North Carolina,
USA) according to published sequences (Table 1). Some
200 ng total RNA was retrotranscribed to cDNA using
random hexamer primers and Taqman RT reagents
(N808-0234; PE Biosystems). The specificity of PCR
primers was tested under normal PCR conditions and
the products of the reaction were electrophoresed on a
2·5 per cent Nusieve GTG agarose gel (BioWhittaker
Molecular Applications, Rockland, Maine, USA). A single
band of the expected molecular size was observed. PCR
products were sequenced using a 7700 sequencer (PE
Biosystems) to confirm the specificity of the primers
used for amplification. Densitometric analysis of agarose
gel was carried out with 1D Lane Manager (Tecnologia
Diagnostico Investigacion, Madrid, Spain).

Drugs

Drugs and chemicals were purchased from Sigma-
Aldrich (Madrid, Spain), except for sildenafil citrate
(Viagra; Pfizer, Madrid, Spain), glyceryl trinitrate
(Solinitrina; Almirall, Barcelona, Spain), sodium nitro-
prusside (Nitroprussiat; Fides-Rottapharm, Valencia,
Spain) and piclamilast (Altana Pharma, Konstanz, Ger-
many). Drugs were made as stock solutions prepared
in distilled water or dimethyl sulphoxide (DMSO) as
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Table 1 Primers for real-time quantitative reverse transcriptase–polymerase chain reaction

Gene Primers Sequence Product size (bp) GenBank accession no.

PDE5A1 Forward 5′-TCGAGGCCGAGTCCTGTTC-3′ 68 NM−001083
Reverse 5′-GGCTCTCTGGTACTGCTTTTCC-3′

PDE5A2 Forward 5′-CAATGCATGGTTTGCTGAGAGA-3′ 69 NM−033430
Reverse 5′-TCGGTGTGGCCTCTGATACC-3′

PDE5A3 Forward 5′-ACGGGACAGCCCAAAGG-3′ 65 NM−033437
Reverse 5′-AGCAAACCATGCATTGACCAT-3′

GAPDH Forward 5′-AGTGGATATTGTTGCCATCA-3′ 146 BCO14085
Reverse 5′-GAAGATGGTGATGGGATTTC-3′

bp, Base pairs; PDE5, phosphodiesterase 5; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

appropriate, and then diluted to the desired concentra-
tion in Krebs’ buffer. The final concentration of DMSO
in the tissue bath did not exceed 0·05 per cent and had no
significant pharmacological activity.

Statistical analysis

Data are expressed as mean(s.e.m.) of n independent exper-
iments (that is, different patients). Statistical significance
was determined by ANOVA followed by Bonferroni’s post
hoc test with Prism 4·03 sofware (GraphPad). P < 0·050
was considered statistically significant.

Results

Tone of preparations and responses to histamine

The initial baseline tone of preparations at the end of
the equilibration period was 2·47(0·07) g (n = 32). The
addition of histamine (0·1 mmol/l) produced a plateau
contraction (2·16(0·17) g). After washout of histamine, the
new basal tone was slightly greater than the initial baseline
tone (2·72(0·08) g; P = 0·022). A plateau contraction in
response to a second addition of histamine (0·1 mmol/l)
was then obtained (2·46(0·18) g); this was not significantly
different from the initial response to histamine (P = 0·237).
The inhibitory effects of sildenafil and other relaxants were
compared with this second histamine plateau contraction.

Pilot experiments showed no significant difference
in the contractile response to 0·1 mmol/l histamine
in IAS samples from patients who had preoperative
radiochemotherapy and those who did not (2·37(0·16) g
in irradiated versus 2·40(0·11) g in non-irradiated tissue;
n = 12, P = 0·879), or in the relaxant response to PDE5
inhibitors and nitric oxide donors.

Sildenafil inhibits the inherent tone of isolated
internal anal sphincter

Sildenafil, a potent and selective PDE5 inhibitor, produced
a concentration-related relaxation of the histamine-
induced tone of human IAS, with an Emax of 83(2) per cent

and − log IC50 of 7·04(0·05) (n = 12) (Fig. 1a). Zaprinast,
a relatively selective PDE5 inhibitor, also produced a
concentration-dependent relaxation with similar efficacy
(Emax 82(2) per cent) but lower potency compared with
sildenafil (− log IC50 5·53(0·10); n = 12) (P = 0·001). No
significant difference was found in relaxant responses
to sildenafil and zaprinast in tissues from patients who
had preoperative radiotherapy and those who did not
(Table 2). In additional experiments it was shown that
incubation with sildenafil (1 µmol/l) markedly reduced
the contraction produced by the subsequent addition of
histamine (0·1 mmol/l) (84(3) per cent inhibition; n = 6).

For comparison, the inhibitory response produced by
a selective inhibitor of the cAMP-specific PDE4 was
examined in separate experiments. Piclamilast, a potent
and selective PDE4 inhibitor, produced concentration-
dependent inhibition of histamine-induced tone with a
potency of 7·37(0·12), but maximal relaxation (24(2) per
cent; n = 6) was significantly lower than that elicited by
PDE5 inhibitors.

The nitric oxide donors, glyceryl trinitrate and sodium
nitroprusside, produced a concentration-dependent relax-
ation of IAS tone (Fig. 1b), giving Emax values of 81(3) and
81(2) per cent respectively. Potency values were 6·48(0·08)
for glyceryl trinitrate and 5·64(0·05) for sodium nitroprus-
side (P = 0·001). Relaxant responses to glyceryl trinitrate
and sodium nitroprusside were similar in irradiated and
non-irradiated tissues (P = 0·736 and 0·400 for efficacy
and potency respectively) (Table 2).

Sildenafil increases cGMP content in smooth
muscle cells

To determine the involvement of cyclic nucleotides
in sildenafil-induced IAS muscle relaxation, cAMP and
cGMP levels were evaluated by enzyme immunoassay.
Basal levels of cAMP and cGMP were 12·6(2·3) and
0·93(0·18) pmol/mg protein respectively (n = 5 in each
group). Exposure to sildenafil produced a 1·8-fold increase
in cGMP concentration (1·71(0·23) pmol/mg protein) but
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Fig. 1 Relaxation of isolated human internal anal sphincter muscle by a PDE5 inhibitors, sildenafil and zaprinast, and b nitric oxide
donors, glyceryl trinitrate (GTN) and sodium nitroprusside (SNP). Values are mean(s.e.m.) data from 12 (phosphodiesterase 5 (PDE5)
inhibitors) and ten (nitric oxide donors) patients

Table 2 Influence of preoperative radiotherapy of patients on
maximal relaxation and − log IC50 values for sildenafil and other
agents that reduce tone of the isolated human internal anal
sphincter

Irradiated Non-irradiated

n

Maximal
relaxation

(%) − log IC50 n

Maximal
relaxation

(%) − log IC50

Sildenafil 7 84(3) 6·99(0·08) 5 82(3) 7·12(0·04)
Zaprinast 8 82(3) 5·51(0·10) 4 84(5) 5·56(0·19)
Glyceryl

trinitrate
6 79(5) 6·44(0·09) 4 83(4) 6·55(0·15)

Sodium
nitroprusside

7 81(2) 5·65(0·07) 3 81(4) 5·62(0·11)

Values are mean(s.e.m.) of n independent experiments. IC50,
concentration of drug required to produce 50 per cent of the reference
maximal relaxation elicited by theophylline (3 mmol/l). There were no
significant differences between irradiated tissues and non-irradiated
tissues.

no change in cAMP levels (13·8(1·9) pmol/mg protein)
compared with control values.

Sildenafil inhibits intracellular calcium signals
evoked by histamine

As an increase in cytosolic calcium concentration is a main
determinant of smooth muscle contraction, the effect of

sildenafil on the calcium response induced by histamine was
investigated in isolated IAS myocytes. As shown previously
for other human cultured visceral smooth muscle cells18,
histamine (0·1 mmol/l) produced a transient calcium signal
that consisted of a rapid immediate increase in intracellular
calcium concentration followed by a slow decrease to levels
slightly above the previous baseline values. Preincubation
of IAS myocytes with sildenafil (1 µmol/l) for 10 min did
not alter the resting level of intracellular calcium, but
markedly decreased the amplitude of the subsequently
induced calcium response to histamine (Fig. 2).

Co-expression of PDE5A isoforms in internal anal
sphincter muscle

To confirm that the observed relaxant effects of sildenafil
were related to inhibition of PDE5 activity, the expression
of transcripts of the PDE5A isoforms in human IAS muscle
was determined. Tissue-extracted RNA was subjected to
RT–PCR with primers for the three splicing variants of
the PDE5A coding region. Fig. 3a shows the corresponding
products, of expected sizes, electrophoresed on agarose
gel. PDE5A mRNA was also identified by real-time
RT–PCR and the expression level of the three isoforms was
determined, as shown in Fig. 3b. PDE5A1 and PDE5A2
showed a similar level of expression, whereas PDE5A3 was
expressed less strongly.
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Fig. 2 Intracellular calcium response to histamine in human
cultured internal anal sphincter smooth muscle cells. Sildenafil
(100 nmol/l) reduced the peak response to histamine and the
final plateau level. Values are mean(s.e.m.), derived from 12 cells
from a single patient, and are representative of results obtained
from three patients

Discussion

Sildenafil, a potent and selective PDE5 inhibitor, is an
efficacious and potent relaxant of histamine-contracted
human IAS in vitro. The relaxant effect of sildenafil is
comparable to that of nitric oxide donors, but of higher
potency. In addition, this study has demonstrated the
presence of the three subtypes of the PDE5A isozymes in
human IAS muscle, and has shown that sildenafil effectively
increases cGMP content and inhibits the histamine-
induced intracellular calcium signal in human IAS muscle
cells.

The responsiveness and sensitivity of human IAS muscle
to sildenafil in this study were similar to the potency values
of 6–7 and near-maximal relaxation of isolated smooth
muscle preparations reported for this PDE5 inhibitor in
other in vitro studies23,24. Unfortunately, data from the
only in vitro study of sildenafil as a relaxant of canine IAS10

did not permit calculation of potency, as 0·1 mmol/l was the
lowest concentration of sildenafil studied and this produced
about 60 per cent inhibition of acetylcholine-induced tone.
The concentrations of sildenafil reported to be effective
in the present study were comparable with those used in
other in vitro studies, including isolated cavernous smooth
muscle in which in vivo clinical effectiveness of this agent
has been well documented8,20,24. These concentrations
are within the range of circulating plasma levels of this
drug as reported in clinical trials in which sildenafil was
administered orally and was successful in treating erectile
dysfunction25,26.
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Fig. 3 Relative expression of the three isoforms of
phosphodiesterase 5 (PDE5A) in isolated human internal anal
sphincter assessed by reverse transcriptase–polymerase chain
reaction. a Lanes 1 to 4 correspond to PDE5A1, PDE5A2,
PDE5A3 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) respectively. b Relative level of expression of
PDE5A1, PDE5A2 and PDE5A3. Values are mean(s.e.m.) data
from four patients. bp, Base pairs

Twenty-two of the 32 patients in the present study
received chemoradiotherapy before surgery for rectal can-
cer. Preoperative radiation therapy may impair anorectal
function27, which has been attributed to damage to the
myenteric plexus of the IAS28. No significant difference
in the relaxant responses to sildenafil in irradiated ver-
sus non-irradiated tissues was found in the present study.
The absence of effect of preoperative radiotherapy on the
in vitro relaxation to sildenafil may be due to its direct
mechanism of action on muscle PDE5, which is unrelated
to neural release of mediators. A similar lack of influence
of clinical doses of radiation has been reported for directly
contracting and relaxing agents in isolated vascular smooth
muscle29.

Zaprinast is a relatively selective PDE5 inhibitor. This
study confirmed the relaxant effect previously described
for zaprinast in isolated human IAS16. The relaxant effects
found for the nitric oxide donors, glyceryl trinitrate and
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sodium nitroprusside, were similar to those reported
previously in non-human IAS strips15 resulting from
the activation of soluble guanylyl cyclase followed by
an increase in cGMP levels30. Despite the common
mechanisms of action of glyceryl trinitrate and sodium
nitroprusside, there were differences in the potency with
which they relaxed myogenic tone. In contrast to data from
isolated ovine IAS15, glyceryl trinitrate was found in the
present study to be slightly, yet significantly, more potent
than sodium nitroprusside. Glyceryl trinitrate has also been
reported to be more potent than sodium nitroprusside as a
relaxant of other vascular31,32 and non-vascular33 smooth
muscle preparations.

Cyclic nucleotide measurements indicated that basal
tissue levels of cGMP were approximately tenfold lower
than those of cAMP, in keeping with previous findings in
non-human IAS mucsle34,35. Sildenafil produced a 1·8-fold
increase in tissue cGMP concentration with no significant
change in cAMP levels, as expected from the selective
inhibition of the cGMP-specific PDE5 elicited by this
drug. In fact, cGMP has been found to be more potent
than cAMP in relaxing isolated human IAS36. Further
experimental support of this concept was provided by the
finding that piclamilast, a potent and selective inhibitor
of the cAMP-specific PDE4 that increases intracellular
cAMP content, produced only a weak maximal relaxation of
isolated human IAS (24 per cent). In addition, the selective
PDE4 inhibitor, rolipram, was found in another study
to produce a 25 per cent relaxation of human IAS strips
at 10 µmol/l, a concentration that fully inhibits PDE4
activity16.

Three alternatively spliced PDE5 isoforms, PDE5A1,
PDE5A2 and PDE5A3, have been reported37. Although
PDE5A1 and PDE5A2 are expressed in a variety of tissues,
PDE5A3 appears to be expressed only in smooth muscle38.
The present study has shown for the first time that PDE5A1
and PDE5A2 mRNA are co-expressed to a similar extent in
human IAS muscle, along with a lower level of expression of
PDE5A3. The occurrence of the three PDE5A transcripts
has also been demonstrated in vascular smooth muscle24,39.

cGMP is known to interact at different steps of
calcium signalling5. The present study found that sildenafil,
in concentrations within the range of those producing
relaxation, markedly inhibited the calcium signal evoked
by histamine. This is in keeping with a previous finding that
sildenafil inhibited the calcium signal induced by agonists
acting on G-protein-coupled transmembrane receptors
such as adenosine 5′-triphosphate or endothelin 1 in
freshly isolated rat pulmonary artery myocytes40. Taken
together, these data indicate that the relaxant effect of
sildenafil is related to a cGMP-dependent mechanism that

inhibits the release of calcium from sarcoplasmic reticulum
via an inositol triphosphate pathway, although further
experiments are necessary to rule out the contribution of
potential interactions at other points in calcium signalling.

The in vitro system has a number of limitations15. It
can reflect neither the dynamic processes involved in vivo
nor the consequences of repeated applications and long-
term treatment. It fails to reproduce the anal hypertonia
associated with the development of anal fissure, a factor
that may further influence the action of relaxant agents.
Furthermore, when a PDE inhibitor is evaluated, the cyclic
nucleotide turnover rates in isolated tissue preparations are
low; therefore, higher concentrations of PDE inhibitors
are required for the increase in cyclic nucleotide levels and
the corresponding tissue response16. Thus, sildenafil may
be more active in vivo and in the clinical setting at lower
concentrations than those reported in this in vitro study,
and therefore reasonably within the range of clinically used
concentrations.

In conclusion, this study has shown sildenafil to be
a potent and efficacious relaxant of contracted isolated
human IAS muscle. The presence of the three isoforms
of PDE5A has been demonstrated in human IAS muscle,
and confirmation has been provided of the involvement of
the cGMP pathway and calcium signalling in the relaxant
response to sildenafil. In addition, a lack of normal nitric
oxide synthase activity has been reported to occur in IAS
muscle from patients with anal fissure41. In this situation,
topical nitric oxide donors, such as glyceryl trinitrate,
and/or cGMP degradation inhibitors, such as sildenafil,
may help to relax the IAS. It should also be considered that
chronic anal fissures are ischaemic ulcers42; the vasodilatory
properties of sildenafil may provide an increased blood flow
to the relatively ischaemic anal fissure, enabling healing.
This in vitro study has provided further support for the
initial favourable findings reported for sildenafil in clinical
investigation11, and has contributed to an understanding
of the mechanisms by which sildenafil induces relaxation of
the human IAS. Further studies are warranted to ascertain
whether sildenafil citrate is a useful treatment for patients
with chronic anal fissure.
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