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Molecular Mechanics Simulations and Experimental Investigation of
the Effect of Tadalafil on Various Inflammatory Pain Mediators

Souraya Domiati, Khaled Abd El Galil, and Hanan Ragab*

I: I Read Online

[l Metrics & More |

Cite This: ACS Omega 2022, 7, 43747-43758

ACCESS |

ABSTRACT: Purpose: Tadalafil's exact analgesic mechanism is still unclear. The
current study aimed to elucidate this mechanism in an inflammatory pain model. < o
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Methods: Computer-assisted simulation docking experiments were carried out to Ly,
assess the binding of tadalafil to different ligands. The anti-inflammatory and '

. . . XY X -
analgesic effects of tadalafil were evaluated using formalin-induced paw edema and s, (TN w A

a von Frey filament test, respectively. The plantar paw of the mice was then
dissected to quantify iNOS, nNOS, COX-2, TNFq, IL1, and IL10 gene expression
levels using a real-time polymerase chain reaction. iNOS, TNFa, and COX-2
inhibition was reassessed in vitro using the ELISA technique. One-way analysis of
variance followed by post hoc Tukey test or t-test was used to compare the means.
Results: Docking analysis showed a superior binding score of tadalafil to COX-2, S
iNOS, IL-1, and TNF-a compared to that of indomethacin and morphine and a o wam i

similar binding score to nNOS and IL-10 relative to that of indomethacin. In the

in vivo study, tadalafll, after an hour of formalin administration, inhibited significantly paw edema, similar to indomethacin.
Furthermore, it significantly increased the withdrawal force in the von Frey filament test as compared to the negative control, which
was similar to the effect observed with indomethacin and morphine. The RT-PCR revealed that tadalafil reduced significantly the
iNOS, COX-2, and TNF-a gene expressions but had no effect on nNOS, IL 1, and IL10. In vitro ELISA tests confirmed the
inhibition of iNOS, COX-2, and TNF-a. Conclusion: Tadalafil probably exerts its analgesic effect through the simultaneous
inhibition of iNOS, COX-2, and TNF-a, which is not the case with other nonsteroidal anti-inflammatory drugs. Nevertheless, further
studies are required to confirm its mechanism.

1. INTRODUCTION

Pain is a normal physiological response of the body to injuries
such as trauma, tissue damage, or inflammation.” On the
molecular level, cytokines such as tumor necrosis @ (TNF-a)

through activation of protein kinase C, and NO synthesis"* In
fact, NO, concentrated in the dorsal horn of the spinal cord, is
derived from diverse sources. Neuronal NO synthase (nNOS) is
the predominant form of nitric oxide synthase in the dorsal horn

and interleukins (IL), eicosanoids formed through the action of
cyclooxygenases and lipoxygenases, and histamine all play a key
role in the pain sensation caused by inflammation.” These
inflammatory mediators activate cyclic adenosine 3,5-mono-
phosphate/protein kinase A or protein kinase Ce pathways,
which phosphorylate the voltage-gated ion channels and activate
other channels. An inward electrical current, produced by these
channels, depolarizes the neuronal membrane, leading to an
increased probability of action potential generation. Upon the
arrival of the action potential to the dorsal horn, neuro-
transmitters are released due to an increase in the intracellular
calcium concentration. Neurotransmitters responsible for
central sensitization include glutamate, substance P, and
calcitonin gene-related peptide. Glutamate leads to the
propagation of sharp, localized pain that results from activation
of the N-methyl-p-aspartic acid (NMDA) receptors that
generate nitric oxide (NO)."” Substance P binds to neurokinin
1, which leads to intracellular signaling that involves the
activation of arachidonic acid pathways, NMDA receptors
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and has a definite role in spinal cord circuits. The endothelial
nitric oxide synthase (eNOS) is also found in some neuronal
populations and blood vessels. Inducible nitric oxide synthase
(iNOS) is expressed peripherally during inflammatory or
neuropathic pain processes.”” NO has a dual role in nociception
as observed by Kawabata et al. who found that a low dose of -
arginine enhanced nociception in the second phase of the
formalin test, while a high dose suppressed this effect.”
Accordingly, NO donors have been considered analgesic drugs."

Consequently, tadalafil, a phosphodiesterase S inhibitor, used
to treat erectile dysfunction, has been investigated for its
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antinociceptive effect in various pain models.”” Clinically,
tadalafil has been shown to significantly decrease the pain in cold
complex regional pain syndrome patients.8 Investigation on rat
arthritis models also supported the analgesic effect of tadalafil,
which is suggested to be mediated by cGMP. Mehanna et al.
proved that tadalafil exerts its analgesic effect through both the
central and peripheral pain pathways.” Furthermore, in the
carrageenan-induced hyperplasia test, tadalafil was also proven
to be a promising analgesic compound by inhibiting NO rather
than increasing it.” The effect of tadalafil is not reserved for male
patients since Mayer et al. proved that phosphodiesterase
inhibitors have some beneficial effects on female sexual
disorders. Consequently, tadalafil may be a potential analgesic
drug for males and females."

Although all these studies have proven the efficacy of tadalafil
as an analgesic agent, data are still insufficient to elucidate the
exact mechanism of tadalafil’s analgesic effect to be approved
clinically. Accordingly, the current study aimed to explicate the
mechanism of tadalafil by investigating its effect on various
mediators involved in inflammatory pain, namely cyclo-
oxygenase-2 (COX2), interleukin-1 (Il-1), interleukin-10 (II-
10), nNOS, iNOS, and TNFa.

2. MATERIALS AND METHODS

2.1. Animals. Male BALB/C mice (20—25 g) used in the in
vivo experiments were retained under standard animal housing
conditions including a temperature of 25 + 2 °C, relative
humidity of 40—70%, and dark—light cycles of 12/12 h. Animals
had free access to water and standard laboratory chow. All
procedures were done following the regulations and guidelines
stipulated by the Institutional Animal Care and Use Guidelines
at Beirut Arab University. Institutional Review Board approval
was granted before the beginning of the procedures.

2.2. Chemicals. Pfizer, Sigma Chemical Co., and Renaudin
were the sources of tadalafil, indomethacin, and morphine
sulfate, respectively. Indomethacin served as a positive control
for inflammation, while morphine sulfate was used for pain.
Tadalafil and indomethacin were provided as a pure powder,
which was dissolved in polyethene glycol 400 (PEG400) (Fluka
analytica)."" Dilution of morphine sulfate was done using sterile
water for injection. Indomethacin, morphine, and tadalafil were
administered at a dose of 10, 5, and 1.5 mg/kg, respectively,
according to a previous study done by Mehanna et al.” All drugs
were administered intraperitoneally (i.p.). Formalin prepared as
5% v/v was supplied by Sigma-Aldrich.

2.3. Molecular Docking and Mechanics Simulations.
Molecular docking and mechanics simulations were carried out
using Molecular Operating Environment (MOE) software.
Interatomic interactions were modeled using the Merck
Molecular force field (MMFF94X), where the total energy is
given as'?>71°
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+ D BTy + D) EvdW, + D EQ,

EB;

Kb; 7cs2Ar;
143.9325——Ar;|1 + csAr,; + EA,
5 U ij i

Kai}.k
2

0.043844

A (1 + cbAG,)

EBA; = 2.51221(KbayAr; + KbagAr,) A,

EB;: bond stretching interaction; Kby: harmonic force
constrant; cs: cubic stretch constant; Arij: deviation from the
reference bond length between atoms i and j; EAj: angle
bending interaction; Kaj;: angular spring constant, cb: cubic
constant; A0 deviation from the reference bond angle
between atoms i, j, and k; EBAj:stretch bend interaction;
EOOPy;: out-of-plane bending; ET;;: torsion interactions;
EvdW;: van der Waals interactions; and EQy: electrostatic
interactions.

The initial coordinates from the X-ray crystal structure of
COX-2, iNOS, nNOS, IL-1, IL-10, and TNF-a used in the
simulations were obtained from the Protein Data Bank (PDB
ID: Sjwl, 2orr, 6pn4, 5r88, 3lqm, and 2azS$, respectively). The
ligand molecules were constructed using the builder molecule
and were energy-minimized. The active sites of the receptors
were generated using MOE-a Site Finder, and then, ligands were
docked within this active site using MOE Dock. Consequently,
molecular mechanics simulations were carried out using the
enzyme parameters obtained from the crystallographic structure
of the complex between COX-2 (PDB ID: Sjwl), iNOS (PDB
ID: 20rr), nNOS (PDB ID: 6pn4), IL-1 (PDB ID: 5r88), IL-10
(PDB ID: 3lgm), and TNF-a (PDB ID: 2azS) with the
cocrystallized ligands celecoxib, 4-(benzo[1,3]dioxol-S-yloxy)-
2-(4-imidazol-1-yl-phenoxy)-pyrimidine, 7-(3-(aminomethyl)-
4-(cyclopropylmethoxy)phenyl)-4-methylquinolin-2-amine,
(S)-N-(4-carbamoylphenyl)-tetrahydrofuran-2-carboxamide,
glycerol, and 6,7-dimethyl-3-[ (methyl-{2-[methyl({1-[3-
(trifluoromethyl)phenyl]-1H-indol-3 yl}methyl)amino]ethyl}-
amino)methyl]-4H-chromen-4-one, respectively.'~** The low-
est-energy conformation was selected, and the ligand
interactions (hydrogen bonding, arene—H, and arene—arene
interactions together with other hydrophobic interactions) with
the receptors were recorded. Binding scores were calculated
based on the strain energy between the two molecules based on
the selected force field.

2.4. Experimental Design. 2.4.1. Anti-inflammatory
Activity of Tadalafil Using a Formalin-Induced Paw Edema
Method. The acute anti-inflammatory activity of tadalafil was
assessed using formalin-induced mice paw edema as described
by Vogel.”> Indomethacin was used as a positive control. Mice
were divided into 4 groups of 7—8 animals each. Outlier data
were then omitted to retain five animals in each group. The first
group received tadalafil at a dose of 1.5 mg/kg, being the EDS0
as determined in a previous study.” The second group received
indomethacin at a dose of 10 mg/kg as a positive control, while
the third and fourth groups received only the vehicle (PEG400)
as a negative control group. After 1 h of injecting the compounds
and the vehicle, 200 uL of a 5% v/v formalin solution was
injected into the mice’s plantar side of the right hind paw except
for the fourth group, which received a normal saline injection.
The paw volume (V,,,) was measured using the Ugo Basile
37140 plethysmometer immediately after the injection and at 1,
2,3,and 4 h. The increase in paw volume (AV,,,,,) was calculated
as

A‘/pelw = ‘/paw,t - ‘/paw,injection
where V,,, is the paw volume at the specific time t and

paw,njection 18 the paw volume immediately after formalin
injection. The percentage increase in paw volume (%AV,,,)
was then calculated as
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v peptidylprolyl isomerase A (PPIA) was used. According to the
BAV = X 100 nucleotide sequence obtained from the Gene Bank, gene-

paw,baseline

where Vi, baseline 1S the paw volume at baseline. The percentage
inhibition of paw edema was then determined as

%AVp %AV,

aw,control paw,treated

%AV,

% inhibition of edema = X 100

aw,control

where %AV, conol a0d BAV reared are the percentage
increases in paw volume for the control and treated mice,
respectively.

2.4.2. Assessment of Mechanical Nociception in Mice in
Formalin-Induced Paw Edema Using Von Frey Filaments.
The formalin-induced paw edema test is used to assess the
nociceptive effect of tadalafil in two phases. The initial phase
lasts for the first S min and is characterized by direct stimulation
of the nociceptors. Accordingly, this stage is mainly inhibited by
centrally-acting analgesic drugs. The second phase is between 15
and 30 min after the injection of formalin and is considered an
inflammatory phase mediated by prostaglandins, NO, and
others.”* The mechanical paw-withdrawal threshold measure-
ment is done usin; von Frey filaments, according to the up-and-
down model.**” Mice after receiving tadalafil or indomethacin
or morphine or the vehicle are kept for 1 h to acclimatize in
individual clear acrylic chambers fixed to an elevated wire mesh
platform that allows access to the hind paw plantar surface. After
1 h of injecting each compound and the vehicle (PEG400), the
mice are challenged with a 200 #L subcutaneous injection of 5%
v/v formalin solution into the plantar side of the right hind paw.
A second control group (PEG 400) received normal saline in the
hind paw instead of formalin to determine the threshold without
formalin-induced sensitization. Directly after injecting formalin
or normal saline and after 30 min, von Frey filaments of 0.5—
45.3 g were applied on the mice’s hind paw plantar surface. After
S s, the absence of paw lifting led to the use of the next filament
of increased weight, while paw lifting indicated a positive
response that led to the use of the weakest filament. This
paradigm continued until four consecutive negative or positive
responses occurred. From the resulting scores, the mechanical
paw—vgéigthdrawal threshold (mN) response was then calcu-
lated.

2.4.3. In Vivo Investigation of Tadalafil's Effect on Various
Inflammatory Mediators Using the RT-PCR Technique. Mice
were grouped into five groups of five mice each receiving
intraperitoneally either the vehicle (polyethylene glycol 400) or
indomethacin (10 mg/kg) or morphine (S mg/kg) or tadalafil
(1.5 mg/kg). After 1 h of the drug administration, 200 uL of 5%
v/v formalin solution was injected into the right hind paw
plantar surface; then, the mice were confined into a transparent
chamber for 30 min. Afterward, the muscles of the hind paw
were extracted after sacrificing the animals, and they were
immediately frozen in liquid nitrogen. From the sacrificed
animals’ tissues, total RNA was extracted using the TRIzol
reagent. The total RNA yield and quality were spectrophoto-
metrically determined using a NanoDrop (ND-1000, Wilming-
ton, Delaware) at A 260 and 260/280 nm, respectively. One mcg
of the total RNA was reverse-transcribed, using a QuantiTect
reverse transcription kit, into single-stranded complementary
DNA (cDNA). Different inflammatory genes’ mRNA levels
found in mouse tissues were determined using 5x FIREPol
EvaGreen qPCR Mix, no ROX (Solis BioDyne, Tartu, Estonia).
As a housekeeping gene and an internal control, mouse

43749

specific PCR primers (Table 1) were designed using Primer

Table 1. Different Primers and Reverse Primers for Different
Genes

genes” primer product size (bp)

iNOS F:GGAATCTTGGAGCGAGTTGT 99
R:CCTCTTGTCTTTGACCCAGTAG

nNOS F:GTGAGTGGACAGATGGAAGAAG 101
R:CCCTAGCACTGATAAGCAGAAG

COX-2 F:CGGACTGGATTCTATGGTGAAA 111
R:CTTGAAGTGGGTCAGGATGTAG

TNFa F:CTACCTTGTTGCCTCCTCTTT 116
R:GAGCAGAGGTTCAGTGATGTAG

IL1 F:ATGGGCAACCACTTACCTATTT 103
R:GTTCTAGAGAGTGCTGCCTAATG

IL10 F:-TTGAATTCCCTGGGTGAGAAG 95
R:TCCACTGCCTTGCTCTTATTT

PPIA F F:AATGCTGGACCAAACACAAA 116

R:TTCCACAATGTTCATGCCTT

“Inducible nitric oxide synthase (iNOS), neuronal nitric oxide
synthase 1 (nNOS), cyclooxygenase-2 (COX2), tumor necrosis factor
(TNFa), interleukin-1 (Il1), interleukin 10 (I110), and peptidyl
propyl isomerase A (PPIA).

Express 3.0 (Applied Biosystems). Thermal cycling conditions
used were as follows: initial activation step at 95 °C for 15 min
followed by 40—50 cycles at 94 °C for 15 s, 56 °C for 205, and 72
°C for 30 s. Data were collected during the extension step using
an automatic Rotor-Gene Q_thermocycler (Qiagen). To verify
the specificity and identity of the PCR products, a melting curve
analysis was performed. The 2-AACt method was used to
determine the mRNA relative expression levels of iNOS, nNOS,
COX2, TNF-q, 1I-1, and 1I-10. Moreover, to confirm the PCR
products, a 1.2% agarose gel electrophoresis run was
performed.”

Table 2. Docking Scores of Tadalafil and the Positive Control
Indomethacin and Morphine to the Binding Sites of COX2,
iNOS, nNOS, IL-1, IL-10, and TNF-a

binding site drug docking score
COX-2 indomethacin —7.7861
morphine —5.1289
tadalafil —8.1797
iNOS indomethacin —5.7651
morphine —-5.4792
tadalafil —7.5008
nNOS indomethacin —7.2830
morphine —5.6352
tadalafil —7.2616
IL-1 indomethacin —5.8541
morphine —4.8657
tadalafil —6.6988
1L-10 indomethacin —5.6242
morphine —4.3563
tadalafil —5.9004
TNF-a indomethacin —5.0875
morphine —4.1433
tadalafil —5.4228

https://doi.org/10.1021/acsomega.2c04761
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Figure 1. 2D Binding mode of the inhibitor (celecoxib), references (indomethacin and morphine), and test drug tadalafil in the binding site of the
COX-2 receptor (PDB ID: Sjwl) using MOE software. (A) 2D binding mode of the inhibitor celecoxib in the binding site of the COX-2 receptor
(PDB ID: Sjwl) using MOE software; (B) 2D binding mode of the inhibitor indomethacin in the binding site of the COX-2 receptor (PDB ID: Sjw1)
using MOE software; (C) 2D binding mode of the inhibitor morphine in the binding site of the COX-2 receptor (PDB ID: 5jw1) using MOE software;
and (D) 2D binding mode of tadalafil docked and minimized in the binding site of the COX-2 receptor (PDB ID: Sjw1) using MOE software.

2.4.4. In Vitro Investigation of Tadalafil's Effect on iNOS,
TNF-a, and COX-2 Using the ELISA Technique. iNOS
inhibitory concentrations of tadalafil and the positive control
were determined in vitro using an iNOS ELISA kit that applies
the competitive enzyme immunoassay technique utilizing a
polyclonal anti-iINOS antibody and an iNOS-HRP conjugate.
After the reaction between the assay sample and the iNOS-HRS
conjugate, the intensity of the blue-colored complex that appears
was measured spectrophotometrically at 450 nm, which reflects
the concentration of iNOS.

Using the TNF-a ELISA technique, the inhibitory concen-
trations of tadalafil and the positive control indomethacin were
measured in vitro. The process was carried out in accordance
with the ALPCO TNF-a ELISA kit, which makes use of a
monoclonal antibody that is specific for Hu TNF-a. The
absorbance was measured at 450 nm.

The in vitro colorimetric COX (ovine) inhibitor assay
method, which makes use of the peroxidase component of
cyclooxygenase, is used to conduct an in vitro COX-2 isoenzyme
inhibition assay with tadalafil and the positive control
indomethacin. By monitoring the appearance of oxidized
N,N,N’,N’-tetramethyl-p-phenylenediamine, which is created
during the reduction of PGG2 to PGH2, the peroxidase activity
is measured colorimetrically at 590nm. The preparation of the
reagent is carried out following the manufacturer’s instructions
(catalog no. 560131; Cayman Chemicals Inc., AnnArbor, MI).

2.5. Statistical Analysis. Statistical Package for Social
Science (SPSS) version 20 (IBM, New York-USA) was used to
analyze the data, which were expressed as mean + SD. One-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test
or t-test was used to assess the groups’ differences. Significance
was considered at a p-value of less than 0.0S.

https://doi.org/10.1021/acsomega.2c04761
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A.

B.

Figure 2. 2D binding mode of the references (indomethacin and morphine) and test drug tadalafil in the binding site of the iNOS receptor (PDB ID:
2orr) using MOE software. (A) 2D binding mode of the inhibitor indomethacin in the binding site of the iNOS receptor (PDB ID: 2orr) using MOE
software; (B) 2D binding mode of the inhibitor morphine in the binding site of iNOS receptor (PDB ID: 2orr) using MOE software; and (C) 2D

binding mode of tadalafil docked and minimized in the binding site of the iNOS receptor (PDB ID: 2orr) using MOE software.

3. RESULTS

A docking study was used to assess the binding of tadalafil to
different mediators involved in inflammatory pain. Comparing
the binding modes of tadalafil to COX-2 versus the reference
materials, celecoxib, indomethacin, and morphine, it was clear
that celecoxib had superior binding interactions, where it formed
four hydrogen bonds to different amino acids in the receptor.
Morphine and tadalafil showed almost comparable bonding,
where both formed one hydrogen bond with the receptor in
addition to the hydrophobic interactions. Finally, indomethacin

indicated the least binding, where it was only capable of
hydrophobic binding to the receptor, even though it showed the
best binding score (—7.7861). This indicated that indomethacin
can reside within the pocket of the receptor without having the
ability to form reasonable bonding with the different amino acid
residues present in the active site (Table 2, Figure 1).
Concerning iNOS, the binding mode of tadalafil indicated a
superior binding score of —7.5008 as compared to that of
indomethacin and morphine with values of —5.7651 and
—5.4792, respectively, implicating the need of a minimum
amount of energy for tadalafil to reside within the binding site of

https://doi.org/10.1021/acsomega.2c04761
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Figure 3. 2D binding mode of the references (indomethacin and morphine) and the test drug tadalafil in the binding site of the nNOS receptor (PDB
ID: 6pn4) using MOE software. (A) 2D binding mode of the inhibitor indomethacin in the binding site of the nNOS receptor (PDB ID: 6pn4) using
MOE software; (B) 2D binding mode of the inhibitor morphine in the binding site of the nNOS receptor (PDB ID: 6pn4) using MOE software; and

(C) 2D binding mode of tadalafil docked and minimized in the binding site of the nNOS receptor (PDB ID: 6pn4) using MOE software.

the receptor. On the other hand, the binding modes of the three
drugs tested, tadalafil, indomethacin, and morphine, were almost
comparable, where all three drugs formed hydrogen bonds with
the receptor in addition to arene—arene, arene—H, and other
hydrophobic bonding (Table 2, Figure 2).

The binding mode of tadalafil with nNOS as revealed by the
molecular mechanics simulations of docking indicated a
superior binding score of tadalafil (—7.2616) relative to that of
morphine (—5.6352) and almost like that of indomethacin
(—7.2830). Despite the favorable ability of indomethacin and
tadalafil to reside in the binding site, the X-ray crystal structure
revealed that both were incapable of forming hydrogen bonds
and showed only several irrelevant hydrophobic bonding with
the nNOS receptor. On the other hand, morphine was superior
by showing a hydrogen bond between its phenolic OH and

Glu592 residue in addition to the hydrophobic bonding to the
receptor (Table 2, Figure 3).

The enzyme parameters obtained from the crystallographic
structure of IL-1 showed the binding mode of tadalafil,
indicating a superior binding score of —6.6988 (thus, a lower
amount of energy is needed), relative to that of both
indomethacin and morphine (—5.8541 and —4.8657, respec-
tively). On the other hand, the X-ray crystal structures of
tadalafil and the two reference drugs with IL-1 indicated the
superiority of morphine binding forming two hydrogen bonds
compared to only one hydrogen bond in the case of both
tadalafil and indomethacin (Table 2, Figure 4).

The binding mode of tadalafil with IL-10 indicated by the
molecular mechanics simulation revealed a superior binding
score of —5.9004 relative to that of both indomethacin and

https://doi.org/10.1021/acsomega.2c04761
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Figure 4. 2D binding mode of the references (indomethacin and morphine) and the test drug tadalafil in the binding site of the IL-1 receptor (PDB ID:
5r88) using MOE software. (A) 2D binding mode of the inhibitor indomethacin in the binding site of the IL-1 receptor (PDB ID: 5r88) using MOE
software; (B) 2D binding mode of the inhibitor morphine in the binding site of the IL-1 receptor (PDB ID: 5r88) using MOE software; and (C) 2D
binding mode of tadalafil docked and minimized in the binding site of the IL-1 receptor (PDB ID: 5r88) using MOE software.

morphine (—5.6242 and —4.3563, respectively). The X-ray
crystal structure indicated comparable binding to the receptor,
where all three drugs formed two hydrogen bonds to IL-10 in
addition to several hydrophobic bonds (Table 2, Figure S).
The docking study between the tadalafil and the reference
drugs with TNF-a showed a binding score of —5.4228 for
tadalafil, which is almost higher than that of both reference
drugs, indomethacin and morphine (—5.0875 and —4.1433,
respectively). The X-ray crystal structures revealed comparable
binding of tadalafil and indomethacin to the receptor, where

both drugs formed one hydrogen bond to the receptor in
addition to several hydrophobic bonds. However, morphine
showed only hydrophobic bonding with the receptor (Table 2,
Figure 6).

The in vivo anti-inflammatory effect of tadalafil was assessed
using a formalin-induced paw edema test. Results showed a
significantly lower edema volume in the tadalafil-treated mice
group and indomethacin-treated one as compared to that of the
control group. Moreover, the percentage inhibition of edema in
the tadalafil group ranged from 40.94 to 51.47% throughout the
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Figure S. 2D binding mode of the references (indomethacin and morphine) and the test drug tadalafil in the binding site of the IL-10 receptor (PDB
ID: 3lqm) using MOE software. (A) 2D binding mode of the inhibitor indomethacin in the binding site of the IL-10 receptor (PDB ID: 3lqm) using
MOE software; (B) 2D binding mode of the inhibitor morphine in the binding site of IL-10 receptor (PDB ID: 3lqm) using MOE software; and (C)
2D binding mode of tadalafil docked and minimized in the binding site of the IL-10 receptor (PDB ID: 3lqm) using MOE software.

4 h intervals with a similar anti-inflammatory effect to that of
indomethacin after 1 h of inflammation induction. On the other
hand, indomethacin inhibited edema in a timely fashion, leading
to a superior effect as compared to that of tadalafil after 3and 4 h
(Figure 7).

In addition to its anti-inflammatory effect, tadalafil has shown
a significant nociceptive effect comparable to that of morphine
and indomethacin in the inflammatory phase of the formalin-
induced paw edema test. In fact, using the von Frey filament
method, it was observed that the paw-withdrawal threshold in
the tadalafil group, immediately after formalin induction, was

higher than that of the vehicle but not significantly. In the
inflammatory phase, after 30 min of formalin induction, tadalafil,
morphine, and indomethacin groups showed significantly higher
thresholds as compared to those of the vehicle groups.
Moreover, the paw-withdrawal threshold in the vehicle group
did not differ from the initial measurement and after 30 min,
while it did for the other agents (Figure 8).

RT-PCR revealed that the INOS expression was lower in the
tadalafil group, which led to the decrease in the TNF-a
expression with no effect on nNOS. Moreover, the tadalafil anti-
inflammatory effect also may be mediated by COX-2 inhibition
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Figure 6. 2D binding mode of the references (indomethacin and morphine) and the test drug tadalafil in the binding site of the TNF-a receptor (PDB
ID: 2az5) using MOE software. (A) 2D binding mode of the inhibitor indomethacin in the binding site of the TNF-alpha receptor (PDB ID: 2az$)
using MOE software; (B) 2D binding mode of the inhibitor morphine in the binding site of the TNF-alpha receptor (PDB ID: 2azS) using MOE
software; and (C) 2D binding mode of tadalafil docked and minimized in the binding site of the TNF-alpha receptor (PDB ID: 2azS) using MOE

software.

since the later expression was decreased with no effect on IL1 or
IL10 (Table 3).

In vitro ELISA tests confirmed the results of the RT-PCR by
showing that tadalafil inhibits iNOS, TNF-a, and COX-2
significantly more than indomethacin with inhibitory concen-
trations of 0.80 + 0.10, 9.50 & 0.1, and 0.10 = 0.01 for tadalafil
versus 0.62 + 0.02, 7.50 + 0.20, and 0.08 + 0.00 for

indomethacin, respectively (Table 4).

4. DISCUSSION

NO has both beneficial and detrimental roles in inflammation. It
has proinﬂammatory and immunosuppressive properties. It has
been proven that NO is a vital component of the host’s
adaptative response to noxious stimuli by increasing the
expression of iINOS. NO generated during inflammation

contributes to the erythema, edema, and increased vascular
permeability detected during acute inflammation, by stimulating
the synthesis of inflammatory prostaglandins through activation
of COX-2. It is also proven that prolonged elevation of NO and
iNOS contributes to the tissue damage detected in chronic
inflammation.’”*" Accordingly, augmenting the effect of
endogenous NO using phosphodiesterase inhibitors such as
tadalafil can have a detrimental effect in the case of
inflammation, accentuating the feeling of pain.’’ On the other
hand, several studies have proven the efficacy of tadalafil as an
antinociceptive agent in inflammatory models. In the current
study, docking analysis showed a superior binding score of
tadalafil to COX-2,iNOS, IL-1, and TNF-a as compared to that
of indomethacin and morphine and a similar binding score of
nNOS and IL-10 relative to that of indomethacin. The X-ray
crystal structure revealed good hydrogen bonding with COX-2
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Figure 8. Paw-withdrawal threshold of tadalafil in formalin-induced paw edema using the von Frey filament test as compared with the vehicle,
indomethacin, and morphine. The ‘no formalin’ group received normal saline in the hind paw instead of formalin. Values are expressed as mean + SD;
(n=35) *p < 0.05 as compared to the vehicle group (PEG 400) at t,. *p < 0.05 as compared to the vehicle group (PEG 400) at t30 min.

Table 3. Gene Expression of iNOS, Nnos, COX-2, IL-1, IL-10, and TNF-« Detected in the Mice Hind Paw Treated with Either
Tadalafil, Indomethacin, Morphine, or the Vehicle™?

vehicle indomethacin morphine tadalafil
iNOS 0.200 + 0.023 0.070 + 0.018° 0.365 + 0.075° 0.057 + 0.005°
nNOS 0.668 + 0.117 0.503 + 0.175 0.460 + 0.160 0.688 + 0.355
COX-2 1.952 + 0.355 0.170 + 0.027° 1.899 + 0.889 0.190 + 0.009°
IL-1 0.557 + 0.085 0.410 + 0.302 0.565 + 0.259 0.228 + 0.083
IL-10 0.323 + 0.015 0.500 + 0.092 0.30S + 0.087 0.36 & 0.265
TNF-a 1.342 + 0.120 1.060 + 0.283 0.890 + 0.167° 0.594 + 0.105°

“Relative mRNA expression levels were expressed as mean+SD (n = 5). *The ANOVA test was used to compare the means with the control
(vehicle). “Denotes significant difference from the vehicle at p < 0.05.

and TNF-q relative to that of indomethacin and a similar one and TNF-a mainly by forming hydrogen bonds. Accordingly,
with iNOS. Consequently, despite the high ability of tadalafil to the effect of tadalafil on iNOS highlights the probability that
reside in all receptors, it may exert its action on COX-2, iNOS, tadalafil exerts its action not by increasing the level of NO, as
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Table 4. In Vitro iNOS, TNF-@, and COX-2 Enzyme
Inhibitory Activities”

IC,°
tested compound iNOS TNF-a COX-2
indomethacin 0.62 + 0.02 7.50 = 0.20 0.08 + 0.00
tadalafil 0.80 + 0.10¢ 9.50 + 0.10" 0.10 + 0.01°

“t-test was done to compare between the tested compounds. bp =
0.000. “p = 0.003. “p = 0.042. “Values are expressed as mean + SD in
pm.

known, but by regulating its concentration, given that a low
concentration of NO upregulates iNOS, while a high
concentration has the opposite effect to prevent the over-
production of NO.*"**

Tadalafil's anti-inflammatory effect was demonstrated by the
formalin-induced paw edema test. Results showed that tadalafil
possessed a significant anti-inflammatory effect as compared to
that of the negative control and a similar effect to that of
indomethacin within the first 2 h. A superior effect of
indomethacin was detected after 3 and 4 h of edema induction
relative to that of tadalafil. The effect of tadalafil was constant
over the 4 h. The discrepancy in the effect of indomethacin and
tadalafil may be due to the different pharmacokinetic and
pharmacodynamic properties of both drugs.”’

Tadalafil, in addition to its anti-inflammatory effect, exhibited
a significant antinociceptive effect relative to that of the control
and comparable to that of indomethacin and morphine in the
paw induced edema von Frey filament test in the inflammatory
phase only. This was also shown by Rocha et al., who reported
that tadalafil exhibits a dose-dependent inhibition of hyper-
nociception in zymosan-induced arthritis.” On the other hand,
Mehanna et al. showed that tadalafil had a significant
antinociceptive effect in several tests, including the formalin
one in both phases, through not only the nitric oxide pathway
but also the involvement of opioid receptors.” These
controversies may be due to different methods being used
since the formalin effect in Mehanna et al.’s study was assessed
by recording the licking time.”

At the molecular level, Rocha et al. found that tadalafil
decreased the TNF-« release but did not alter the IL-1 level in
zymosan-induced arthritis.” Equally, it was proven that sildenafil,
another phosphodiesterase 5 inhibitor, exerts its anti-inflamma-
tory effect by suppressing TNF-a production induced by
lipopolysaccharide and by decreasing the level of NO instead of
increasing it.”* In the current study, although docking showed
the good ability of tadalafil to reside in all receptors studied and
better hydrogen bonding to COX-2 and a similar one to iNOS,
nNOS, TNF-a, IL-1, and IL-10, relative to that of indomethacin,
the RT-PCR showed that tadalafil reduced iNOS, TNF-a, and
COX-2 gene expressions with no effect on nNOS, IL-1, and IL-
10. In vitro ELISA studies also confirmed the inhibition effect of
tadalafil on the COX-2 enzyme, iNOS, and TNF-a. Con-
sequently, the analgesic/anti-inflammatory effect of tadalafil is
most probably exerted on COX-2, iNOS, and TNF-a. In fact,
the effect of NO is regulated by its concentration, where
micromolar ranges of NO are considered proinflammatory,
while nanomolar concentrations are considered anti-inflamma-
tory. Moreover, an increase in NO leads to the accumulation of
c¢GMP, which has been linked to reduction in proinflammatory
cytokines such as TNF-a and interleukins.”” Tadalafil is known
to elevate the level of cGMP by inhibiting its breakdown by $-
phosphodiesterase, which explains the inhibition of TNF-a by

tadalafil in the current study. The widespread expression of
iNOS following inflammation has been linked to the host’s
adaptative response to noxious stimuli and virulent pathogens,
and it is regulated by the level of NO.*"** Accordingly, in the
current study, iNOS is inhibited, which is the direct effect of the
increased level of NO caused by tadalafil, which also explains its
anti-inflammatory effect. According to Cury et al, NO can
induce peripheral hyperalgesia by regulating the expression and/
or activity of cyclooxygenases.” Consequently, moderation of
NO can inhibit cyclooxygenases, which explains the fact that
tadalafil has inhibited the COX-2 expression in the current
study, as also demonstrated by the in vitro ELISA test. nNOS is
the predominant NOS in the dorsal horn and has a definitive role
in the central perception of pain, while iNOS is expressed
peripherally during inflammation or neuropathic pain. iNOS
participation in the central transmission of pain is doubtful."
Therefore, since tadalafil inhibits the expression of iNOS and
not nNOS, the probability that tadalafil exerts its action
peripherally during the inflammation process arises.

5. CONCLUSIONS

Tadalafil exhibits a similar analgesic effect to that of morphine,
implicating that it is a potentially potent analgesic agent.
Moreover, its effect is mediated by the inhibition of several
inflammatory mediators, including iNOS, COX-2, and TNF-a.
Consequently, knowing that TNF-a is implicated in pain at both
central and peripheral levels of sensitization and marketed
nonsteroidal anti-inflammatory drugs increase TNF-q, tadalafil
may represent a novel therapeutic approach to inflammatory
pain management. Nevertheless, further studies are required to
clarify its mechanism, especially its involvement in the central
perception of pain.
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