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Abstract

Background: Cyclic nucleotides (CAMP and cGMP)
act as secondary messengers in various cellular
processes like signal transduction and inflammation.
Sildenafil and tadalafil are phosphodiesterases-5
(PDE-5) inhibitors which prevent the degradation of
these cyclic nucleotides and thus play a key role in
regulating allergy, inflammation, and smooth muscle

relaxation.

The present study was conducted to ascertain the

anti-allergic  potential of  Phosphodiesterase-5
inhibitors, sildenafil and tadalafil. Their effects on
mast cell degranulation in animal model of bronchial

asthma was explored.

Method: An allergic model of bronchial asthma was
developed. Wistar rats were first sensitized with 10
mg intraperitoneal (ip) ovalbumin adsorbed to 10 pg
of aluminum hydroxide on day 0 and were
subsequently divided into six groups (n=6). Animals

received the following treatment: sildenafil (1 and 3
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mg/kg ip) and tadalafil (1 and 3 mg/kg ip), normal
saline (2 ml/kg ip) and prednisolone (5 mg/kg ip)
from day 1 to day 14. On day 14 animals were
challenged with ovalbumin (1 mg ip). After 24 h (on
day 15) of antigen challenge all animals were
anaesthetized with halothane for terminal sacrifice.
The mesentery was harvested and stained with 0.2%
toludine blue. The degree of mast cell degranulation

was assessed in different treatment groups.

Results: Significant reductions in the percentage of
degranulated mast cells in rat mesentery were
observed in groups which received pre-treatment
with sildenafil (1 and 3 mg/kg ip) and tadalafil (1 and
3 mg/kg ip). Both, sildenafil and tadalafil
demonstrated a dose dependent response. Tadalafil
caused greater inhibition of mast cells’ degranulation

as compared to sildenafil.

Conclusion: Sildenafil and tadalafil decreased mast
cell degranulation in rat mesentery preparation. Both
sildenafil and tadalafil exhibited dose dependent
response. Tadalafil was more potent than sildenafil in
inhibiting mast cell degranulation. Hence, these drugs
could have a therapeutic potential in bronchial

asthma.

1. Introduction

Airway inflammation contributes to airway
hyperresponsiveness  (AHR), causes airflow
limitation and respiratory symptoms, which are

hallmarks of the bronchial asthma [1].

Allergic asthma is a type-1 hypersensitivity defined
by IgE antibody-mediated mast cell degranulation

where mast cells become activated mainly via IgE-
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mediated crosslinking of the high affinity receptor for
IgE (FceRI) with allergens culminating into release
of inflammatory mediators like histamine [2]. Mast
cells are the major cellular component of
inflammation in allergic asthma and contribute to
initiating the acute bronchoconstrictor response,

mediated by histamine.

Histamine released from mast cells is a key
component of airway obstruction via smooth muscle
contraction. It also contributes to increased bronchial
secretion, and airway mucosal edema. Histamine
causes prolonged bronchoconstriction, increased
vascular permeability and acts as a chemo-attractants
for other inflammatory cells [3, 4]. Cyclic nucleotides
like cGMP and cAMP are integral to intracellular

signaling and inflammation.

They are now being considered as therapeutic targets
for many inflammatory disorders of the
cardiorespiratory system [5]. Phosphodiesterase
(PDE) are enzymes that hydrolyze cyclic nucleotides,
CAMP/ cGMP to their inactive 5' monophosphates.
Elevation of these nucleotides, brought about by PDE
inhibitors, leads to inhibition of airway smooth

muscle contraction and cellular inflammation.

Eleven isoforms of PDEs are known to mankind of
which PDES5 is widely expressed in the airway and it
preferentially hydrolyses cGMP [6]. Selective PDE5
inhibitors like sildenafil and tadalafil have shown
anti-inflammatory and bronchodilatory effects in
various experimental studies [7]. These properties
might be related to both, inhibition of secretion of
mediators of anaphylaxis and relaxation of lung

smooth muscle, two cyclic nucleotide dependent
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phenomena [8].

A decrease in immunologically mediated histamine
release from human lung and passive cutaneous
anaphylaxis in rat have also been observed with
agents that inhibit cGMP-hydrolysis [9]. Anti-
anaphylactic  properties of  phosphodiesterase
inhibitors may also be linked to the increased cGMP.
Sildenafil treatment reduced airway hyperreactivity,
leukocyte influx and NO generation, possibly by
elevation of cGMP in an animal model of bronchial
asthma [10]. Tadalafil is more selective for PDE-5
and is more potent than sildenafil. Tadalafil and
sildenafil have shown clinical benefits in pulmonary
artery hypertension [11]. The anti-inflammatory and
anti-oxidative potential of sildenafil and tadalafil has
been demonstrated in various animal studies [12,13].
Their role in modifying the allergic inflammatory

cascade in bronchial asthma is still unclear.

The present study was undertaken to explore the anti-
allergic potential of sildenafil and tadalafil in an
animal model. A model of allergic asthma was
developed in Wistar rats [14]. The effects of sildenafil
and tadalafil on mast cell degranulation in rat
mesentery were assessed. Connective tissue like
mesentery is a rich source of mast cells. Rat
Mesentery provides an excellent preparation to

quantify the degree of mast cell degranulation [15].

2. Materials and Methods

2.1. Animal ethics

Wistar rats (220-250 g) of either sex was used in the
study. The study protocol was approved by the
Institutional animal ethics committee. Animal

experiments and procedures were conducted in
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accordance with the guidelines laid down by the
CPCSEA (Committee for the Purpose of Control and
Supervision of Experiments on Animals) for the use
and care of laboratory animals. The animals were
housed in standard laboratory conditions. The
animals had free access to standard pellet diet and

water.

2.2. Drugs and chemicals

The drugs and chemical used in the study were:
Sildenafil [Silagra 50TM , Cipla India (with calcium
hydrogen phosphate anhydrous, cellulose
microcrystalline, croscarmellose  sodium, silica
colloidal anhydrous, magnesium stearate, lactose
monohydrate, hypromellose, titanium dioxide (E171),
triacetin as excipients)], Tadalafil [Tadacip 20TM,
Cipla India (with lactose monohydrate, hypermellose,
triacetin, titanium dioxide (E171), iron oxide yellow
(E172), talc, lactose monohydrate, croscarmellose
sodium, hydroxypropyl cellulose, microcrystalline
cellulose, sodium lauryl sulfate, magnesium stearate
as excipients) and prednisolone (Wysolone 5 TM
Wyeth India), Ovalbumin (Sigma Aldrich, USA) and
aluminum hydroxide (Sigma-Aldrich, USA). All

drugs/chemical were of high analytical grade.

Drug/chemical solutions were freshly prepared using

physiological saline.

2.3. Sensitization and Challenge schedule in
animals

Wistar rats were sensitized with ovalbumin (10 mg
per rat, ip) adsorbed to 10 mg of aluminum hydroxide
on day 0. After sensitization, rats were divided into
six groups (n=6): 14 Group 1 served as disease

control (DC), received normal saline 2 ml/kg ip from
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day 1 to day 14.

Group 2 (Sil 1) received sildenafil 1 mg/kg/day, ip
from day 1 to day 14 and group 3 (Sil 3) received
sildenafil 3 mg/kg/day ip from day 1 to day 14.
Group 4 (Tad 1) received tadalafil 1 mg/kg/day, ip
from day 1 to day 14 and group 5 (Tad 3) received
tadalafil 3 mg/kg/day ip from day 1 to day 14. Dose
selection was based on available literature [16, 17].
Group 6 (Pred 5) received prednisolone 5 mg/kg/day

ip which was taken as positive control.

All animals were challenged with ovalbumin (1 mg
ip) in 0.5 ml of isotonic saline on fourteenth day.
After 24 h (on day 15) of ovalbumin challenge all
animals were anaesthetized with halothane for
terminal sacrifice; the abdomen was opened, and
mesentery was collected for histopathological
examination. Mesentery was fixed and stained with
0.2% toludine blue, to assess the extent of mast cell

degranulation in different treatment groups.

2.4. Mast cell degranulation studies

Fragments of mesentery were fixed and stained for
15 minutes in a solution containing 50% ethanol,
10% formaldehyde, 5% acetic acid and 0.2% toludine
blue. Mesentery fragments were then mounted on a
glass slide, care being taken not to fold or stretch the
tissue. Mast cell degranulation was assessed by
counting the percentage of cells with extruded
granules (12 microscopic fields counted; 100 X

magnification).

Degranulated mast cells could be rapidly visualized
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under light microscopy because their metachromatic
cytoplasmic granules retain the dye even after being
discharged extracellularly. Percentage inhibition of
mast cell degranulation (MCD) for each treated group
was calculated by following formula: % inhibition of
MCD =(1-Number of degranulated cells/total number
of mast cells) X 100.

2.5. Statistical analysis

The percentage inhibition of mast cell degranulation
is expressed as Mean + SD (n=6). Statistical
calculations were performed by GraphPad Prism
(version 5.00, open source). The results obtained
were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey multiple comparison
post hoc test. Values of p <0.05 were considered

significant.

3. Results

Effect of sildenafil and tadalafil on mast cell
degranulation Sildenafil (Img/kg and 3 mg/kg) and
tadalafil (1 mg/kg and 3 mg/kg) treated groups
showed statistically significant inhibition in
percentage inhibition of mast cells degranulation as
compared to disease control group (p<0.05). Both
sildenafil and tadalafil exhibited a dose dependent
response (p<0.05). Tadalafil was more potent than
sildenafil. (p<0.05).

The results are presented in Figure 1. The images of
0.2 % toluidine blue stained rat mesentery histology
slides depicting mast cells’ degranulation are

presented in Figure 2.
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Figure 1: Percentage inhibition of mast cell degranulation in rat mesentery preparation.

Animals were first sensitized with ovalbumin (day 0) and then divided into six treatment groups (n = 6/group). They

received normal saline 2 ml/kg ip (Disease control group), sildenafil 1 mg/kg ip (Sil 1 group), sildenafil 3 mg/kg ip

(Sil 3 group), tadalafil 1 mg/kg ip (Tad 1), tadalafil 3 mg/kg ip (Tad 3) and prednisolone 5 mg/kg ip (Pred 5 group)

The treatment duration was14 days for all the groups. Results are expressed as mean + SD. *p< 0.05 was considered

significant as determined by one-way analysis of variance followed by Tukey multiple comparison post hoc test.”
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Figure 2: Effects of different treatments on mast cells’ degranulation at day 14.

Toludine blue (0.2%) stained slides from: (a) Disease control (DC) group; Normal saline 2 ml/kg (b) Sil 1 group;
sildenafil 1 mg/kg (c) Sil 3 group; sildenafil 3 mg/kg (d) Tad 1 group; tadalafil 1 mg/kg (e) Tad 3; tadalafil 3 mg/kg
(f) Pred 5 Group; Prednisolone 5 mg/kg. Objective lens 100. dc indicates degranulated mast cell, which appear
smaller and ruptured. ic indicates intact mast cell, which appear bigger and intact. Only a representative picture is
shown for each group.
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4. Discussion

In the current study, effect of sildenafil (1 mg/kg and
3 mg/kg,ip) and tadalafil (1 mg/kg and 3 mg/kg,
ip)on mast cell degranulation was observed in Wistar
rats. Mast cells are important mediators of
inflammatory responses such as allergy and

anaphylaxis.

Mast cell activation causes the process of
degranulation that results in releasing of mediators,
such as histamine and an array of other inflammatory
cytokines [18]. Histamine is the most well-
characterized and the most potent vasoactive
mediator of inflammation released from the mast cell.
It is implicated in the acute phase of immediate
hypersensitivity [19]. Type-1 hypersensitivity is
mediated by histamine which is released as a result of
cross-linking of antigens to immunoglobulin E (IgE)

bound to FceRI on mast cells.

Selective PDE5 inhibitors such as sildenafil and
tadalafil may offer therapeutic benefits in airway
diseases, as PDES is expressed in high levels in lung
[20]. Airway inflammation and reactivity in animal
models have shown marked improvements with
tadalafil. Also, there was restoration of alveolar
growth and pulmonary angiogenesis with the
administration of tadalafil [21, 22] In the current
study, a statistically significant increase in the
percentage inhibition of mast cells’ degranulation
was seen with sildenafil and tadalafil (1 mg/kg and 3
mg/kg), the results were dose dependent. Tadalafil

caused greater inhibition of mast cells’ degranulation.

Our results are consistent with a study conducted by
Mackay GA et al, where the role of cGMP in the
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functional modulation of mast cells and basophils
was investigated, the potential of cGMP to inhibit
immunologically induced histamine release from
these cells  was  studied [23]. Exogenous
administration of cGMP caused potent inhibition of

histamine release from rat peritoneal mast cells.

The bronchodilatory potential of PDES5 inhibitor has
been demonstrated in anaesthetized ventilated
guineapigs where there was an inhibition of the
histamine induced bronchoconstriction. Elevation in
the cGMP levels in anaesthetized guinea-pig trachea
was also seen [24]. In a guinea pig model of airway
hyperresponsiveness tadalafil reduced specific airway
resistance after nebulization of histamine, these
results agree with ours. Tadalafil led to significant
decrease in histamine induced contractile responses
in the lung tissue strips [25]. These changes corelated
with decrease in the levels of circulating leukocytes

and eosinophils.

The lung tissue homogenate also exhibited reductions
in the concentrations of interleukin (IL)-4, IL-5, and
TNF-a. Tadalafil exhibited beneficial effects in
allergic airway inflammation. Sildenafil resulted in
diminution of the hyperresponsiveness of the isolated
rat tracheal rings in response to carbachol-induced

contractions.

Isolated rat tracheal rings were obtained from naive
male wistar rats which were first sensitized with
intraperitoneal injections of ovalbumin and then
challenged by inhalational ovalbumin [26]. Increase
in the levels of cGMP, which is the downstream
messenger of nitric oxide, is seen with PDE5

inhibitors, thereby leading to the enhancement of
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NO/cGMP effects.

Nitric oxide, produced by nitric oxide synthase
(NOS) stimulates soluble guanylate cyclase (sGC),
and subsequently forms cGMP which then activates
protein kinase G type | (PKG-I), a serine/threonine
kinase. It has also been reported that sGC expression
is reduced in the lungs of mice sensitized and
challenged with ovalbumin [27]. In a murine model
of lipopolysaccharide (LPS)-induced lung injury,
sGC inhibition worsened lung inflammation, which
could be reversed by a cell-permeable cGMP
analogue [28]. Relaxation of the airway smooth
muscle is caused by the NO/cGMP/PKG signaling
pathway, zaprinast and vardenafil, two selective
PDES5 Inhibitors augment this NO-induced relaxation
[29, 30]. Experimental studies in rat mast cells have
demonstrated that increased cGMP is involved in the
inhibition of histamine release by PDE inhibitors
[31]. Our results are in agreement with studies
showing anti-allergic effects of other PDES5 inhibitors
like vardenafil.

Pre-incubation with vardenafil caused significant
reductions in compound-48/80-induced histamine
release from rat peritoneal mast cells. Immunologic
as well as non-immunologic mast-cell-mediated
allergic reactions were alleviated in rat peritoneal
mast cells which were pre-incubated with vardenafil
[32]. Both, sildenafil and tadalafil have caused
significant reductions in the levels of inflammatory
cytokines like IL-4 and TNF-a in serum and
bronchoalveolar lavage fluid of ovalbumin
challenged rats [33]. To summarize, the findings of
the current study suggest that PDES5 inhibitors

sildenafil and tadalafil inhibit mast cells’
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degranulation in rat mesentery preparation and hence
could possibly have an anti-allergic effect and a

therapeutic potential in bronchial asthma.

Further clinical studies are required to investigate the

effect of specific PDES5 inhibitors in airway diseases.

Funding
This research has been carried out using internal

resources of the authors’ institutes.

Conflict of interest

The authors have no conflicts of interest to declare.

References

1. Chapman DG, Irvin CG. Mechanisms of airway
hyper-responsiveness in asthma: the past, present and
yet to come. Clin Exp Allergy 45 (2015): 706-719.

2. Eskandari N, Bastan R, Peachell PT. Regulation of
human skin mast cell histamine release by PDE
inhibitors. Allergol Immunopathol (Madr) 43 (2015):
37-41.

3. Elieh Ali Komi D, Bjermer L. Mast Cell-Mediated
Orchestration of the Immune Responses in Human
Allergic Asthma: Current Insights. Clin Rev Allergy
Immunol 56 (2019): 234-247.

4. Yamauchi K, Ogasawara M. The Role of
Histamine in the Pathophysiology of Asthma and the
Clinical Efficacy of Antihistamines in Asthma
Therapy. Int J Mol Sci 20 (2019): 1733.

5. Maurice DH, Ke H, Ahmad F, et al. Advances in
targeting cyclic nucleotide phosphodiesterases. Nat
Rev Drug Discov 13 (2014): 290-314.

6. Halpin DM. ABCD of the phosphodiesterase
family: interaction and differential activity in
COPD. Int J Chron Obstruct Pulmon Dis 3 (2008):

International Journal of Plant, Animal and Environmental Sciences Vol. 11 No. 2 — June 349



Int J Plant Anim Environ Sci 2021; 11 (2): 342-351

543-561.

7. Knott EP, Assi M, Rao SN, et al
Phosphodiesterase  Inhibitors as a Therapeutic
Approach to Neuroprotection and Repair. Int J Mol
Sci 18 (2017): 696.

8. Frossard N, Landry Y, Pauli G, et al. Effects of
cyclic AMP- and cyclic GMP- phosphodiesterase
inhibitors on immunological release of histamine and
on lung contraction. Br J Pharmacol 73 (1981): 933-
938.

9. Coulson CJ, Ford RE, Marshall S, et al.
Interrelationship  of  cyclic  nucleotides and
anaphylactic reactions. Nature 265 (1977): 545-547.
10. Toward TJ, Smith N, Broadley KJ. Effect of
phosphodiesterase-5 inhibitor, sildenafil (Viagra), in
animal models of airways disease. Am J Respir Crit
Care Med 169 (2004): 227-234.

11. Nathan SD, Barbera JA, Gaine SP, et al.
Pulmonary hypertension in chronic lung disease and
hypoxia. Eur Respir J. 53 (2019):1801914.

12. lordache AM, Docea AO, Buga AM, et al.
Sildenafil and tadalafil reduce the risk of contrast-
induced  nephropathy by  modulating the
oxidant/antioxidant balance in a murine model. Food
Chem Toxicol 135(2020): 111038.

13. Guzeloglu M, Yalcinkaya F, Atmaca S, et al. The
beneficial effects of tadalafil on renal ischemia-
reperfusion injury in rats. Urol Int 86 (2011): 197-
203.

14. Kwasniewski FH, Tavares de Lima W, Bakhle
YS, et al. Impairment in connective tissue mast cells
degranulation in spontaneously hypertensive rats:
stimulus dependent resistance. Br J Pharmacol 124
(1998): 772-778.

15. Wilhelm DL, Yong LC, Watkins SG. The mast

cell: distribution and maturation in the rat. Agents

DOI: 10.26502/ijpaes.202109

Actions. 8 (1978): 146-152.

16. Gasanov F, Aytac B, Vuruskan H. The effects of
tadalafil on renal ischemia reperfusion injury: an
experimental study. Bosn J Basic Med Sci 11 (2011):
158-162.

17. Koka S, Das A, Salloum FN et al
Phosphodiesterase-5 inhibitor tadalafil attenuates
oxidative stress and protects against myocardial
ischemia/reperfusion injury in type 2 diabetic
mice. Free Radic Biol Med 60 (2013): 80-88.

18. Theoharides TC, Alysandratos KD, Angelidou A,
et al. Mast cells and inflammation. Biochim Biophys
Acta. 1822 (2012): 21-33.

19. Reber LL, Hernandez JD, Galli SJ. The
pathophysiology of anaphylaxis.J Allergy Clin
Immunol 140 (2017): 335-348.

20. Butrous G. The role of phosphodiesterase
inhibitors in the management of pulmonary vascular
diseases. Glob Cardiol Sci Pract 2014 (2014): 257-
290.

21. Hemnes AR, Zaiman A, Champion, HC. PDE5SA
inhibition attenuates bleomycin-induced pulmonary
fibrosis and pulmonary hypertension through
inhibition of ROS generation and RhoA/Rho kinase
activation. American journal of physiology. Lung
cellular and molecular physiology 294 (2008): L24—
L33.

22. Ladha F, Bonnet S, Eaton F, et al. Sildenafil
improves  alveolar growth and  pulmonary
hypertension in hyperoxia-induced lung injury. Am J
Respir Crit Care Med 172 (2005):750-756.

23. Mackay GA, Pearce FL. Extracellular guanosine
3',5'-cyclic monophosphate and disodium
cromoglycate share a similar spectrum of activity in
the inhibition of histamine release from isolated mast

cells and basophils. Int Arch Allergy Immunol 109

International Journal of Plant, Animal and Environmental Sciences Vol. 11 No. 2 — June 350



Int J Plant Anim Environ Sci 2021; 11 (2): 342-351

(1996): 258-265.

24. Turner NC, Dolan JS, Grimsditch D, et al.
Pulmonary effects of type V cyclic GMP specific
phosphodiesterase inhibition in the anaesthetized
guinea-pig. Br J Pharmacol 111 (1994): 1198-1204.
25. Urbanova A, Medvedova I, Kertys M, et al. Dose
dependent effects of tadalafil and roflumilast on
ovalbumin-induced airway hyperresponsiveness in
guinea pigs. Exp Lung Res 43 (2017): 407-416.

26. Sousa CT, Brito TS, Lima FJ, et al. Sildenafil
decreases rat tracheal hyperresponsiveness to
carbachol and changes canonical transient receptor
potential  gene
challenge. Braz J Med Biol Res 44 (2011): 562-572.
27. Papapetropoulos A, Simoes DC, Xanthou G, et al.

expression  after  antigen

Soluble guanylyl cyclase expression is reduced in
allergic asthma. Am J Physiol Lung Cell Mol Physiol
290 (2006): L179-L184.

28. Glynos C, Kotanidou A, Orfanos SE, et al.
Soluble guanylyl cyclase expression is reduced in

LPS-induced lung injury. Am J Physiol Regul Integr

DOI: 10.26502/ijpaes.202109

Comp Physiol 292 (2007): R1448-R1455.

29. Perez-Zoghbi JF, Bai Y, Sanderson MJ. Nitric
oxide induces airway smooth muscle cell relaxation
by decreasing the frequency of agonist-induced Ca2+
oscillations. J Gen Physiol 135 (2010):247-259.

30. Francis SH, Busch JL, Corbin JD, et al. cGMP-
dependent protein kinases and cGMP
phosphodiesterases in nitric oxide and cGMP
action. Pharmacol Rev 62 (2010): 525-563.

31. Warner JA, Kroegel C. Pulmonary immune cells
in health and disease: mast cells and basophils. Eur
Respir J 7 (1994):1326-1341.

32. El-Awady MS, Said E. Vardenafil ameliorates
immunologic- and non-immunologic-induced allergic
reactions. Can J Physiol Pharmacol 92 (2014): 175-
180.

33. Laxmi V, Gupta R, Bhattacharya SK, et al.
Inhibitory effects of sildenafil and tadalafil on
inflammation, oxidative stress and nitrosative stress
in animal model of bronchial asthma. Pharmacol Rep
71 (2019): 517-521.

@ @ This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC-BY) license 4.0

International Journal of Plant, Animal and Environmental Sciences Vol. 11 No. 2 — June 351


http://creativecommons.org/licenses/by/4.0/

