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ABSTRACT - Purpose: Several studies have evaluated the effects of sildenafil on the tissue repair and wound
healing. In the present review, the impact of sildenafil on the wound healing in all available clinical and non-
clinical (experimental) studies has been discussed. Methods: A literature search was performed using PubMed,
Scopus, Medline, Embase, Cochrane central register of controlled trials and Cochrane database systematic
reviews. Related articles indexed in Google Scholar were also included. Key words used as search terms were
‘phosphodiesterase inhibitor’, ‘sildenafil’, ‘skin’, ‘cutaneous’, ‘skin lesion’, ‘skin damage’, ‘wound’, and
‘wound healing’. No time limitation was considered in this review. Results: A total of 15 animal studies, 7 case
reports, and 2 small clinical studies have reported the effects of sildenafil on the wound healing. The effects
included skin flaps and grafts, anastomosis, systemic sclerosis and Raynaud's disease. Conclusions: The
available data support the beneficial effects of sildenafil in improvement of tissue healing in various conditions.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.

INTRODUCTION studies. These biological activities of NO have
resulted in its introduction as a wound healing
Healing of the chronic wounds remains a biomarker (18).
challenging problem (1, 2). Tissue injury triggers a Topical NO-releasing formulations have shown
cascade of repair events designed to restore tissue clinically significant vasodilation in the localized
integrity and function (3). The wound healing systemic sclerosis (19) and Raynaud’s disease (20).
process begins with hemostasis, and various Poor wound healing has been associated with
inflammatory cells such as polymorphonuclear cells deficiencies in inducible NO synthase (iNOS) and
and macrophages play a key role in this early stage endothelial NOS (eNOS) (21-24), whereas a topical
of wound healing (4,5). In the next stage, NO donor and a precursor of NO such as L-arginine
keratinocytes migrate to the wound site to initiate both improved the wound healing process in
tissue re-epithelization and granulation (6). Other diabetic mice (25-26).
critical events in the tissue repair process are Sildenafil, an agent that sustains the cGMP-
remodeling and angiogenesis, which are necessary enhancing effect of NO, was initially developed as
for restoration of blood flow and oxygen supply to an antihypertensive agent (27). Due to the
the tissue (7). unexpected side effect of promotion of penile
Beneficial effects of nitric oxide (NO) have erection, in 1998, sildenafil citrate (Viagra, Pfizer)
been shown in wound healing, including became the first phosphodiesterase type 5 (PDES)
potentiation of the clotting process (8), scavenging inhibitor on the market for the treatment of erectile
of oxidative stress components (5), improvement of dysfunction (28). More than 750,000 prescriptions
angiogenesis (9), promotion of endothelial cell were filled during the first 7 years of its
proliferation (10, 11), and tissue remodeling (12). introduction (29-32).

Roles for NO in the regulation of vasodilation (13),
control of the cell cycling and apoptosis (14), cell
proliferation and differentiation (15), enhancement Correspondening Author: Hossein Khalili, Department of

: B : Clinical Pharmacy, Faculty of pharmacy, Tehran University of
. .O).(ygen dehvery (16)’ and e.V en aptlmlcrqblal Medical Sciences, Tehran, Iran; Email khalilih@tums.ac.ir
activity (17) have been described in previous
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Since then, sildenafil has shown benefits in
experimental stroke models (33, 34). These
properties, together with the effects on the

cardiovascular system (35, 36), have prompted
further research on the potential beneficial effects
of sildenafil in treatment of neurological conditions
and injuries that affect vascular perfusion. Clinical
studies support the use of sildenafil as a treatment
for wvarious forms of pulmonary arterial
hypertension in both children and adults (37, 38),
and for prevention or management of right heart
failure (39, 40). The observation of an antiplatelet
effect of sildenafil and its influence in improving
the microcirculation during wound healing in

animal and human studies has also been
encouraging (41-43).
Other animal and clinical studies have

demonstrated potential benefits of sildenafil in
conditions associated with diminished skin blood
flow and poor vascularization, such as Raynaud’s
phenomenon and digital ulcers in patients with
systemic sclerosis (44—47). Different studies have
shown beneficial effects of low doses of sildenafil
on portopulmonary hypertension following liver
transplantation (48), or on systemic sclerosis
associated with pulmonary hypertension (49). It
seems that sildenafil exerts its beneficial actions on
the process of wound healing through different
mechanisms that include vasodilation (4), enhanced
microcirculatory hemodynamics through inhibition
of platelet aggregation and adhesion (50),
stimulation of angiogenesis (51), induction of
apoptosis of adhesion fibroblasts, and reduction of
inflammatory responses (3). Data from animal
models on the beneficial effects of sildenafil on
wound healing are promising but human data are
currently lacking (52).

Several research studies have been focused on
different effects of sildenafil on tissue repair. In the
present review, the impact of sildenafil on wound
healing in all clinical and non-clinical
(experimental) studies is discussed.

METHODS

A literature search was performed using PubMed,
Scopus, Medline, Embase, the Cochrane central
register of controlled trials, and the Cochrane
database systematic reviews. Related articles
indexed in Google Scholar were also included. Key
words used as search terms were ‘phospho-

diesterase inhibitor’, ‘sildenafil’, ‘skin’,
‘cutaneous’, ‘skin lesion’, ‘skin damage’, ‘wound’,
and ‘wound healing’. No time limitation was
considered in this review. Only English-language
articles were considered eligible for inclusion. Two
case reports written in German and Spanish were
excluded. All studies (experimental, quasi-
experimental, and clinical), which evaluated the
effect of sildenafil on wound healing as a main
endpoint, were included. Improved wound-healing
processes with sildenafil were suggested in different
animal (3, 4, 41, 42, 50, 51, 53-61) and human
studies (45, 47, 62-67).

RESULTS

Experimental studies that have evaluated
sildenafil effects in wound healing

Sildenafil has been actively investigated in wound

healing, mainly with respect to maintenance of skin
flap viability (Table 1).

Effect of sildenafil on skin flap survival

Flap necrosis remains a challenging issue following
plastic and reconstructive surgeries (68). Partial or
complete necrosis of a flap can lead to detrimental
consequences including wound dehiscence, delayed
wound healing, wound contracture, infection, and
fistula formation (69, 70). Arterial insufficiency and
venous congestion play major roles in flap necrosis.
Several factors could contribute to arterial
insufficiency, such as release of vasoactive agents
as well as oxygen-derived free radicals, and
formation of thrombosis in arteries and/or veins

(71). Based on these mechanisms, numerous
pharmacological  modalities, ranging from
sympatholytics, vasodilators, calcium channel
blockers, and prostaglandin  inhibitors to

anticoagulants, glucocorticoids, and free radical
scavengers, have been studied for potential
improvement in flap survival but have met with
various degrees of success (72, 73). Because of
their vasodilating, angiogenic, and decreased
platelet aggregation properties, the PDE inhibitors
such as sildenafil have now been examined in
several experimental studies for possible beneficial
effects of on the viability of skin flaps.
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Table 1. Animal studies which have evaluated the wound healing effects of sildenafil

Study Subjects (Number) Intervention group Control Duration of Main result(s)
group sildenafil treatment
Sarifaki ~ Rats with caudally Received 3, 10, or 20 mg/kg/day sildenafil ~ Received 56 7 days Orally administered sildenafil
oglu et based skin flaps (32) solution orally ml/day tap improved the survival of skin
al. (42) water orally flaps in a dose-dependent
manner
Ulusoy Rats with caudally Group II: Silastic sheet separated the flap Group I: (Combination was Topically administered
et al. based skin flaps from the underlying vascular bed once Received no placed under-flap for) sildenafil combined with fibrin
(41) (50) Group III: 0.5 ml fibrin glue was placed to  treatment 7 days glue improved skin flap
under-flap once viability and vascular density
Group IV: 2.5 mg sildenafil mixed in 0.5 in a dose-dependent manner
ml of fibrin glue was placed to under-flap
once
Group V: 10 mg sildenafil mixed in 0.5
ml of fibrin glue was placed to under-flap
once
Ayyildi  Rats with caudally Received sildenafil enterally (1 Received no 7 days Locally-injected sildenafil was
z et al. based skin flaps mg/kg/day) or locally (0.5 mg/kg/day) treatment more effective than that given
(50) (30) orally in improving skin flap
viability
Ayyildi Full-thickness tubed 0.5 mg/kg/day sildenafil solution (study Received no 7 days Topically administered
z et al. free skin grafts in rats group) or 1 ml/kg/day saline solution treatment sildenafil was not effective in
(54) (15) (sham group) was administered topically the achievement and
preservation of full-thickness
tubed free skin grafts viability
Hart et Rats with caudally 9 mg/kg/day sildenafil solution (treatment ~ Received no 7 days Intraperitoneally administered
al. (51) based skin flaps group) or 0.05 N hydrochloric acid in 5 treatment sildenafil decreased areas of
(109) ml saline (vehicle control group) was (sham group) necrosis of skin flaps
administered intraperitoneally Improvement in skin flap
viability was greater at the
earlier postoperative time
points than later ones
Tsai et Rats with caudally 10 mg/kg/day sildenafil solution was Received no 7 days Combination of sildenafil and
al. (53) based skin flaps administered intraperitoneally (sildenafil treatment VEGF reduced the extent of
(123) group), 4 mcg VEGF was administered (sham group) avascular and stasis areas of
subdermally (VEGF group), 10 skin flaps
mg/kg/day sildenafil solution with 4 mcg Combination of sildenafil and
VEGF was administered (combination of VEGF failed to show further
sildenafil with VEGF group), or 3% benefits compared to sildenafil
DMSO plus 9% Tween-80 saline solution alone
was administered intraperitoneally
(vehicle group)
Barral et Rats with caudally Received 0.5 mg/kg/day sildenafil Received 5 2 days Subdermally administered
al. (59) based skin flaps solution subdermally ml/kg/day sildenafil decreased viability
(20) saline solution of skin flaps
0.9%
subdermally
Uzunet  Rats with normal or Received 10 mg/kg/day sildenafil solution =~ Received no 3 days for (in) 7 rats Orally administered sildenafil
al. (58) ischemic colon orally (normal or ischemic anastomosis) treatment with normal or enhanced the healing process
anastomosis (normal or ischemic colon of colonic anastomotic wound
(56) ischemic anastomosis
anastomosis) 7 days for (in) 7 rats
with normal or
ischemic colon
anastomosis
Irkorucu  Rats with ischemic 10 mg/kg/day sildenafil solution Received tap 3 days Orally administered sildenafil
etal. colitis (treatment group) or tap water (sham- water orally improved ischemic colitis
(55) (28) operated) was administered orally
Irkorucu  Rats with normal or 10 or 20 mg/kg/day sildenafil solution or Received tap 4 days 10 mg/kg sildenafil
et al. ischemic left colon tap water was administered orally water orally administered orally enhanced
(57) anastomosis (ischemic left colon anastomosis) (normal left the healing process of left
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(36)
Batukan  Rats with Received 3.75, 7.5, or 15 mg/kg/day
et al. postoperative intra- sildenafil solution orally
(56) abdominal adhesion

(32)
Aytenet  Rats with left colon Received 8 mg/kg/day sildenafil solution
al. (60) anastomosis, intra- intraperitoneally

abdominal adhesion,

and infection

(14)
Tas et Dogs with open Received 25 mg sildenafil solution orally
al. (3) wounds on anterior

brachial region

(16)
Dericiet  Rats with abdominal Received 10 mg/kg/day sildenafil solution
al. (4) fascia wall wound orally

(100)
Jamshid  Rats with wound at Received 25 mg/day sildenafil topically
zadeh et  panniculuscarnosus
al. (61) and adherent tissues

(39

colonic anastomotic wound
Anti-inflammatory effects of
sildenafil on left colonic
anastomotic wound was dose-

colon
anastomosis)

dependent
Received tap 5 days Orally administered sildenafil
water orally attenuated postoperative intra-
abdominal adhesion formation
Received 2 ml 7 days Intraperitoneally administered

saline solution sildenafil improved

intraperitoneal anastomotic healing of the left

ly colon and reduced peritoneal
adhesion formation in the
presence of intra-abdominal

infection
Received Days 1, 3,5,and 7 Orally administered sildenafil
saline solution  post operative enhanced the process of
orally wound healing

Received no 10 days Orally administered sildenafil

treatment (before surgery) enhanced wound healing of the
(standard abdominal fascia wall
laboratory

diet)

Received the
same cream
base

7 days for 5 rats
14 days for 5 rats
21 days for 5 rats

Topically administered
sildenafil augmented the
wound healing process

Sarifakioglu et al. used a rat model to conduct
the first experimental study to evaluate the potential
effects of sildenafil on survival of skin flaps. A skin
flap was designed on the dorsum of 32 rats, and
then they were randomly divided into 4 equal
groups, including 1 control (control rats received
tap water orally) and 3 treatment groups (rats
received 3, 10, or 20 mg/kg/day of sildenafil
solution orally). Administration of the drug or tap
water was initiated 2 hours after the surgical
procedure and was continued for 7 days. During the
study period, flaps were photographed and the
surviving areas of the skin flaps in each group were
determined wusing a planimeter. The mean
percentage of survival of flaps in the group that
received sildenafil at dose of 20 mg/kg/day was
significantly higher than the survival percentages
of the other groups (P < 0.01). These data suggested
that sildenafil could improve the survival of skin
flaps in a dose-dependent manner. The authors
proposed that the beneficial effects of sildenafil on
skin flap viability might be independent of the
NO/cGMP pathway and could be explained by

improvement in microcirculatory hemodynamics
(42).

Ulusoy et al. investigated the efficacy of
sildenafil, combined with fibrin glue, on flap
survival in rats with the aim of achieving site-
specific delivery, prolonging exposure to action
site, and minimizing systemic side effects. Fifty rats
were randomly assigned to 5 groups of 10 rats each.
The first group was a control; the second group
received no pharmacologic treatment, but a thin
silastic sheet was placed to separate the flap from
the underlying vascular bed. The third group
received 0.5 ml of fibrin glue to the flap site, while
the donor site of the flap in the fourth and fifth
groups was treated with different doses of sildenafil
(2.5 and 10 mg, respectively) mixed in 0.5 ml of
fibrin glue. On postoperative day 7, the flap
dimensions were digitally photographed and
histological examinations were performed. Mean
flap survival areas in sildenafil groups were
significantly higher than in the control groups (P <
0.0001). In addition, the decrease in skin flap
necrosis was statistically larger in the group treated
with 10 mg of sildenafil than in the group treated
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with 2.5 mg of sildenafil group. In accordance with
the increased area of survival, histological
examination showed significantly higher vascular
density in sildenafil-treated groups than in the
control groups (P < 0.0001). These findings
demonstrated that under-flap application of
sildenafil mixed with fibrin glue could improve flap
survival in a dose-dependent manner by
maintaining high drug concentration in the site of
injury (41).

Ayyildiz et al. were the first to evaluate the
possible effects of locally-injected sildenafil on the
viability of flaps in rats and to compare it with
orally (enterally) administered sildenafil. The extent
of flap necrosis was significantly lower in the
groups treated with local injection (n=10) and oral
sildenafil (n=10) than in the controls (n=10) (P <
0.0001). Interestingly, the necrosis area was
significantly smaller in the parenteral sildenafil (0.5
mg/kg/day for 7 days) group in the groups given
enteral sildenafil (1 mg/kg/day for 7 days).
Histopathological evaluation of stained flap
specimens revealed minimal inflammation, no
necrotic areas, apparent fibroblast proliferation, and
macrophage infiltration in the locally-injected
sildenafil group. According to these findings,
locally-injected sildenafil was more effective than
oral administration in improving the viability of
flaps. The antiplatelet aggregation and vasodilatory
effects of sildenafil may explain its actions in
enhancing survival of skin flaps (50).

Hart et al. examined the short- and long-term
beneficial effects of intraperitoneally administered
sildenafil (9 mg/kg/day for 1 week) on rat skin flap
viability. Rats were assigned to 3 groups: sildenafil-
treated (n = 34), vehicle control (n = 35), and sham
(no injection; n = 40). The first intraperitoneal
injection was performed immediately after creating
flaps. The extent of vascularity, vessel stasis, and
blood flow in skin flaps were assessed by digital
photography analysis for each group on
postoperative days 1, 3, 5, and 7. The imaging
results revealed that the zones of necrosis and stasis
on days 1 and 3 decreased in size significantly in
the rats treated with sildenafil compared with the
controls (P < 0.05). Interestingly, a significant
decrease in necrosis zones was detected between
sildenafil-treated and control rats throughout the
study (P < 0.05). Furthermore, a greater reduction
in size of both the necrotic and the total affected
areas was observed in the sildenafil-treated rats at

days 1 and 3 than later, on days 5 and 7. The
reduction in skin flap necrosis in this study (about
24%) was lower than that reported in the
Sarifakioglu et al. survey (41%). This difference
may be related to variations in experimental design,
such as administration route and dose of sildenafil,
as well as the method of determining zones of skin
flap necrosis. The further decrease in flap necrosis
at the earlier postoperative periods (days 1 and 3)
could be attributed to greater vasodilatory effects of
sildenafil at the early stages. At later stages (days 5
and 7), sildenafil angiogenic effects might
predominate (51).

Decreases in the beneficial effects of sildenafil
on skin flap viability in the later postoperative
phases of were also reported by Hart et al. They
suggested that sildenafil alone may not be sufficient
for long-term maintenance of flap viability and that
an additional pharmacologic intervention, such as
angiogenic factors, may be necessary. Therefore,
Tsai et al. examined the hypothesis that
combination therapy with sildenafil as a vasodilator
and vascular endothelium growth factor (VEGF) as
an angiogenic factor would improve skin flap
viability more than either therapy alone. For the
evaluation of the therapeutic efficacy, 123 rats were
divided into sildenafil (n = 24), VEGF (n = 23),
combination of sildenafil and VEGF (n = 21),
vehicle (n = 24), and control (n = 31) groups. Rats
assigned to the sildenafil group received
intraperitoneal  injections of sildenafil (10
mg/kg/day) immediately after flap surgery and then
every 24 hrs for 7 days. Rats in the VEGF group
were given a dose of 4 mcg VEGF sub-dermally
once, prior to flap closure. The sildenafil and VEGF
combination treatment group received sildenafil and
VEGF administered in the same manner as in the
sildenafil and VEGF groups. Avascularity, vascular
stasis, and normal capillary blood flow zones were
determined by imaging. Imaging analysis
demonstrated a significant reduction in avascular
and stasis areas in the combined sildenafil and
VEGF treatment compared to the control group at 7
days post-surgery (P < 0.05); however, the
combination-treated group did not differ
significantly from the sildenafil-treated group at 7
days post operation. Histological analysis showed
no statistically significant differences in vessel
density between the groups. The failure of
combination therapy to show any further benefits
compared to sildenafil alone could be partially due
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to insufficient VEGF dosage for inducing an
angiogenic effect. Furthermore, rapid and short
release of VEGF at the injection site may lead to
vasodilation and subsequent lowering of the
perfusion pressure in the ischemic areas of the skin
flaps. Development of slow-release VEGF
formulations to prolong delivery time and provide
lower concentrations of the drug for a longer period
may counteract the early detrimental effects of
VEGF and improve late skin flap survival (53).

The most recent and challenging study
regarding the possible actions of sildenafil in
viability of skin flaps was conducted in 2011by an
investigational team from Brazil. Twenty rats were
divided equally into a study and a control group.
The sildenafil solution (0.5 mg/kg/day) was
fractionated and administered sub-dermally to 9
points of the flap. The first administration was
performed immediately after the surgical procedure
and continued for 48 hours. On postoperative day 7,
the flaps were photographed. The mean necrotic
areas were significantly higher in the study group
than in the control group (P = 0.003). Viability area
of the skin flap was lower in the study group than in
the control group; however, this difference was not
statistically significant. Granulation with and
without polymorphonuclear cell infiltration, and
granulation with necrosis did not differ significantly
between the study and control groups. The authors
recommended further experimental studies to
elucidate a precise role for sildenafil on viability of
skin flaps (59).

Effect of sildenafil on skin graft viability

Following a successful outcome of application of
topical sildenafil on flap viability, Ayyildiz et al.
(50) analyzed the possible effectiveness of topically
administered sildenafil on the viability of full-
thickness tubed skin grafts in rats. Fifteen rats were
randomly allocated to 3 groups: control, sham, and
study. A full-thickness tubed free skin graft was
prepared from the skin tissue of the abdominal
region of each rat. A silicone feeding tube with a
number of small holes was inserted. The graft was
located in such a way on another portion of the
abdomen that a part of the feeding tube was left
exposed. Histopathological features were similar in
the study group (0.5 mg/kg/day of sildenafil given
by a catheter for 1 week) and the control groups.
Although formation of new vessels was detected in
the study group, the mean vascular density did not

differ significantly between the two groups. These
findings were not as encouraging as the results
observed with the flaps in the previous studies. The
authors concluded that topically administered
sildenafil was not effective for achieving and
maintaining the viability of full-thickness tubed free
skin grafts in rats (54).

Effect of sildenafil on ischemic colon anastomosis
and colitis

Colon anastomosis is one of the most common
surgeries performed today. Despite substantial
improvement in the surgical techniques,
anastomotic leakage remains a major clinical
problem that can lead to increased patient mortality
and morbidity. The prevalence of intraperitoneal
anastomotic leakage is reported to be between 0.5%
and 30% (74, 75). Similar to what is observed with
skin flap necrosis, many factors contribute to the
impairment of anastomotic healing, such as release
of vasoactive agents and oxygen-derived free
radicals (76). Treatment of anastomotic leakage
remains relegated to supportive care, and no
specific therapy has yet been approved for it.

Based on its known pharmacological properties,
several studies investigated the potential benefits of
sildenafil on experimental models of ischemic colon
anastomosis. A survey by Uzun et al. examined the
effects of sildenafil on normal and ischemic colon
anastomosis in a rat model. Fifty-six rats were
randomly allocated to 4 equal groups (n = 14):
normal anastomosis, ischemic anastomosis, and
normal and ischemic anastomosis treated with
sildenafil. A standard model of end-to-end
anastomosis of the left colon was used. Ischemic
colon anastomosis was developed by ligating the
whole vessels in the mesocolon. Sildenafil at a dose
of 10 mg/kg/day was administered orally to the
treatment groups. Seven out of 14 rats with normal
or ischemic colon anastomosis were sacrificed on
postoperative day 3 and the others on postoperative
day 7. Levels of NO, thiobarbituric acid reactive
substrates (as a marker of lipid oxidation), and
glutathione (as an antioxidant) in blood and colonic
tissues were measured in this study. The sildenafil-
treated groups (both normal and ischemic
anastomotic) had significantly higher tissue NO
than control groups at postoperative day 3 (P <
0.05). The amount of glutathione in the erythrocytes
(but not in the tissue) was significantly elevated in
the ischemic anastomosis group following sildenafil
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administration. Tissue thiobarbituric acid reactive
substrates were elevated in the rats with normal
anastomosis  following sildenafil therapy at
postoperative days 3 (P < 0.001) and 7 (P < 0.05).
Furthermore, no statistically significant differences
in tissue and blood levels of the parameters were
observed between postoperative days 3 and 7 in
either the normal or ischemic anastomosis groups
that received sildenafil. The results of the study
suggested a beneficial effect of sildenafil on the
healing of anastomotic wounds through alteration of
NO metabolism and lipid peroxidation. In addition,
wound healing following sildenafil administration
was more considerable in the ischemic than in the
normal anastomosis, indicating additional beneficial
effects of sildenafil on the ischemic wound (58).

Another study provided the first investigation
of the potential benefits of sildenafil on an
experimental model of ischemic colitis. Twenty-
eight rats were randomized in 3 groups; 8 rats were
sham-operated and received tap water, whereas
ischemic colitis was induced by surgery in the
treatment and control groups. The treatment group
received 10 mg/kg/day of sildenafil through an
orogastric tube for 3 days, while the control group
received only tap water. When compared to the
ischemic colitis group that received tap water, the
group treated with sildenafil showed significantly
decreased areas of ischemic changes (P = 0.0001),
macroscopically visible mean damage scores (P =
0.0001), and severity of ischemia (P = 0.017).
Improvements in vascular smooth muscle function
and  microcirculatory =~ hemodynamics  were
considered to be the main beneficial effects of
sildenafil on the ischemic colon tissues (55).

The potential benefits of sildenafil on the
healing of ischemic colon anastomosis were
investigated in another experimental rat model (57).
Thirty-six male rats were randomized into four
equal groups. Colonic bowel segments of the rats in
group 1 were transected, and the free ends were
anastomosed. Animals in groups 2, 3, and 4
underwent a standard surgical procedure to induce
ischemic colon anastomosis. Group 2 received only
tap water, while groups 3 and 4 received sildenafil
at doses of 10 and 20 mg/kg/day, respectively via
an orogastric tube for 4 days. Rats were sacrificed
on the day 4 following the operation. The first drug
solution was administered within 2 hours after the
operation.  Bursting  pressure and  tissue
hydroxyproline level were measured as indicators

of collagen synthesis and anastomotic healing
indicators, respectively (57). The severity of
ischemia and the degree of adhesion in this study
were determined based on well-defined criteria (77—
78). Except in the 20 mg/kg/day group, the bursting
pressure in rats that received 10 mg/kg/day of
sildenafil did not differ significantly from the group
with normal colon anastomosis who received tap
water (P = 0.237). Tissue hydroxyproline levels,
adhesion, and severity of ischemia scores also
showed no statistically significant differences
between the treatment and control groups with
ischemic colon anastomosis. The lowest number of
inflammatory cells was detected in the granulation
tissue in ischemic colon anastomosis rats treated
with 20 mg/kg/day of sildenafil (P = 0.0001). The
failure of sildenafil at a dose of 20 mg/kg/day to
improve the anastomotic bursting pressures in
ischemic colon anastomosis may be due to greater
vasodilatory effects and diminished tissue perfusion
pressure. Furthermore, the anti-inflammatory
effects of sildenafil may be dose-dependent as
suggested by the observation that the lowest
numbers of inflammatory cells and fibroblast
infiltration were observed in rats treated with 20
mg/kg/day of sildenafil. The authors conclude that
additional investigations are still needed to confirm
the optimal administration time and dosage of
sildenafil in ischemic colon anastomosis models
(57).

The potential benefits of sildenafil on
decreasing formation of postoperative intra-
abdominal adhesions were investigated by Batukan
et al. in a rat model. An intra-abdominal adhesion
was created in each of 32 rats by
electrocauterization of the uterine horn and abrasion
of the adjacent parietal peritoneum. Rats in the
treatment groups were randomized to receive daily
doses of 3.75, 7.5, or 15 mg/kg of sildenafil
enterally one hour before operation and then after
surgery for 5 days. The control group received a
placebo. The extent and severity of adhesions on
postoperative day 14 were determined by the Leach
et al. (79) and Knightly et al. (80) criteria,
respectively. The severity (but not the extent) of
adhesions was significantly lower in the rats treated
with 15 mg/kg/day of sildenafil than in the other
groups (P < 0.05). The beneficial effects of
sildenafil on reducing the severity of adhesion
formation could be explained by decreases in
vascular tone and maintenance of adequate tissue
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perfusion to traumatized areas, which would
enhance microcirculatory hemodynamics through
inhibition of platelet function, and induce apoptosis
of adhesion fibroblasts (56).

Ayten et al. entered the debate on successful
gastrointestinal anastomosis in the presence of
intraperitoneal infection by conducting a pilot study
to assess the effects of physiologic doses of
sildenafil on intra-abdominal adhesion formation
and healing of left colon anastomosis in an intra-
abdominally infected rat model. Abdominal
peritonitis was induced by creating a single
puncture in the colon above the pelvic peritoneum.
The colonic segment above the pelvic peritoneum
was resected and then end-to-end full-thickness
anastomosis was performed. The rats were assigned
to 2 groups: Group 1 (n = 7) had intra-abdominal
infection, resection, and anastomoses. Group 2
consisted of 7 rats with intra-abdominal infections,
resections, anastomoses, which received sildenafil
at a dose of 8 mg/kg for 7 days. A standard scale
was used to assess intra-abdominal adhesions and
anastomotic bursting pressure was measured in
vivo. The tissue hydroxyproline level was
determined by the modified Woessner method (81)
and histopathological examinations were performed
by a modified Ehrlich and Hunt numeric scale (82).
In the sildenafil-treated group, intra-abdominal
adhesion scores were significantly lower (P = 0.03)
and the mean anastomotic bursting pressure was
significantly higher than in the control group (P =
0.02). Although mean tissue hydroxyproline
concentrations were higher in the rats that received
sildenafil than in control group, the difference was
not statistically significant. Increased blood flow in
the splanchnic area in response to sildenafil could
account for the lower adhesion scores in the
treatment compared to control groups. These data
support the beneficial effects of sildenafil on the
healing of colonic anastomosis as well as in the
reduction of peritoneal adhesion formation in the
presence of intra-abdominal infection (60).

Effect of sildenafil on skin wound healing

Tas et al. conducted an in vivo and in vitro
experimental study in dogs to evaluate the role of
sildenafil in wound healing. In the in vivo study, 16
dogs were randomly divided into 2 equal groups
and then round open wounds were created across all
skin layers on the anterior brachial region.
Experimental and control groups received sildenafil

(25 mg) and saline orally on days 1, 3, 5, and 7
following surgery, respectively. Samples from the
wound tissues were dissected on days 3, 6, and 9
after intervention and were assessed histologically.
The in vitro study was performed on a segment of
the arteria brachialis that was removed from the
dogs. Arteria brachialis rings were randomly
immersed into sildenafil citrate, acetylcholine, and
sodium nitroprusside solutions. Isometric responses
were recorded by strain gauge transducers attached
to a polygraph. In the in vivo study, dogs that
received sildenafil had greater granulosa tissue,
more apparent capillary network, and greater
fibroblast proliferation when compared to the
control group on day 6. In the in vitro study, the
vaso-relaxant effects were significantly lower for
sildenafil than for acetylcholine and sodium
nitroprusside (P < 0.001). Results of this study
support the hypothesis that sildenafil could enhance
the processes of wound healing, probably through
vasodilation and angiogenesis (3).

Jamshidzadeh et al. assessed the hypothesis that
topical sildenafil may improve skin wound healing
in an animal model. The paniculus carnosus and
adherent tissues were removed from 30 rats, which
were then were randomly divided into 2 groups:
treatment (received 25 mg/day of sildenafil
topically) and control (received the same cream
base without sildenafil). On post-operative days 7,
14, and 21, 5 animals from each group were
randomly selected and sacrificed (61). The rate of
wound healing was calculated by the formula used
by Li et al. (83). Histological examinations were
performed according to the scoring system
described by Qiu et al. (84). In the sildenafil-treated
group, the wound area decreased to 15%, 26%, and
46% of the baseline by postoperative days 7, 14,
and 21 , respectively (P < 0.001). The treatment
group also showed more fibroblast and macrophage
migration, increased vascularization, greater
collagen regeneration, and more extensive re-
epithelialization. This animal study showed that
sildenafil is effective in skin wound healing (61).

Effect of sildenafil on abdominal wound healing

The most recent experimental study regarding the
potential benefits of sildenafil on the wound healing
process was carried out by Derici et al. (4). One
hundred rats were randomized into 2 equal groups:
control (n = 50) and study (n = 50). The study
group received 10 mg/kg/day of sildenafil orally via
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an orogastric tube for 10 days and then a midline
laparotomy was performed. Ten animals from each
group were sacrificed at postoperative days 4, 7, 14,
21, and 35. The breaking strength of the midline
incision was determined by a tensiometer, as
described by Gulcelik et al. (85). Abdominal
incision wound samples were used for pathological
and histological examinations as well as for
hydroxyproline content measurement. Histological
grading was performed by the Abramov scoring
system (86). At all times of the study, the breaking
strengths of the midline incision of the abdominal
fascia were significantly higher in the study than in
the control group (P < 0.05). Neovascularization at
postoperative days 7, 14, 21, and 35and acute
inflammation score on day 14 differed significantly
between the study and control groups (P < 0.05).
For the first time, this study demonstrated beneficial
effects of sildenafil on the breaking strength, as
well as on histological properties of surgical wound

healing of the abdominal fascia wall in an
experimental model (4).

Clinical use of sildenafil for wound healing in
human studies

Effect of sildenafil on refiractory skin ulceration in
antiphospholipid syndrome
Refractory skin ulcers are among the skin
manifestations of antiphospholipid syndrome (87-
88). For many years, heparin and fibrinolytic agents
were the only successful treatment for such ulcers
(88). However, the risk of bleeding is a major
complication of this intervention (88).

In 2003, a man was reported with non-healing
cutaneous ulcers and a 10 year history of
antiphospholipid syndrome.

Table 2. Clinical studies which have evaluated the wound healing effect of sildenafil

Study Subjects/No. Intervention Duration of sildenafil Effects of sildenafil
therapy
Significant reduction in pain was noticed
Gertner Refractory skin ulceration in . . . over few weeks and also, ulcers healed
. . Fifty mg of sildenafil daily orally P
(64) antiphospholipid syndrome/ without anv other intervention 18 months completely within the next three months. No
1* ut any recurrence of ulceration and pain and no side
effects were reported until 18 months.
. . . Sildenafil was Initiated with dose of
. Multiple non-healing fingertip .
Colglazier T 50 mg daily, then reduced to 25 mg .
ulcerations in limited . 4 months His ulcers were healed completely
et al. (62) cutancous SS/1* daily and finally returned to 50 mg
daily with other interventions
Gore et al Refractory DUs to
(44) " conventional therapy Sildenafil dose varied from 12.5 to Was not mentioned Six of eight patients experienced complete
secondary to SS reviewed in 100 mg daily clearly healing of the ulcers
retrospective chart review/8
wound improved with a significant better
Wollinaet  chronic skin ulcers in Combination treatment of sildenafil granulation was noted, also repeated
al. (65) disabling panscleroticmorphea (20 mg three times daily) and 2 weeks application of this combination achieved a
of childhood (DPMC)/1* Oasis® wound dressing < marked improvement in healing of particular
severe type of scleroderma
low-dose combination therapy of sildenafil
Ambach et recurrent progressive painful low-dose combination therapy of and bosentan led to completely and rapidly
al. (45) DUs ina \?V ri an wi thpPSS 1 sildenafil (12.5 mg daily) and 1 year healing in about 10 years of therapy and
° bosentan (125 mg daily) during one year follow-up no new ulcers
appeared
eBtr;lle c(lgl;r Refractory digital ulcers to Maximally tolerated sildenafil maximum of 6 months A significant decrease in DUs was mentioned
’ treatment in SS/19 doses (up to 150 mg) at the end of sildenafil treatment
Npctal isheni dkeioni
(63) fingertip related to primary Sildenafil 50 mg orally, once daily 3 months o ?
o symptoms were recurred within a few weeks
Raynaud’s disease/1* . . .
when discontinued of sildenafil
Moinzadeh DUs in diffuse systemic combination treatment with digital ulcers were healed completely under
etal. (47) sclerosis/1* 4 Sildenafil (60 mg daily) and 6 months this combination for the first time during his
bosentan (125 mg twice daily) medical history
Rossa et DUs in SS/5 (S)lflﬁl;nsa_f;lowr/re:s s;fsi:;f;}:: 2d 50_se 16.2 months (4-48 A total of 31 from 44 (70.5%) ulcerations
al. (67) ’ & months) healed after sildenafil therapy

120 mg

*Case report. ¢ A type of wound dressing composed of porcine acellular matrix skin substitute. SS, Systemic sclerosis, DUs, Digital Ulcers.
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His past medical history revealed non-healing and
extremely painful ulcers that were refractory to
local wound care, corticosteroids, aspirin, and
warfarin. Throughout course of the disease, the
patient received heparin plus intravenous tissue
plasminogen activator on 3 occasions over 5 years,
which led to complete resolution of the ulcers, but
the ulcers and pain recurred one year after each
course of treatment. In 2000, non-healing ulcers
with severe pain appeared again. Sildenafil at a
dose of 50 mg/daily orally was started for the
patient, without any other intervention. A
significant reduction in pain was detected over a
few weeks and the ulcers healed completely within
the next 3 months. Interestingly, no recurrence of
ulceration and pain and no side effects were
reported by the patient until 18 months later (64).
The clinical studies that have evaluated the effects
of sildenafil on the wound healing are summarized
in Table 2.

Effect of sildenafil on healing of ulcers in systemic
sclerosis

Systemic sclerosis (scleroderma) is a multisystem
fibrotic disease with complications that include a
different type of vasculopathy, digital ulcers, and
pulmonary artery hypertension (89), which have a
great impact on the quality of life of these patients
(90). A role for vasoconstrictive factors such as
endothelin was shown in the vasculopathy of this
disease (91). Although an endothelin receptor
blocker such as bosentan showed beneficial effects
in the prevention of digital ulcers, it was not
effective in the healing of the ulcers (92).
Intravenous iloprost is another treatment option for
ulcers, but it is not an effective preventive modality
(93). Reduced levels of NO have been proposed as
an additional contributing factor in the pathogenesis
of systemic sclerosis induced vasculopathy (94).
Based on these mechanisms of vasculopathy, a
selective inhibitor of PDE type 5, such as sildenafil,
remains an attractive option for the treatment of
vascular disease in systemic sclerosis (95).

In 2005, a man who was a known case of
limited cutaneous systemic sclerosis was referred
with multiple non-healing fingertip ulcerations (62).
He received nifedipine, aspirin, and
pentoxyphylline for more than one month but his
ulcers worsened. Sildenafil, at a dose of 50 mg per
day, was then initiated. Because of his hypotension
symptoms, the sildenafil dose was reduced to 25 mg

daily and nifedipine was discontinued. After
resolution of the hypotension symptoms, the
sildenafil dose was returned to 50 mg per day and
was well tolerated. During this regimen, the patient
experienced gradual healing of his digital ulcers and
after 4 months of the treatment, his ulcers were
healed completely (62).

Soon after, in 2005, in a retrospective chart
review, data of 8 patients with refractory ulcers
secondary to systemic sclerosis were reported (44).
These patients received sildenafil (12.5 to 100 mg
daily) after unresponsiveness to standard treatment
(calcium channel blockers, a blockers, angiotensin
converting enzyme inhibitors, aspirin,
dipyridamole, pentoxifylline, and/or topical
nitrates). Six out of 8 patients with refractory digital
ulcers improved completely after sildenafil therapy.
This treatment well tolerated although one case
experienced chest discomfort after taking sildenafil,
which resulted in treatment discontinuation (44).

In the most recent study, another small series of
15 patients with systemic sclerosis were treated
with sildenafil for their ulcers (67). In 5 patients,
sildenafil was added to iloprost when it failed to
heal the ulcers. In 2 patients, sildenafil was initiated
for treatment of ulcers; however, patients also
received bosentan for their pulmonary artery
hypertension. The total number of ulcers in the
patients was 44 at baseline evaluation. Sildenafil
was started at a dose of 12.5-60 mg and was
increased gradually. The final dose of sildenafil was
25-120 mg, and the mean duration of therapy was
16.2 months (ranged from 4 to 48 months). A total
of 31 out of the 44 (70.5%) ulcers healed after
sildenafil therapy and only one patient stopped
sildenafil therapy due to lack of efficacy. Whereas
16 ulcers (from 5 patients) healed after a brief time
of sildenafil therapy (1-3 months), 15 ulcers (from
three patients) healed after a longer period (up to 24
months). This small study demonstrated that
sildenafil alone or in combination with conventional
therapy significantly improved the number of
healed skin ulcers and patients did not experience
any major side effects (67).

In 2010, the effect of sildenafil on ulcer healing
was evaluated in 19 patients with systemic sclerosis
(66). In this pilot study, maximum tolerable dose of
sildenafil (up to 150 mg) was used for up to 6
months in patients with refractory ulcers. The
patients had 3 month histories of vasoactive and
immunosuppressive therapies. After addition of
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sildenafil, a significant decrease in ulcers was
reported in these patients. The results suggested that
sildenafil could be an effective therapeutic option
for digital ulcer healing.

A progressive course of the disease is identified
in 30 % of the patients with systemic sclerosis.
Painful and chronic distal ulcerations, which can
lead to loss of limbs in spite of aggressive therapy,
were reported in these patients (46). Although novel
therapies such as prostaglandin or its analogues are
available now, PDE 5 inhibitors such as sildenafil,
and endothelin receptor antagonists such as
bosentan, can be helpful in this setting (46). In
2009, Ambach et al. reported a woman with
progressive systemic sclerosis who suffered from
renal failure and recurrent progressive painful
digital ulcers (45). The patient first received
methylprednisolone, as well as vasodilators such as
isosorbide dinitrate and nifedipine, followed by
addition of pentoxyphylline and weekly iloprost
infusion and ramipril due to the disease progression.
After response failure or intolerance to other
therapies such as azathioprine, iloprost, and
photopheresis, a daily treatment of sildenafil (12.5
mg daily) was added. Due to exacerbation of the
patient’s ulcers, bosentan was started and iloprost
and photopheresis were discontinued. This low dose
of sildenafil, in combination with bosentan, resulted
in complete and rapid healing of the patient’s
ulcers. During the 1 year follow-up, no new ulcers
appeared. This report showed the beneficial effects
and safety of combination of bosentan and
sildenafil as a treatment for systemic sclerosis
ulcers (45). In another case report in 2011, a man
with diffuse systemic sclerosis and digital ulcers
was also treated successfully with a combination of
bosentan and sildenafil (47).

A non-English language case report in 2008
showed that oral administration of sildenafil was
effective in a man suffering from progressive
systemic sclerosis with acral ulcers; it induced a
complete and long-lasting healing of all ulcers
within 5 weeks. This case also suggested that
sildenafil is an effective treatment for refractory
scleroderma acral ulcers (96).

Sildenafil was successfully used in a patient
with disabling pansclerotic morphea of childhood,
who suffered from chronic skin ulcers (65). The
case was a boy who had received cyclosporine,
prednisolone, methotrexate, and D-penicillamine
for disabling pansclerotic morphea of childhood,

without any benefit. He demonstrated chronic foot
ulcers which were treated with chlorhexidine,
gentamicin ~ ointment, and  transcutaneous
application of dry carbon dioxide gas to reduce
colonization and improve granulation of the ulcers
(97), but these treatments were not effective.
Compression therapy resulted in a marked reduction
in malodorous discharge from the wounds and
improved granulation within 3 weeks, but no re-
epithelization was noted. Although minor
improvement was achieved with a porcine acellular
matrix skin substitute (Oasis® wound dressing), the
wound improved significantly following 2 weeks
treatment with sildenafil (20 mg, three times in a
day). Thus, the repeated application of sildenafil, in
combination with a porcine small intestinal
submucosal acellular matrix, as a treatment for
chronic ulcers resulted in a marked improvement in
the healing of a particularly severe type of
scleroderma (65).

Effect of sildenafil on healing of ulcers in primary
Raynaud’s disease

Healing of ischemic ulcers, especially in patients
with underlying vasospastic or collagen vascular
disorders, remains a challenging issue. Surgical
procedures, such as vascular  bypass,
sympathectomy, and often amputation, have
traditionally been used to treat critically ischemic
ulcers (98). PDE inhibitors such as sildenafil, by
increasing the concentration of NO and maintaining
peripheral blood flow, can also exert therapeutic
benefits in the ulcers related to primary Raynaud’s
disease (63).

Ng et al. (63), in 2010 described a primary
Raynaud’s case with purple discoloration of the
fingertip. Nifedipine, aspirin, and hydromorphone
were selected as primary treatment options for this
patient. However, the patient’s symptoms were not
relieved and ischemic ulceration also appeared in
the fingertip. In spite of a marked improvement of
the patient’s symptoms following digital
sympathectomy, the symptoms relapsed on
postoperative day 10. The aspirin dose was then
increased and nitropaste ointment 2% was applied
topically twice daily on the fingertips to alleviate
the symptoms. These interventions were effective
and capillary filling was improved. However, one
year after his initial presentation, all digits of both
hands became affected and the nifedipine dose was
increased and oral pentoxyphylline was added.
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Because his pain remained unchanged, sildenafil
(50 mg orally, once daily) was started. The patient’s
pain and ischemic symptoms disappeared rapidly
within a few hours following first dose of sildenafil.
The patient remained symptom-free on sildenafil
therapy for 3 months, but he experienced recurrence
of symptoms within a few weeks when sildenafil
was discontinued (63).These clinical observations
support the beneficial effects of sildenafil in
improvement of ulcers in peripheral vascular
diseases.

CONCLUSION

A total of 15 animal studies, 7 case reports, and 2
small clinical studies have been evaluated to
explore the effects of sildenafil on the wound
healing. These data support the beneficial effects of
sildenafil in improvement of tissue healing in
various conditions ranging from skin flaps, skin
grafts, and anastomosis to systemic sclerosis and
Raynaud's disease. Most of the patients who were
treated with sildenafil in clinical settings were
refractory to previous treatments; however, no
positive control groups were used in these studies to
compare the beneficial effect of sildenafil with
conventional or other treatment in wound healing.
Well-designed controlled studies are, therefore, still
needed to evaluate the effects of sildenafil alone or
in combination with other therapeutic agents in
different types of injuries.

Sildenafil may represent a rescue therapy in
patients who are not responsive to conventional
therapy in different settings, such as systemic
sclerosis or Raynaud’s phenomenon. Alternatively,
it also may be the first choice in patients in whom
other medications are contraindicated or difficult to
access.

Expert opinion and future perspective

Sildenafil is a novel agent for treatment of ulcers,
especially in systemic sclerosis related ulcers, due
to its ease of administration and relatively
acceptable side effect profile. To date,
administration of sildenafil in vascular diseases is
growing in general. Experience with sildenafil use
in systemic sclerosis-related ulcers remains limited
but is increasing. However, sildenafil is not
effective in the treatment of the the underlying
cause of scleroderma, although it may be useful to
help healing of related ulcers and possibly postpone

surgical intervention. Future clinical studies are
needed to define effective and safe dose, route of
administration and treatment duration of sildenafil
for wound healing in human subjects.
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