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Abstract
Vascular complication is one of the causes of skin flap healing failure. Sildenafil and tadalafil, a type-5 phosphodiesterase 
inhibitor, can improve flap viability, however, the action mechanisms involved in this process are still unclear. To assess 
the effects of orally administered sildenafil and tadalafil on the healing kinetics and skin flap viability, sixty-two Wistar rats 
were divided into three groups: control (n = 22), sildenafil (n = 20), and tadalafil (n = 20). The solutions were administered 
orally (dose: 10 mg/kg) immediately after the surgical procedure and then every 24 h. At postoperative days 7 and 14, the 
skin flap samples were collected, submitted to histological processing and evaluated under optical microscopy. In experi-
mental groups (sildenafil and tadalafil), we found an increased vascularization (p < 0.05) on the 7th and 14th day associated 
with the ulcer size decrease on the 14th day, although it was not significant. There was a higher influx of neutrophils and a 
decrease of mononuclear population on the 7th day (p < 0.05). On the 14th day, these differences were observed only in the 
tadalafil group (p < 0.05). This study suggested positive results with the use of sildenafil and tadalafil as adjuvant drugs in 
skin flap viability.
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Introduction

In healing, one of the critical events is angiogenesis, essen-
tial for the re-establishment of blood flow and oxygen sup-
port to injured tissues [1].

A flap is a unit of tissue that can be transferred from 
donor to recipient sites, maintaining its blood supply during 
the process [2]. Despite attempts to transfer tissue without 
damaging the blood supply, flaps may show signs of poor 
perfusion and venous congestion in sectioned vascular struc-
tures. Besides the complexity of the scarring process, flaps 
undergo a crucial phase in their viability due to the inherent 
changes during tissue transfer [3].

The NO pathway starts with NO inactivating the enzyme, 
guanylate cyclase, resulting in increased levels of cGMP and 
leading to smooth muscle relaxation in blood vessels. Phos-
phodiesterase-5 (PDE5) inhibitors improve the vasodila-
tory effect of NO through cyclic guanosine monophosphate 
(cGMP) [4]. Phosphodiesterase-5 inhibitors have beneficial 
effects in angiogenesis, endothelial proliferation, remod-
eling, and improvement of the oxygen supply during heal-
ing [5–8]. They can regulate vasodilation [9], clear oxida-
tive stress components [10] and present some antimicrobial 
activities [11]. The commercially available PDE-5 inhibitors 
are sildenafil (Viagra), vardenafil (Levitra), tadalafil (Cialis) 
and udenafil (Zydena).

Sildenafil was initially developed as an antihypertensive 
drug. Considering its vasodilatory effect, its current charac-
teristic indications, include sexual dysfunction and pulmo-
nary hypertension. Other benefits from sildenafil-induced 
vasodilation have been investigated, including studies on the 
improvement of flap viability, colonic anastomosis, pressure 
ulcers, fractures, microvascular anastomoses, musculoskele-
tal injury, and scarring [12–22]. Despite the number of stud-
ies on sildenafil application (most studied drug of all drugs 
of this class) to increase flap viability, some pharmacological 
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features indicate that tadalafil has the highest applicability 
in random skin flaps [23]. These PDE5 inhibitors have pro-
longed half-lives with sildenafil (4 h), vardenafil (4–5 h), 
udenafil (12 h), and tadalafil (17.5 h), which facilitate a 
longer effect without the inconvenience and side effects of 
multiple doses [23].

Several studies have been conducted to clarify the exact 
effects of PDE5 inhibitors on wound healing and flap viabil-
ity. Although sildenafil remains the drug of primary interest 
in this class, other drugs including tadalafil have been stud-
ied with relative success [23–27]. Nonetheless, the results 
observed in the literature are conflicting and the action 
mechanisms involved in this process are still unclear [13, 
15, 23, 26, 28, 29, 30, 31].

Materials and methods

Animals

All the procedures were performed according to the cur-
rent guidelines for experiments involving animal models, 
namely, the Brazilian Federal Law No. 11,794/2008 and 
2016 Guidelines for the Care and Use of Animals for Sci-
entific and Teaching Purposes from the Brazilian National 
Council for the Control of Experimentation with Animals 
(CONCEA). The research protocol was approved by the Uni-
versity of Southern Santa Catarina’s Committee of Ethics 
in the Use of Animals (No. 16.016.4.01.IV). We used male 
Wistar rats (n = 62; age: 60 days; mean weight: 350 g) at 
different observation periods (7 and 14 days). The animals 
submitted to stress or discomfort and the ones that evolved 
to death during any phase of the experiment were excluded 
from the study. The animals were divided into three groups 
depending on the agent used: (1) sildenafil group: sildenafil 
citrate; (2) tadalafil group: tadalafil; and (3) control group: a 
syrup vehicle containing sucrose. In all groups, the solutions 
were administered in a solution form using an orogastric 
tube (dose: 10 mg/kg per animal) immediately after the sur-
gical procedure and every 24 h. The groups were assessed at 
postoperative days 7 and 14, and each group was medicated 
daily until the end of the experiment.

Experimental procedure

Anesthesia was performed using 5% and 2% aqueous solu-
tions of S-(+)-ketamine hydrochloride (75 mg/kg) and xyla-
zine hydrochloride (10 mg/kg), respectively, administered 
via a deep intramuscular injection internally into the left 
hind limb (quadriceps femoris) [32, 33].

When reaching the anesthesia plane, the animals 
were placed in the ventral decubitus position on wooden 
plates (30 cm × 35 cm) and fixed with strings on the front 

(membrum thoracicum) and hind (membrum pelvinum) 
legs. After epilation and antisepsis, a rectangular area 
(2 cm × 6 cm) was longitudinally marked with a skin marker 
pen conventionally used in plastic surgeries, considering the 
upper scapular region as the base and the spine as the central 
reference.

The markings were incised with a 15-blade scalpel, and 
the flap skin was detached from the dorsal musculature; 
immediately thereafter, the flap was repositioned on the 
receptor bed and sutured using nylon 4.0 (Mononylon®, 
Ethicon, São Paulo, Brazil), with single sutures at a 0.5 cm 
of distance from each other, securing the flap skin in its 
original position (Fig. 1).

After anesthetic recovery, the animals were retained at 
the Laboratory of Operative Technique and Experimental 
Surgery at room temperature, with continuous airflow and 
free of noise and stress, following the natural day and night 
cycles. The animals were placed in individual numbered 
cages, placed on shelves at an equal distance from the light 
source, and received Nuvilab Cr-1 feed and water ad libi-
tum. For postoperative analgesia, metamizole was added 
to drinking water at approximate doses of 150–600 mg/kg 
(considering the mean water intake by weight of the spe-
cies) for seven consecutive postoperative days. No animals 
were lost during the study. Adverse effects to medication as 
bleeding were not observed.

Following euthanasia, samples were collected and exam-
ined in accordance with the guidelines of the CONCEA 
(NR37) and Brazilian Federal Council of Veterinary Medi-
cine (Resolution 1000/2012).

Histological analysis

The collected samples were immediately fixed in 10% buff-
ered formalin, submitted for routine histological processing 
with hematoxylin and eosin (H&E) staining, and analyzed 
by a pathologist (double-blinded design). Regarding the 

Fig. 1   Flap segment used for histological evaluation
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inflammatory process, the percentage of neutrophils and 
mononuclear cells was calculated at the proximal junction 
from the green to the red zone (Fig. 1) in three 400 × con-
tiguous fields. Neovascularization was evaluated by count-
ing vascular lumens in three contiguous 400 × fields at the 
proximal junction. The histological analysis of the inflam-
matory cells and blood vessels was not performed at the dis-
tal portion because of the variable presence of inflammation 
and necrosis. The size of the true (bloody) ulcers observed 
below the scab was analyzed. All ulcer measurements were 
performed in the middle portion of the flap (Fig. 1).

Statistical analysis

Statistical analysis was performed using the statistical pro-
gram SPSS (version 17; IBM, Armonk, NY, USA). After 
performing Levene test, ANOVA was used to evaluate 
the vascularization variable. For the other variables, the 
Kruskal–Wallis test was used. For all statistical tests, a 5% 
level was considered statistically significant [34].

Results

The neutrophils population on the 7th day after the surgery 
was significantly higher in the experimental groups (silde-
nafil and tadalafil) when compared to the control group 
(p < 0.05). The medians of these cell percentages observed 
in the control, sildenafil and tadalafil groups were 35.0 
(IQR = 6.0–44.0%), 52.5 (IQR = 30.0–80.0%), and 45.0 
(IQR = 40.0–60.0%), respectively (Fig. 2a). On postoperative 
day 14, these values decreased in all groups: control, 5.00 
(IQR = 5.0–12.0%); sildenafil, 10.00 (IQR = 5.0–20.0%), 
and tadalafil, 20.00 (IQR = 10.0–30.0%). However, the 
neutrophil population remained higher in the experimental 
groups when compared to the control group, although only 

the administration of tadalafil presented a statistically sig-
nificant difference compared to the control group (p < 0.05). 
The difference between the medians of the experimental 
groups was not statistically significant (p > 0.05). Regard-
ing the mononuclear cell population, a significant increase 
(p < 0.05) was observed from 7 to 14th day in all groups, 
which is consistent with the tissue repair kinetics. However, 
on the 7th postoperative day (Fig. 2b), there was a smaller 
mononuclear cell population in the experimental groups 
when compared to control group (p < 0.05). The medians 
of mononuclear cell percentages of the control, sildenafil, 
and tadalafil groups were 65.0% (IQR = 6.0–44.0%), 47.5% 
(IQR = 20.0–70.0%), and 55.0% (IQR = 40.0–60.0%), 
respectively. At day 14, significant differences were observed 
only between the control and tadalafil groups (p < 0.05). The 
control group had a median of 95.0% (IQR = 88.0–95.0%) 
vs. 90.0% (IQR = 80.0–95.0%) in the sildenafil group and 
80.0% (IQR = 70.0–90.0%) in the tadalafil group.

The size pattern of the true ulcerated region (bloody 
tissue) under the visible tissue scab (or ulcer) is shown in 
Fig. 3. At postoperative day 7, there was a statistically signif-
icant increase in ulcer size in the experimental groups, when 
compared to the control group (p < 0.05). The median of the 
control group was 0.91 cm (IQR = 0.13–2.40) vs. 1.6 cm 
(IQR = 1.20–2.20) and 1.85 cm (IQR = 1.32–3.10) in the 
sildenafil and tadalafil groups, respectively. From the 7th to 
the 14th day, a considerable decrease (p < 0.05) in the size 
of the ulcers in all groups was observed. On the 14th day, 
the ulcers of the experimental groups were lower than the 
control group, although this difference was not significant. 
The median was 1.1 cm (IIQ = 0.60–1.48) for the control 
group, against 0.50 cm (IIQ = 0.38–1.00) for the sildenafil 
group and 0.49 cm (IIQ = 0.36–0.95) for the tadalafil group.

The pattern of the vascularization variable described 
in Fig. 4 showed the differences in terms of lumen count 
between the experimental group and the control group. At 

Fig. 2   Distribution of groups at postoperative days 7 and 14 accord-
ing to neutrophil cell (a) and mononuclear cell percentages (b). 
Empty circles indicate the observed cases; medians are indicated by 

a filled inverted arrowhead. Ctrl 7 (control 7 days), Ctrl 14 (control 
7  days), Sil 7 (sildenafil 7  days), Sil 14 (sildenafil 14  days), Tad 7 
(tadalafil 7 days), Tad 14 (tadalafil 14 days). *p < 0.05
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postoperative day 7, while the median in the control, sildena-
fil, and tadalafil groups was 11.4196 ± 3.92, 19.9129 ± 7.54, 
and 25.2461 ± 9.68, respectively, at postoperative day 14, 
these values decreased to 10.3668 ± 5.90, 13.7915 ± 7.29, 
and 19.2121 ± 5.36 in the control, sildenafil, and tadalafil 
groups, respectively. However, the number of blood vessels 
was higher in the experimental groups when compared to the 
control group on both 7th and 14th day (p < 0.05).

Discussion

Random skin flaps are often used in wound reconstructions 
and coverage. They are mostly used as a resource in plastic 
surgeries to repair substance losses. Resection due to onco-
logical treatment, decubitus ulcers, and trauma often cause 
loss of skin and subcutaneous tissue, resulting in aesthetic 
and functional defects. The skin barrier deficiency can then 
lead to infection or tissue loss. In addition, wound treatments 
are expensive for the healthcare system and an important 
public health issue [24, 35].

Flap extent is often limited by its perfusion, particularly 
in its distal portion. Partial or total loss of this flap remain a 
vital problem in reconstructive surgeries. Total flap necrosis 
is rare, but can cause a great increase in morbidity [36]. In 
this respect, several medications have demonstrated positive 
effects on healing and flap viability. Among these, PED-5 
inhibitors (e.g., sildenafil and tadalafil) appears as strong 
candidates considering their mechanism of action [8].

Despite the clinical application in an empirical way, there 
are few publications that report the use of five phosphodi-
esterase inhibitors to improve the skin flap viability [37].

It is known that PED-5 inhibitors improve the vasodila-
tory effect of NO through cyclic guanosine monophosphate 
(cGMP) [4]. Accumulation of cGMP promotes smooth mus-
cle relaxation and consequently an increase of the blood flow 
in target organs [38]. Besides the use of PDE-5 inhibitors to 

Fig. 3   Distribution of groups at postoperative days 7 and 14 accord-
ing to median ulcer size. Empty circles indicate the observed cases; 
medians are indicated by a filled inverted arrowhead. Ctrl 7 (con-
trol 7  days), Ctrl 14 (control 7  days), Sil 7 (sildenafil 7  days), Sil 
14 (sildenafil 14  days), Tad 7 (tadalafil 7  days), Tad 14 (tadalafil 
14 days). *p < 0.05

Fig. 4   Distribution of groups at postoperative days 7 and 14 accord-
ing to mean vascularization. Empty circles indicate the observed 
cases, means are indicated by a filled inverted arrowhead, and error 
bars indicate ± 1 standard deviation (4a). Histological feature of vas-

cular lumens (blood vessels, 4b). Ctr 7 (control 7 days), Ctr 14 (con-
trol 7 days), Sil 7 (sildenafil 7 days), Sil 14 (sildenafil 14 days), Tad 7 
(taladafil 7 days), Tad 14 (taladafil 14 days). *p < 0.05



155Archives of Dermatological Research (2022) 314:151–157	

1 3

treat erectile dysfunction, investigators are now proposing 
novel and off-label uses for these agents such as pulmonary 
hypertension. Approval from the Food and Drug Admin-
istration has now been granted to use PDE-5 for the treat-
ment of pulmonary hypertension [8]. Flushing, headache, 
and dizziness are, however, the most prevalent side-effects 
of sildenafil. Hemoptysis and hemorrhagic stroke are other 
important adverse effects [39–41]. Indeed, studies have 
shown that sildenafil may inhibit collagen and ADP-induced 
platelet aggregation ex vivo [41]. In the current study, we do 
not report hemorrhagic events.

We used sildenafil and tadalafil in the concentration of 
10 mg/kg per animal. After 7 and 14 postoperative days the 
healing kinetics was analyzed. In the literature, most animal 
studies assess postoperative day 7 due to strong evidence of 
the drug action in the three initial days of healing [23, 24, 
28, 35, 38]. However, little is known about the healing kinet-
ics on the 14th day, which is vital for random flap viability 
and better represents the so-called proliferative stage [42]. 
With respect to drug concentration, the vast majority of stud-
ies adopted a dose of 10 mg/kg/day as a point of convergence 
for sildenafil and tadalafil [23, 24, 28, 35, 38]. Sarifakioğluet 
al. [38] also suggested a dose-dependent effect (3, 10, and 
20 mg/kg), in which a progressive dose increase improves 
the flap viability.

The result analysis of neutrophils and mononuclear cells 
on the 7th and 14th day is based on the pharmacokinetics 
of the referred drug class. With vasodilation, an increase of 
neutrophil concentration is observed in the acute phase [42, 
43]. PDE5 inhibitors potentiate this vasodilatory effect [11, 
44] and would probably increase the inflow of these cells in 
the initial and late period of the flat healing. Furthermore, 
the prolonged action of Tadalafil could be responsible for 
maintaining the high level of neutrophils in the period of 
14 days, since the influx of neutrophils, although not signifi-
cant, was greater in the tadalafil group than in the sildenafil 
group. This increase of neutrophils in the treated groups may 
explain how these drugs affect wound healing. A study per-
formed in animal models submitted to median laparotomy 
[15] showed a significantly higher neutrophil population in 
the sildenafil group when compared to the control group on 
the 14th day. However, Choi et al. [29] presented, although 
not statistically significant, a lower influx of neutrophils 
in skin flap of rats submitted to treatment with sildenafil 
(20 mg/kg/day, enteral) when compared to alprostadil (pros-
taglandin E1) within a 7-day follow-up period. On the 7th 
day Kaya et al. [26] did not find any significant differences 
of neutrophils, in the skin flaps of the mice treated for 3 days 
with sildenafil, tadalafil and vardenafil. In a study wherein 
the effects of tadalafil (5 mg/kg/day, 4 days, orally) on the 
healing of ischemic small intestine anastomoses were evalu-
ated in a rat model, no differences were observed between 
the control and tadalafil groups regarding inflammatory 

infiltration. [30] According to Szczypka and Obmińska-
Mrukowicz [45], the peritoneal macrophages treated with 
sildenafil, produced a greater amount of interleukin beta 
(IL-1 β) and NO causing an increase in the percentage of 
phagocytosing granulocytes and a decrease in phagocytosing 
monocytes. Previously considered only responsible for the 
first line of local defense, neutrophils can also help in the 
resolution of inflammation and repair activation. New stud-
ies have pointed out to a change in the role of neutrophils in 
healing, promoting vascularization. Oxidants and proteases, 
considered “toxic” substances produced by neutrophils, may 
have a healing function. It is likely that there are subtypes 
of neutrophils, which would explain this dichotomy of ben-
eficial and harmful roles of neutrophils. In this context, we 
must not forget that several studies demonstrate that neutro-
penic patients suffer from scar delay [46, 47].

In our study the results also indicated, although not sig-
nificant, a reduction of the ulcerated region in the exper-
imental groups on the 14th day. It indicates a better flap 
evolution and reduction of necrosis in the experimental 
groups compared to the control group. However, on the 7th 
day, an increase in the ulcer size of the treated groups was 
observed in relation to the control group (p < 0.05). In 2011, 
Barral et al. [13] found, on the 7th day, an increase in flap 
necrosis in the group of rats submitted to treatment with 
subdermal sildenafil, at a dose of 0.5 mg/kg/day for 3 days. 
In contrast, Kaya et al. [26] observed macroscopically a 
non-significant decrease in the necrosis of the skin flaps of 
rats treated orally (10 mg/kg/day, for 3 days) with sildenafil, 
tadalafil and vardenafil. Contrarily, a study [23] evaluating 
axial flaps, showed a significant macroscopic reduction of 
necrosis in rats treated with injectable tadalafil for 3 days. 
These variations regarding the ulcer size may be the result 
of the different methodology used.

Regarding vascularization, the “expected” effect of PED5 
inhibitors on flaps was observed in our study, with increased 
vascular lumen count in the experimental groups, particu-
larly in the tadalafil group. Local blood supply is essential 
for the entire healing process. Considering the mechanism 
of action presented by this class of drugs [8, 14, 16, 17, 48], 
a positive effect was expected at some stage of the scar-
ring process. Blood inflow is not only necessary to supply 
the recovering wound but also responsible for carrying the 
first repair and defense cells to the repair site [42, 43]. In a 
study (2005), fibrin glue was used as the delivery medium 
for sildenafil, which was applied locally under the flap. After 
7 days, the histological samples were evaluated and a signifi-
cant increase in microvascular density was observed among 
the groups treated with the assessed drug [31]. On the other 
hand, in a study (2008) comparing the effects of sildena-
fil and VEGF, combined or not, a statistically insignificant 
increase in longitudinal vascular density was observed only 
in the VEGF-treated group [28]. Tadalafil also increased the 
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intestinal rupture pressure and the hydroxyproline concen-
tration in normal and ischemic anastomoses in rats orally 
treated with 5 mg/kg/day, during 4 days. However, no dif-
ferences were observed between the groups regarding vas-
cularization or deposition of collagen in anastomosis [30]. 
According to the findings of the present study, the kinetics 
of these drugs can effectively alter the healing and viability 
of skin flaps in animal models through vascular, cellular, and 
possibly humoral factors. Understanding these mechanisms 
may help to reach a better view of the scarring process in 
this drug class.

Conclusion

This result evidenced the effect of the drugs on increased 
vascularization during the two observation periods, associ-
ated with an increase in the influx of neutrophils in 7 and 
14 days. Although not statistically significant, a reduction 
of ulcer size on postoperative day 14 was also observed. 
The present data are important because they provide further 
evidence for the clinical applicability of PDE5 inhibitors on 
flap healing and viability. Nevertheless, further studies are 
needed to better evaluate the mechanism of action of these 
drugs.

Acknowledgements  The authors thank Dr Celso Ricardo Martinelli 
greatly for the encouragement and support.

Author contributions  Conceptualization: RACS/AJd’A/SMS. Method-
ology: RACS/AJd’A/SMS. Software: RACS/AJd’A/SMS. Validation: 
RACS/CPM-K/AJd’A/SMS. Formal analysis: RACS/CPM-K/SMS. 
Investigation:RACS/AJd’A/SMS; GJSB/LACS/TRS. Data curation: 
RACS. Writing–Original Draft Preparation: RACS/CPM-K/TL. Writ-
ing–Review and Editing: RACS/CPM-K/TL. Visualization: RACS/
CPM-K/TL. Supervision: RACS/CPM-K/TL.

Funding  Open Access funding provided by Université de Genève. Not 
applicable for that section. The study was not supported by any fund-
ing source.

Compliance with ethical standards 

Conflict of interest  There are no competing conflicts of interest.

Ethical approval  The research protocol was approved by the Univer-
sity of Southern Santa Catarina’s Committee of Ethics in the Use of 
Animals (No. 16.016.4.01.IV).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Ziche M, Morbidelli L (2000) Nitric oxide and angiogenesis. J 
Neurooncol 50:139–148

	 2.	 Thorne CH, Bartlett SP, Beasley RW, Aston SJ, Gurtner GC, 
Spear SL (2006) Grabb and Smith’s plastic surgery, 7th edn. 
Wolters Kluwer, Philadelphia, pp 7–10

	 3.	 Serin M, Altinel D, Leblebici C, BiltekinB CM, Fatih Irmak 
F et al (2018) Preoperative subcutaneous sildenafil injection 
increases random flap survival in rats. Acta Cir Bras 33:216–222

	 4.	 Colombo G, Colombo MDHP, Schiavon LL, D’Acampora AJ 
(2013) Phosphodiesterase 5 as target for adipose tissue disorders. 
Nitric Oxide 35:186–192

	 5.	 Cooke JP, Losordo DW (2002) Nitric oxide and angiogenesis. Cir-
culation 105:2133–2135. https://​doi.​org/​10.​1161/​01.​CIR.​00000​
14928.​45119.​73

	 6.	 Stallmeyer B, Kämpfer H, Kolb N, Pfeilschifter J, Frank S (1999) 
The function of nitric oxide in wound repair: inhibition of induc-
ible nitric oxide-synthase severely impairs wound reepithelializa-
tion. J Invest Dermatol 113:1090–1098. https://​doi.​org/​10.​1046/j.​
1523-​1747.​1999.​00784.x

	 7.	 Schwentker A, Vodovotz Y, Weller R, Billiar TR (2002) Nitric 
oxide and wound repair: role of cytokines? Nitric Oxide 7:1–10. 
https://​doi.​org/​10.​1016/​s1089-​8603(02)​00002-2

	 8.	 Salcido RS (2008) Viagra and wound healing: the NO connection. 
Adv Skin Wound Care 21:106–109

	 9.	 Furchgott RF (1996) The discovery of endothelium-derived relax-
ing factor and its importance in the identification of nitric oxide. 
JAMA 276:1186–1188. https://​doi.​org/​10.​1001/​jama.​1996.​03540​
14007​4032

	10.	 Soneja A, Drews M, Malinski T (2005) Role of nitric oxide, 
nitroxidative and oxidative stress in wound healing. Pharmacol 
Rep 57:108–119

	11.	 Weller R, Ormerod AD, Hobson RP, Benjamin NJ (1998) A ran-
domized trial of acidified nitrite cream in the treatment of tinea 
pedis. J Am Acad Dermatol 38:559–563. https://​doi.​org/​10.​1016/​
s0190-​9622(98)​70117-3

	12.	 Filippin LI, Cuevas MJ, Lima E, Marroni NP, Gonzalez-Gallego 
J, Xavier RM (2011) Nitric oxide regulates the repair of injured 
skeletal muscle. Nitric Oxide 24:43–49. https://​doi.​org/​10.​1016/j.​
niox.​2010.​11.​003

	13.	 Barral SM, Araujo ID, Vidigal PV, Mayrink CA, Araujo AD, 
Costa PR (2011) Effects of sildenafil on the viability of random 
skin flaps. Acta Cir Bras 26:314–319

	14.	 Ayten R, Cetinkaya Z, Girgin M, Ozercan I, Ustundag B, Aygen E 
(2008) The effects of intraperitoneal sildenafil administration on 
healing of left colonic anastomoses and intra-abdominal adhesion 
formation in the presence of intra-abdominal infection. Dis Colon 
Rectum 51:1837–1841

	15.	 Derici H, Kamer E, Unalp HR, Diniz G, Bozdag AD, Tansug T, 
Ortac R, Erbil Y (2010) Effect of sildenafil on wound healing: an 
experimental study. Langenbecks Arch Surg 395:713–718. https://​
doi.​org/​10.​1007/​s00423-​009-​0471-2

	16.	 Farsaei S, Khalili H, Farboud ES, Khazaeipour Z (2013) Sildenafil 
in the treatment of pressure ulcer: a randomised clinical trial. Int 
Wound J 12:111–117. https://​doi.​org/​10.​1111/​iwj.​12104

	17.	 Pingarrón-Martín L, Arias-Gallo LJ (2013) Sildenafil effect 
on prevention of thrombosis after microsurgical anastomosis: 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/01.CIR.0000014928.45119.73
https://doi.org/10.1161/01.CIR.0000014928.45119.73
https://doi.org/10.1046/j.1523-1747.1999.00784.x
https://doi.org/10.1046/j.1523-1747.1999.00784.x
https://doi.org/10.1016/s1089-8603(02)00002-2
https://doi.org/10.1001/jama.1996.03540140074032
https://doi.org/10.1001/jama.1996.03540140074032
https://doi.org/10.1016/s0190-9622(98)70117-3
https://doi.org/10.1016/s0190-9622(98)70117-3
https://doi.org/10.1016/j.niox.2010.11.003
https://doi.org/10.1016/j.niox.2010.11.003
https://doi.org/10.1007/s00423-009-0471-2
https://doi.org/10.1007/s00423-009-0471-2
https://doi.org/10.1111/iwj.12104


157Archives of Dermatological Research (2022) 314:151–157	

1 3

experimental rat model of thrombotic suture. Oral Maxillofac 
Surg 18:53–58. https://​doi.​org/​10.​1007/​s10006-​012-​0387-9

	18.	 Gravvanis A, Papalois A, Delikonstantinou I, Pentilas N, Zogo-
giannis I, Tsoutsos D, DimitriosKarakitsos D (2011) Changes in 
arterial blood flow of free flaps after the administration of silde-
nafil in swine. Microsurgery 31:465–471. https://​doi.​org/​10.​1002/​
micr.​20909

	19.	 Ellabban MA, Fattah IOA, Kader GA, EldeenOS MAE, Khodeer 
DM, Hosny H, Elbasiouny MS, Masadeh S (2020) The effects of 
sildenafil and/or nitroglycerin on random-pattern skin flaps after 
nicotine application in rats. Sci Rep 10:3212. https://​doi.​org/​10.​
1038/​s41598-​020-​60128-w

	20.	 Kulshrestha S, Chawla R, Alam MT, Adhikari JS, Basu M (2019) 
Efficacy and dermal toxicity analysis of Sildenafil citrate based 
topical hydrogel formulation against traumatic wounds. Biomed 
Pharmacother 112:108571. https://​doi.​org/​10.​1016/j.​biopha.​2019.​
01.​032

	21.	 Kulshrestha S, Chawla R, Singh S, Yadav P, Sharma N, Goel R, 
Ojha H, Kumar V, Adhikari JS (2020) Protection of sildenafil 
citrate hydrogel against radiation-induced skin wounds. Burns 
46:1157–1169. https://​doi.​org/​10.​1016/j.​burns.​2019.​11.​02023

	22.	 Dincel YM, Alagoz E, Arikan Y, Caglar AK, Dogru SC, Ortes F, 
Arslan YZ (2018) Biomechanical, histological, and radiological 
effects of different phosphodiesterase inhibitors on femoral frac-
ture healing in rats. J Orthop Surg (Hong Kong) 26:1–9. https://​
doi.​org/​10.​1177/​23094​99018​777885

	23.	 Oh M, Chang H, Minn KW (2008) The effects of tadalafil on 
axial-pattern skin flap survival in rats. Dermatol Surg 34:626–630. 
https://​doi.​org/​10.​1111/j.​1524-​4725.​2007.​34118.x

	24.	 Brewer MB, Stump AL, Holton LH, Janes LE, Silverman RP, 
Singh DP (2012) Effects of systemic tadalafil on skin flap survival 
in rats. Eplasty 12:e45

	25.	 Kayiran O, Cuzdan SS, Uysal A, Kocer U (2013) Tadalafil sig-
nificantly reduces ischemia reperfusion injury in skin island flaps. 
Indian J Plast Surg 46:75–81. https://​doi.​org/​10.​4103/​0970-​0358.​
113714

	26.	 Kaya B, Çerkez C, Işılgan SE, Göktürk H, Yığman Z, Serel S, 
Belgin Can B, Hakan Ergün H (2015) Comparison of the effects 
of systemic sildenafil, tadalafil, and vardenafil treatments on skin 
flap survival in rats. J Plast Surg Hand Surg 49:358–362. https://​
doi.​org/​10.​3109/​20006​56X.​2015.​10410​24

	27.	 Goldsmith K, Goradia E, McClain SA, Sandoval S, Singer AJ 
(2020) The effect of tadalafil on reepithelialization and scarring 
of partial thickness porcine burns. Wound Repair Regen 28:26–32. 
https://​doi.​org/​10.​1111/​wrr.​12770

	28.	 Tsai JW, Ayubi FS, Hart KL, Baur DA, Parham MA, Moon JK, 
Vazquez R, Chasen AB, Zhang Z, Pizarro JM (2008) Evaluation 
of the effect of sildenafil and vascular endothelium growth factor 
combination treatment on skin flap survival in rats. Aesthetic Plast 
Surg 32:624–631. https://​doi.​org/​10.​1007/​s00266-​008-​9166-2

	29.	 Choi JA, Lee KC, Kim MS, Kim SK (2015) Comparison of pros-
taglandin E1 and sildenafil citrate administration on skin flap 
survival in rats. Arch Craniofac Surg 16:73–79. https://​doi.​org/​
10.​7181/​acfs.​2015.​16.2.​73

	30.	 Kaya Y, Coskun T, Ayhan S, Kara E, Sakarya A, Var A (2010) 
The effect of tadalafil on anastomotic healing in ischemic small 
intestine in rats. Surg Today 40:555–560

	31.	 Ulusoy MG, Uysal A, Koçer U, Karaaslan O, Cuzdan SS, Ali 
Ayyildiz A, Ustün H (2005) Improved flap viability with site-
specific delivery of sildenafil citrate using fibrin glue. Ann Plast 
Surg 55:292–296. https://​doi.​org/​10.​1097/​01.​sap.​00001​75483.​
35073.​ea

	32.	 Sirois M (2015) Laboratory animal and exotic pet medicine: prin-
ciples and procedures, 2nd edn. Elsevier, St. Louis, Missouri, p 
416

	33.	 Grimm KA, Lamont LA, Traquilli WJ, Greene SA, Robertson SA 
(2015) Veterinary Anesthesia and Analgesia. The Fifth Edition of 
Lumb and Jones. John Wiley & Sons, Oxford

	34.	 Wayne DW, Chad LC (2018) Biostatistics: a foundation for analy-
sis in the health sciences. Wiley, Hoboken

	35.	 Hart K, Baur D, Hodam J, Lesoon-Wood L, Parham M, Keith 
K, Vazquez R, Ager E, Pizarro J (2006) Short- and long term 
effects of sildenafil on skin flap survival in rats. Laryngoscope 
116:522–528. https://​doi.​org/​10.​1097/​01.​mlg.​00002​00792.​67802.​
3b

	36.	 Ayyildiz A, Uysal A, Koçer U, Karaaslan O, Huri E, Germiyano-
glu C, Caydere M (2005) Effect of sildenafil citrate on viability 
of flaps: an experimental study in rats. Scand J Plast Reconstr 
Surg Hand Surg 39:204–208. https://​doi.​org/​10.​1080/​02844​31051​
00062​68

	37.	 Pfaff M, Shah A, Steinbacher D (2014) Does phosphodiesterase 
inhibition lessen facial flap necrosis in tobacco cigarette users? 
Facial Plast Surg 30:84–90. https://​doi.​org/​10.​1055/s-​0033-​13637​
58

	38.	 Sarifakioglu N, Gokrem S, Ates L, Akbuga UB, Aslan G (2004) 
The influence of sildenafil on random skin flap survival in rats: an 
experimental study. Br J Plast Surg 57:769–772. https://​doi.​org/​
10.​1016/j.​bjps.​2004.​04.​014

	39.	 O’Donnell MJ, Xavier D, Liu L, Zhang H, Chin SL, Rao-Mela-
cini P, Rangarajan S, Islam S, Pais P, McQueen MJ, Mondo C, 
Damasceno A, Lopez-Jaramillo P, Hankey GJ, Dans AL, Yusoff 
K, Truelsen T, Diener HC, Sacco RL, Ryglewicz D, Czlonkowska 
A, Weimar C, Wang X, Yusuf S, INTERSTROKE investigators 
(2010) Risk factors for ischaemic and intracerebral haemorrhagic 
stroke in 22 countries (the INTERSTROKE study): a case-control 
study. Lancet 376(9735):112–123. https://​doi.​org/​10.​1016/​S0140-​
6736(10)​60834-3

	40.	 Nour SM, Nour HA, Mehta JB, Roy TM, Byrd RP Jr (2013) Hem-
optysis and respiratory failure following sildenafil use for pulmo-
nary hypertension. Tenn Med 106:34–35

	41.	 Berkels R, Klotz T, Sticht G, Englemann U, Klaus W (2001) Mod-
ulation of human platelet aggregation by the phosphodiesterase 
type 5 inhibitor sildenafil. J Cardiovasc Pharmacol 37:413–421. 
https://​doi.​org/​10.​1097/​00005​344-​20010​4000-​00008

	42.	 Diegelmann RF, Evans MC (2004) Wound healing: an overview 
of acute, fibrotic and delayed healing. Front Biosci 9:283–289. 
https://​doi.​org/​10.​2741/​1184

	43.	 Broughton G, Janis JE, Attinger CE (2005) Wound healing: an 
overview. Plast Reconstr Surg 117:1e-S. https://​doi.​org/​10.​1097/​
01.​prs.​00002​22562.​60260.​f9

	44.	 Kniotek M, Bogusk A (2017) Sildenafil can affect innate and 
adaptive immune system in both experimental animals and 
patients. J Immunol Res 2017:4541958. https://​doi.​org/​10.​1155/​
2017/​45419​58

	45.	 Szczypka M, Obmińska-Mrukowicz B (2010) The effects of selec-
tive and nonselective phosphodiesterase inhibitors on phagocytic 
cells in mice. Immunopharmacol Immunotoxicol 32:507–513. 
https://​doi.​org/​10.​3109/​08923​97090​33598​50

	46.	 Peiseler M, Kubes P (2019) More friend than foe: the emerging 
role of neutrophils in tissue repair. J Clin Invest 129:2629–2639. 
https://​doi.​org/​10.​1172/​JCI12​4616

	47.	 Wang J (2018) Neutrophils in tissue injury and repair. Cell Tissue 
Res 371:531–539. https://​doi.​org/​10.​1007/​s00441-​017-​2785-7

	48.	 Kamer E, Unalp HR, Tarcan E, Diniz G, Atahan K, Ortac R, 
Onal MA (2008) Effect of hyaluronic acid-carboxymethylcellu-
lose adhesion barrier on wound healing: an experimental study. 
Wounds 20:265–272

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10006-012-0387-9
https://doi.org/10.1002/micr.20909
https://doi.org/10.1002/micr.20909
https://doi.org/10.1038/s41598-020-60128-w
https://doi.org/10.1038/s41598-020-60128-w
https://doi.org/10.1016/j.biopha.2019.01.032
https://doi.org/10.1016/j.biopha.2019.01.032
https://doi.org/10.1016/j.burns.2019.11.02023
https://doi.org/10.1177/2309499018777885
https://doi.org/10.1177/2309499018777885
https://doi.org/10.1111/j.1524-4725.2007.34118.x
https://doi.org/10.4103/0970-0358.113714
https://doi.org/10.4103/0970-0358.113714
https://doi.org/10.3109/2000656X.2015.1041024
https://doi.org/10.3109/2000656X.2015.1041024
https://doi.org/10.1111/wrr.12770
https://doi.org/10.1007/s00266-008-9166-2
https://doi.org/10.7181/acfs.2015.16.2.73
https://doi.org/10.7181/acfs.2015.16.2.73
https://doi.org/10.1097/01.sap.0000175483.35073.ea
https://doi.org/10.1097/01.sap.0000175483.35073.ea
https://doi.org/10.1097/01.mlg.0000200792.67802.3b
https://doi.org/10.1097/01.mlg.0000200792.67802.3b
https://doi.org/10.1080/02844310510006268
https://doi.org/10.1080/02844310510006268
https://doi.org/10.1055/s-0033-1363758
https://doi.org/10.1055/s-0033-1363758
https://doi.org/10.1016/j.bjps.2004.04.014
https://doi.org/10.1016/j.bjps.2004.04.014
https://doi.org/10.1016/S0140-6736(10)60834-3
https://doi.org/10.1016/S0140-6736(10)60834-3
https://doi.org/10.1097/00005344-200104000-00008
https://doi.org/10.2741/1184
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1155/2017/4541958
https://doi.org/10.1155/2017/4541958
https://doi.org/10.3109/08923970903359850
https://doi.org/10.1172/JCI124616
https://doi.org/10.1007/s00441-017-2785-7

	Effects of sildenafil and tadalafil on skin flap viability
	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental procedure
	Histological analysis
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




