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Aims:Totestforthe possible antinociceptive effect of nifedipine inrodentmodels
of acute and chronic neuropathic orofacial pain and the possible involvement of
TRP- and NMDA-related processes in this effect. Methods: Acute nociceptive
behavior was induced by administering formalin, cinnamaldehyde, glutamate,
capsaicin, or acidified saline to the upper lip or hypertonic saline to the cornea
of Swiss mice. Acute nociceptive behavior was also induced by formalin injected
into the TMJ or mustard oil injected into the masseter muscle of Wistar rats.
The chronic pain model involved infraorbital nerve transection (IONX) in Wistar
rats to induce mechanical hypersensitivity, which was assessed with von Frey
hair stimulation of the upper lip. The effects of pretreatment with nifedipine or
vehicle (control) were tested on the nociceptive behaviors. Docking experiments
were also performed. Statistical analysis included one-way ANOVA followed
by Tukey post hoc test and two-way ANOVA followed by Bonferroni post hoc
test (statistical significance P < .05). Results: Nifedipine produced significant
antinociceptive effects in all of the acute nociceptive behaviors except that
induced by capsaicin. The antinociceptive effects were attenuated by NMDA,
TRPAT1, or TRPM3 receptor antagonists. The IONX animals developed facial
mechanical hypersensitivity, which was significantly reduced by nifedipine. The
docking experiments suggested that nifedipine may interact with TRPM3 and
NMDA receptors. Conclusion: The present study has provided novel findings
in a variety of acute and chronic orofacial pain models showing that nifedipine,
a selective inhibitor of L-type Ca®* channels, can suppress orofacial nociceptive
behavior through NMDA, TRPA1, and TRPM3 receptor systems. J Oral Facial
Pain Headache 2020,34:174-186. doi: 10.11607/0fph.2491
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rofacial pain states, especially when chronic and neuropathic,

are often difficult to manage effectively, partly because the

underlying nociceptive mechanisms are not well understood.’
Since the transmission of nociceptive signals depends on several
types of ion channels, a recent research focus has been on peripheral
nociceptive mechanisms. These include processes involving transient
receptor potential (TRP) family channels, voltage-dependent calcium
ion (Ca?*) channels, and N-methyl-D-aspartate (NMDA) receptors.
These processes have become key targets for the development of new
analgesic approaches.?

The presence of long-lasting (L)—-type Ca?* channel subunits has
been reported in trigeminal ganglion neurons, and it has been sug-
gested that this presence may be associated with orofacial nociceptive
transmission.® Ca?* channels are upregulated in orofacial pain states,
and the blocking of these channels may provide therapeutic benefits
for orofacial pain management.* Nifedipine is a selective inhibitor of
1,4-dihydropyridine-derived L-type voltage-dependent Ca?* channels
(VDCCs), and previous studies have shown that nifedipine has an anti-
nociceptive action.®=8 This effect appears to be related to actions in-
volving the hypothalamic pituitary adrenal axis,® spinal mechanisms,'®
and blockade of transmembrane-inward movements of Ca?*,'"" but not
related to nifedipine’s hypotensive effect.'® Furthermore, the antinoci-
ceptive action of nifedipine has been reported to be related also to a
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blockade of electrically evoked Ca?* transients in pe-
ripheral sensory nerves'? and to a blockade of neu-
rotransmitter release in the central nervous system
(CNS).”®

However, the effect of nifedipine on nociceptive
processes underlying acute and chronic orofacial pain
has not yet been reported. Therefore, this study aimed
to test for the possible antinociceptive effect of nifed-
ipine in rodent models of acute and chronic (neuro-
pathic) orofacial pain and the possible involvement of
TRP- and NMDA-related processes in this effect.

Materials and Methods

Animals and Study Overview

Swiss albino male mice (20 to 25 g, 42 days old)
and Wistar male rats (250 to 300 g, 42 days old)
from the experimental animal facility at the University
of Fortaleza were kept at 22°C (12-hour light/dark
cycle) in a specific pathogen-free (SPF) facility in
Techniplast individually ventilated cages (five animals
per cage) with free access to autoclaved water and
a standard pellet diet (Purina). The experimental pro-
tocols followed the ethical guidelines of the Brazilian
Council for the Control of Animal Experimentation
(CONCEA) and were approved by the university
Animal Research Ethics Committee under entry no.
005/2016.

All behavioral tests (Fig 1) were performed blind-
ed and during the morning. Mice were used for ex-
periments involving previously described procedures
for testing orofacial nociception in mice via the admin-
istration of formalin,'* cinnamaldehyde,'* capsaicin,'
glutamate,'* acidified saline,'* or hypertonic saline'
in different groups. Rats were used for experiments
involving orofacial nociceptive tests previously de-
scribed in rats: the temporomandibular joint (TMJ) for-
malin test,'® mustard oil-induced orofacial muscular
nociception,'” and facial mechanical hypersensitivity
following transection of the infraorbital nerve (IONX).'®
Sample sizes of experimental groups were based on
those used in the authors’ previous studies assessing
drug effects in orofacial pain models and document-
ing statistically significant group differences.'*'® The
behaviors were analyzed by an independent observer
blind to the drug and type of treatment. All animals
were euthanized at the end of the experiments.

This study was designed to test the effects of
nifedipine in acute and chronic orofacial pain mod-
els. In the acute models, nociceptive behavior was
assessed following administration of an algesic
chemical to the upper lip (formalin, cinnamalde-
hyde, capsaicin, glutamate, or acidified saline), eye
(hypertonic saline), TMJ (formalin), or masseter mus-
cle (mustard oil) of animals pretreated with nifedip-
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ine or vehicle. In some of these acute experiments,
nifedipine administration was preceded by adminis-
tration of the TRPA1 antagonist camphor, the NMDA
antagonist ketamine, or the TRPM3 antagonist me-
fenamic acid (Fig 1). In the chronic neuropathic pain
model produced by IONX, nifedipine or vehicle was
administered several days postoperation to test the
effects on nociceptive behavior, expressed as facial
mechanical hypersensitivity (Fig 1). Details for each
model are provided below.

Drugs and Doses
Nifedipine (Neo Fedipina) was dissolved in 0.1% di-
methyl sulfoxide (DMSQO; Dinamica) and tested at 2.5,
5, and 10 mg/kg. These doses were chosen based
on previous findings of the antinociceptive effective-
ness of different doses of nifedipine.'® The doses of
other drugs were also based on previous studies,
noted below, that have shown the efficacy of these
doses in eliciting or modifying nociceptive behavior.
Nociception was elicited with formaldehyde (1%'4),
acidified saline (2% acetic acid, pH 1.981'), or hy-
pertonic saline (5 M sodium chloride [NaCl]'®), which
were purchased from Dinamica. Cinnamaldehyde
(18.2 pg/lip'), capsaicin (2.5 pg/lip, dissolved in etha-
nol, DMSO, and distilled water, 1:1:8'%), glutamate (25
mM'¥), and mustard oil (20% mineral oil'?), all of which
were purchased from Sigma-Aldrich, were also used.

To test whether NMDA or TRP receptor process-
es were involved in nifedipine effects, NMDA and TRP
receptor antagonists were also used. These antago-
nists may have antinociceptive effects when adminis-
tered at sufficient doses, but they were administered
in the present study at much lower doses than those
previously shown to elicit these antinociceptive ef-
fects.'*292! These antagonists were the NMDA re-
ceptor antagonist ketamine (0.1 mg/kg?; Cetamin,
Syntec), the TRPA1 receptor antagonist camphor (7.6
mg/kg'#; Sigma-Aldrich), and the TRPM3 receptor an-
tagonist mefenamic acid (0.1 mg/kg'®; Sigma-Aldrich).
Other drugs were used for general anesthesia during
formalin injection into the TMJ or during infraorbital
nerve transection (IONX) surgery; these drugs were
ketamine (100 mg/kg)'* and xylazine (10 mg/kg';
Sedomin, Kénig do Brasil). In addition, diazepam
(DZP; 3 mg/kg??; Valium, Roche) was used in the as-
sessment of motor performance (see below).

Drug solutions were freshly prepared before each
experiment. All drugs except for nifedipine, capsaicin,
and mustard oil were dissolved in isotonic saline.

Formalin-Induced Orofacial Nociception

Mice received 1% formalin (20 uL, subcutaneous [sc])
injected with a 27-gauge needle into the right upper lip
(perinasal area). Nociception was quantified as time
the mouse spent rubbing the site of injection with the
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Formalin, cinnamaldehyde,
o capsaicin, acidified saline,
Nifedipine or  glutamate or hypertonic saline
vehicle (Iip or eye)
a ¢ ¢ Behavior
60 min 30 s — 30 min
Camphor Cinnamaldehyde (lip)
¢ ¢ Behavior
60 min 15 min
Camphor  Nifedipine Cinnamaldehyde (lip)
b ¢ ¢ ¢ Behavior
15 min 60 min 5 min
Ketamine or
mefenamic acid Nifedipine Glutamate (lip)
c ¢ ¢ ¢ Behavior
15 min 60 min 55 min
Nifedipine or Formalin (TMJ) or
vehicle mustard oil (masster)
d ¢ ¢ Behavior
60 min 4 — 36 min
Nifedipine or
Baseline vehicle
IONX
o ¢ ¢ ¢ 21-d treatment
-1 0 1 3 5 7 10 14 21
Behavior
Nifedipine or
vehicle
f ¢ Motor performance
60 min

Fig 1 Flowchart of animal experiments. The time ranges for some of the behavioral
assessments reflect the different behavioral testing periods used in the different
models. (a to d) Acute orofacial pain models. (€) Chronic pain model following infra-
orbital nerve transection IONX). (f) Assessment of motor performance.

fore or hind paw. Recording of nociceptive behavior began immedi-
ately (0 to 5 minutes) following formalin injection (phase 1) and was
continued for up to 30 minutes (duration of 15 to 30 minutes; phase
2).* To assess the effect of the test drug, mice (n = 6/group) were
pretreated with vehicle control (0.1% DMSO in 0.9% NaCl; 10 mL/kg,
per os) or nifedipine (2.5, 5, or 10 mg/kg) 60 minutes before the
formalin injection (Fig 1a). A naive group (n = 6) was also included.
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Cinnamaldehyde-Induced
Orofacial Nociception

Mice received an injection via a
27-gauge needle of 20-uL cinnamal-
dehyde (18.2 pg/lip) into the right up-
per lip (perinasal area). Nociception
was analyzed in terms of time the
mouse spent rubbing the injected
area with the ipsilateral fore or hind
paw during the first 5 minutes after
cinnamaldehyde injection."* The mice
were pretreated with vehicle control
(10 mL/kg), nifedipine (2.5 mg/kg, per
os) (Fig 1a), or camphor (7.6 mg/kg, sc)
(Fig 1b) at 60 minutes before the injec-
tion of cinnamaldehyde (n = 6/group).
A fourth group (n = 6) received cam-
phor (7.6 mg/kg, sc) 156 minutes be-
fore the nifedipine and subsequent
administration of cinnamaldehyde
(60 minutes after nifedipine) (Fig
1c). Camphor is a well-documented
TRPA1 antagonist' and was used to
test for possible involvement of TRPA1
receptors in the antinociceptive ef-
fects of nifedipine in this test.

Capsaicin-Induced Orofacial
Nociception

Mice received capsaicin (20 L,
2.5 pg) injected with a 27-gauge nee-
dle into the right upper lip (perinasal
area). Nociception was quantified as
the time the mouse spent rubbing the
site of injection with the fore or hind
paw for 10 to 20 minutes after the cap-
saicin injection™ (Fig 1a). Nifedipine
and vehicle control were administered
in a similar manner and at the same
doses as described previously for the
formalin test (n = 6/group). A naive
group (n = 6) was also included.

Acidified Saline=Induced
Orofacial Nociception

Mice received acidified saline
(20 uL, 2% acetic acid, pH 1.98) in-
jected with a 27-gauge needle into
the right upper lip (perinasal area).
Nociception was quantified as the
time the mouse spent rubbing the
site of injection with the fore or hind
paw over the 20-minute period fol-
lowing the acidified saline injection™
(Fig 1a). Nifedipine and vehicle control
were administered (n = 6/group) in a
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similar manner as noted above (nifedipine 2.5, 5, and
10 mg/kg 60 minutes before injection). A naive group
(n = 6) was also included.

Glutamate-Induced Orofacial Nociception

Mice received glutamate (20 pL, 25 mM) via a
27-gauge needle into the right upper lip (perinasal
area). Nociception was quantified as the time the
mouse spent rubbing the site of injection with the
fore or hind paw during the 15-minute period after
the glutamate injection' (Fig 1a). Nifedipine and ve-
hicle control were administered (n = 6/group) in a
similar manner as described above. A naive group
(n = 6) was also included.

Since nifedipine showed a marked antinocicep-
tive effect in the glutamate test and because nifedip-
ine is a TRPM3 agonist and modulates glutamatergic
transmission,?®24 this test was also chosen to assess
the possible involvement of NMDA and/or TRPM3
receptors. Thus, two additional groups of mice
(n = 6/group) were pretreated with antagonists of
NMDA and TRPM3 receptors. These were, respec-
tively, ketamine (0.1 mg/kg sc) and mefenamic acid
(0.1 mg/kg, sc), injected 15minutes before the ad-
ministration of nifedipine (2.5 mg/kg, per os) (Fig 1d).

Eye-Wiping Test

Corneal nociception was induced in mice by instil-
lation of one drop (20 L) of hypertonic saline (6M
NaCl) into the left corneal surface. The number of
eye wipes performed with the ipsilateral fore paw
during the first 30 seconds was recorded'® (Fig 1a).
The mice (n = 6/group) were pretreated with the ve-
hicle control (10 mL/kg, per os) or nifedipine (2.5, 5,
or 10 mg/kg) 60 minutes before instillation of hyper-
tonic saline. A naive group (n = 6) was also included.

TMJ Formalin Test
Rats were acclimated individually in a glass test
chamber (30 X 30 X 30 cm) for 30 minutes to mini-
mize stress. The animals (n = 6/group) were pretreat-
ed (10 mL/kg, per os) with nifedipine (2.5 mg/kg) or
vehicle control and anesthetized 60 minutes later with
ketamine (100 mg/kg, intraperitoneal [ip]) and xylazine
(10 mg/kg, ip). The left TMJ was injected with 50 pL of
1.5% formalin via a Hamilton syringe and a 30-gauge
needle. A sham group receiving 0.9% NaCl (50 pL)
and a naive group were also included (n = 6/group).
After their recovery from anesthesia (20 min-
utes), the animals were returned individually to the
test chamber, and nociception was quantified as
asymmetrical rubbing of the orofacial region with
the ipsilateral fore or hind paw and as head flinching
(intermittent and reflexive shaking of the head).'® The
time that the rat spent rubbing the orofacial region
was registered 12 times at 3-minute intervals (Fig

Oliveira et al

1e), and head flinching was registered by its absence
or presence.

Mustard Oil-Induced Orofacial Muscular
Nociception

Rats were acclimated individually in a glass test
chamber (30 X 30 X 30 cm) for 30 minutes to min-
imize stress. The rats (n = 6/group) were pretreated
(10 mL/kg, per os) with vehicle control or nifedipine
(2.5 mg/kg) 60 minutes before injection of mustard oil
(20%; 20 uL) into the left masseter muscle, delivered
via a Hamilton syringe and a 30-gauge needle (Fig
1e). A sham group that received pretreatment saline
and a naive group (n = 6/group) were also includ-
ed. The ipsilateral hind-paw shaking was quantified
by counting the number of paw shakes in 30-second
intervals during the first 4 minutes following the mus-
tard oil injection.'”

Assessment of Mechanical Sensitivity
Following IONX

Rats were anesthetized with ketamine (100 mg/kg,
ip) and xylazine (10 mg/kg, ip) to expose the left in-
fraorbital nerve (ION) at its entry into the infraorbital
foramen by way of an intraoral incision (2 mm) in the
oral mucosa of the left fronto-lateral maxillary vestib-
ulum, as previously described.”® The ION was lifted
from the maxillary bone and cut IONX) without dam-
aging adjacent nerves and vessels. Subsequently,
the animals were returned to their cages and fed with
mash and chow. The animals were monitored daily in
the postoperative period. Rats were divided into two
groups (n = 6/group): nifedipine (2.5 mg/kg, per 0s)
and vehicle control (10 mL/kg, per os). Naive and
sham-operated animals (n = 6/group) were used as
controls.

The rats were acclimated, trained, and tested for
facial mechanical sensitivity (head withdrawal thresh-
old) 1 day prior to nerve transection (baseline) and
on postoperative days 1, 3, 5, 7, 10, 14, and 21, as
previously described.'® A single dose of nifedipine or
vehicle control (n = 6/group) was administered by ga-
vage at each postoperative day (Fig 1f). Mechanical
sensitivity of the left whisker pad skin was assessed
using von Frey hairs before and 60 minutes after the
nifedipine or vehicle treatment. The head-withdrawal
threshold to mechanical stimulation of the whisker
pad skin was defined as the minimum force needed
to evoke an escape more than three times as a result
of five stimuli.

Assessment of Motor Performance

To assess whether pretreatment with nifedipine could
produce any motor deficit or deficient coordination,
groups of mice (n = 6/group) were pretreated
(10 mL/kg, per os) with nifedipine (2.5 or 10 mg/kg)
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Fig 2 Effect of preadministration of nifedipine (NIF; 2.5 mg/kg; 5 mg/kg; 10 mg/kg) on formalin-, capsaicin-, and acidified saline—
induced orofacial nociception in mice. Results are expressed as mean value * standard error of the mean. (a) Phase 1 and (b) phase
2 of formalin test. (c) Capsaicin test. (d) Acidifed saline test. ANOVA followed by Tukey test was used for statistical analyses. *P < .05,
*P < .01, ***P < .001, ****P < .0001 vs control. 2P < .05, °P < .01 vs naive.

or vehicle (control), and their motor performance was
evaluated after a 60-minute period (Fig 1g) through
the grip-force assay and the rotarod apparatus, as
described previously.2® DZP (3 mg/kg, ip; n = 6) was
used as a positive control.

Molecular Docking Study

Molecular docking is a valuable, inexpensive, and
speedy technique in computational chemistry that
analyzes the interaction between a small molecule
and a protein at the atomic level. It has become an
increasingly important tool for drug discovery.?¢2” The
interactions between nifedipine and NMDA, TRPV1,
TRPA1, and TRPM3 receptors were analyzed using
molecular docking, which consists of the use of a
computational software with an algorithm for cou-
pling two molecules seeking to form a stable com-
plex. The three-dimensional structures of nifedipine,
NMDA, TRPV1, TRPA1, and TRPM3 are available
from PubChem (4485), Protein Data Bank (NDMA:
5FXG; TRPV1: 3J5P; TRPA1: 3J9P), and UniProt
(TRPM3: Q9HCF®6). The docking was performed
using two approaches: (7) Hex 8.0.0 software (http://
hex.loria.fr/), which performs the fittings automatically

178 Volume 34, Number 2, 2020

by seeking all the possible binding sites of nifedipine
around the receptor surface based on the loss of in-
trinsic energy after interaction between the two mol-
ecules in certain positions; and (2) PyMOL v. 1.4.7
software (http://www.pymol.org/), which allows a de-
tailed investigation of the complexes formed by chem-
ical binding, the amino acid residues involved, and the
conformational nuances. The parameters used inside
the software interface for the fitting process were: cor-
relation type = shape only; calculation device = CPU;
FFT mode = 3D fast life; grid dimension = 0.6; recep-
tor range = 180; ligand range = 180; twist range =
360; and distance range = 40.

Statistical Analyses

The results are presented as mean + standard error of
the mean (SEM) of each group of sixanimals. Normality
of the distribution was confirmed (Kolmogorov-
Smirnov), and data were submitted to one-way anal-
ysis of variance (ANOVA) followed by Tukey post hoc
test or submitted to two-way ANOVA followed by
Bonferroni post hoc test. For analyses of nifedipine
(and vehicle) effects in IONX animals, the baseline
was normalized, and all values postadministration of
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nifedipine or vehicle were expressed as percentage
change from baseline. The level of statistical signifi-
cance was set at 5% (P < .05).

Results

Formalin, cinnamaldehyde, capsaicin, acidified sa-
line, or glutamate injection into the upper lip of mice
induced face rubbing, but naive animals showed no
evidence of this nociceptive behavior (Figs 2 and 3).
Pretreatment with nifedipine was associated with a
reduction in face-rubbing behavior induced by the
application of formalin, glutamate, cinnamaldehyde,

or acidified saline when compared to the respec-
tive vehicle controls, with no dose-response effect
(Figs 2 and 3). Nifedipine had no significant effect on
the nociceptive behavior evoked by the application of
capsaicin (Fig 2¢) to the upper lip or on the number
of eye wipes induced by local application of hyper-
tonic saline to the corneal surface (Fig 38b). Camphor
(TRPA 1 antagonist) had no antinociceptive effect it-
self, but pretreatment with camphor before nifedipine
significantly attenuated the antinociceptive effect of
nifedipine (Fig 3a).

Since the orofacial antinociceptive effect of nifed-
ipine was especially evident in the glutamate test,
the possible participation of NMDA and TRPMS3
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Fig 5 Antihyperalgesic effect of repeated nifedipine (2.6 mg/kg)
treatment after infraorbital nerve transection. ANOVA followed
by Bonferroni test was used for statistical analysis. *P < .05,
**P < .01, **P < .001 vs control.

receptors in this effect was analyzed using this test.
Ketamine (noncompetitive antagonist of NMDA re-
ceptor) had no effect itself on the glutamate-induced
nociceptive behavior, but its application before nifed-
ipine administration partially reduced the antinoci-
ceptive effect of nifedipine (Fig 3d). Mefenamic acid
(TRPM3 antagonist) also had no effect itself on the
nociceptive behavior, but its application before nifed-
ipine administration prevented the antinociceptive
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effect of nifedipine (Fig 3e). Ketamine and mefenamic
acid produced no significant antinociceptive effects
themselves (Fig 2d).

Naive and sham animals showed no evidence of
nociceptive behavior in the formalin and glutamate
tests. The injection of formalin into the TMJ induced
the nociceptive behaviors of head flinching and face
rubbing. As shown in Figs 4a and 4b, pretreatment
with nifedipine at 2.5 mg/kg—but not with vehicle
control—significantly reduced the formalin-induced
behaviors. Intramuscular injection of mustard oil into
the masseter also produced an immediate and in-
tense nociceptive behavior manifested as hind-paw
shaking. Nifedipine (but not vehicle control) adminis-
tered prior to mustard oil injection resulted in a sig-
nificant attenuation of the shaking behavior (Fig 4¢).

Left IONX produced sustained hypersensitivity
to facial mechanical stimulation that was reflected in
a reduced mechanical withdrawal threshold for 21
days. The thresholds in sham-operated and naive rats
did not significantly change. To investigate the effects
of nifedipine on the mechanical withdrawal threshold
in IONX rats, nifedipine (2.5 mg/kg) or vehicle con-
trol was administered at postoperative days 1, 3, 5, 7,
10, 14, and 21. Nifedipine significantly reversed the
reduced mechanical threshold on postoperative days
3 to 21 when compared to control (Fig 5).
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Fig 6 Effect of nifedipine (NIF; 5.0 mg/kg; 10 mg/kg) on the (a) rotarod test and (b) grip force assay. Results are expressed as
mean value * standard error of the mean. ANOVA followed by Tukey test was used for statistical analysis. DZP = diazepam (mg/kg).

****P < .0001 vs control, NIF 5.0, and NIF 10.

Fig 7 Overlapping of the seven most energetic formed clusters. (a) The fit between nifedipine and the NMDA receptor has high repro-
ducibility and specificity. (b) Binding site between NMDA and nifedipine showing the amino acids involved in ligand recognition.

Unlike DZP, which disrupted motor performance,
nifedipine did not cause any alteration in motor coor-
dination or grip-strength force when assessed in the
rotarod and grip-strength tests (Fig 6).

In the docking experiments, the interaction be-
tween nifedipine and the NMDA receptor showed
high reproducibility. The software searched for
50,000 possible interactions and analyzed the 10
most stable complexes formed with higher stabiliz-
ing energy. When complexing with the binder, the
intrinsic vibration strength of the receiver is stabi-
lized, generating a negative balance and a loss of
free energy strength caused by the bond. Seven of
10 complexes showed the ligand interacting at the
same site on the receptor (Fig 7a), and it was possi-
ble to note the involvement of amino acids Leu465,
Serb26, Valb27, lle764, Ala765, and Ala779 by their
residues, establishing six chemical bonds capable of
stabilizing nifedipine at the interaction site (Fig 7b).
For comparison, molecular docking was also per-

formed to test for any possible interaction between
nifedipine and the TRPV1 receptor, which in vivo (Fig
2¢) did not show evidence of a strong interaction. In
this simulation, a lower number of amino acids was
involved (Ala680, lle679, and Asn687) at the interac-
tion site (Fig 8a), resulting in a low number of chemi-
cal bonds and low energy affinity. There was also low
compatibility between nifedipine and the TRPAT re-
ceptor (Fig 8b). A molecular docking assessment be-
tween nifedipine and the TRPMS3 receptor was also
performed (Fig 8c). A high reproducibility of fit was
found, and it was possible to note the involvement of
eight amino acids by their residues: Tyr940, Asn942,
Arg983, Asp986, GIn1130, GIn1133, Leu1134, and
Thr1137. In contrast, the interaction between nifed-
ipine and the TRPMS3 channel was strong, indicating
high chemical stabilization of the formed complex. All
interaction strengths between nifedipine and NMDA,
TRPV1, or TRPMS3 receptors were found to be in line
with the data of the in vivo studies.
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ALA-GED

Fig 8 (a) Site of interaction between nifedipine and TRPV1 re-
ceptor showing the low number of amino acids involved and the
ligand binding. (b) Amino acid residues involved in interaction be-
tween nifedipine and TRPAT1 receptor, with side chains of TRPA1
structure. () Amino acid residues involved in interaction between
TRPMS (green) and nifedipine (white): Tyr940, Asn942, Arg983,
Asp986, GIn1130, GIn1133, Leu1134, and Thr1137.

Discussion

A single experimental pain model is not able to repli-
cate the complex nature of pain or predict the clinical
efficacy of analgesics.?® A major challenge for a mod-
el to be predictive and clinically useful is the hetero-
geneity of patient populations in their symptoms and

182 Volume 34, Number 2, 2020

pharmacology, reflecting in part differences in patho-
physiology.?® However, several nociceptive models
used together may point to preclinical findings that
provide valuable insight into the mechanism of action
of a drug.®® Thus, although only a limited number of
behaviors were assessed in the present study, one
of its strengths was its use of a variety of acute and
chronic orofacial pain models to test for the possible
antinociceptive effects of nifedipine.

This study has indeed provided novel findings with
these different pain models and documented that oral
administration of nifedipine reduces orofacial acute
nociceptive behavior induced by formalin, mustard
oil, glutamate, cinnamaldehyde, and acidified saline
(but not by capsaicin), and that it is also effective in an
orofacial neuropathic pain model induced by IONX.
This study also assessed the possible effect of nifed-
ipine on motor performance in the rotarod and grip-
strength tests, since it is well established that drugs
that produce CNS depression and nonspecific mus-
cle relaxation effects may reduce motor coordination,
and such effects could invalidate data obtained from
behavioral tests assessing the potential analgesic ef-
fects of drugs.®® However, unlike the disruptive mo-
tor effects of DZP, no significant alteration in motor
performance after pretreatment with nifedipine was
found. Therefore, the analgesic profile of nifedipine
does not seem to be related to effects on motor co-
ordination and/or grip strength. Nifedipine is a blocker
of L-type Ca?* channels and its antinociceptive effect
has been previously demonstrated in other nocicep-
tive models,®'°but to the present authors’ knowledge,
this is the first time that its antinociceptive effect in
orofacial pain models has been documented.

The TRPAT1 receptor is involved in many forms of
acute and chronic pain in the orofacial region, and
its activation is associated with the development of
inflammation.®" McNamara et al®? demonstrated that
formalin activates primary afferent sensory neurons
through a direct action on TRPA1 receptors. In the
present study, nifedipine significantly reduced facial
rubbing in both phases of the formalin test when the
TRPA1 antagonist formalin was injected into the up-
per lip of mice and also significantly reduced noci-
ceptive behaviors induced by formalin injection into
the rat TMJ. In addition, it significantly attenuated
the hind-paw shaking behavior induced by another
TRPA1 receptor agonist, mustard oil, when it was
injected into the masseter muscle. These results
suggest that nifedipine may act at least in part as a
TRPA1 receptor antagonist, although this view con-
trasts with Fajardo et al,®® who reported that nifedip-
ine is a TRPA1 receptor agonist. It is also noteworthy
that while TRPA1 has been described as the pre-
ferred target of formalin, Shields et al** have demon-
strated that the ablation of most nociceptive sensory
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neurons (including those expressing TRPA1) results
in little change in the biphasic formalin response.
More recently, Fischer et al*® reported that forma-
lin can excite nociceptors via a TRPA1-independent
pathway. Taken together, this information suggests
that additional pathways other than just those involv-
ing TRPAT1 participate in the antinociceptive effect of
nifedipine, and several other processes are indeed
suggested from the findings of the present study, as
discussed below.

The TRPV1 channel is another TRP receptor in-
volved in orofacial nociceptive mechanisms. This
receptor can be activated by the application of cap-
saicin to peripheral tissues, and the capsaicin-in-
duced orofacial nociceptive test is a valid and reliable
method that has often been used for the study of
trigeminal pain mechanisms and for testing analge-
sic drugs.®® Nifedipine, at several doses that were
effective in the other nociceptive tests used in this
study, did not significantly inhibit nociceptive behav-
ior induced by capsaicin applied to the upper lip,
indicating that its antinociceptive effect may not be
dependent on the TRPV1 receptor. However, Castro-
Junior et al®” reported that the peripheral administra-
tion of nifedipine decreases the nociceptive behavior
induced by intraplantar capsaicin administration to
the hind paw. This divergence in findings may be re-
lated to the facts that in the present study, the dose
of nifedipine was lower than in the earlier hind-paw
study, and that nifedipine was administered systemi-
cally and not peripherally to orofacial tissues.

Orofacial nociception and pain can be produced
by algesic chemical application to several unique
target tissues, such as the meninges, cornea, tooth
pulp, oral/nasal mucosa, masticatory muscles, and
TMJ.28 One such algesic chemical is hypertonic
saline, which is a very effective noxious stimulus in
humans and laboratory animals. For example, hyper-
tonic saline injected into orofacial tissues, including
the cornea, evokes pain in humans and activates no-
ciceptive primary afferents and nociceptive neurons
in the trigeminal subnucleus caudalis of rats.?® There
is evidence that this may occur due to activation of
the TRPV1 receptor by hyperosmotic stress.*° In the
present study, nociceptive behavior occurred when
5 M NaCl was applied to the cornea, but pretreat-
ment with nifedipine at several different doses failed
to inhibit this nociceptive behavior, suggesting that
the antinociceptive effect of nifedipine may not in-
volve TRPV1 receptor mechanisms. This possibility
is supported by the present molecular docking study,
which demonstrated the low affinity of nifedipine for
the TRPV1 receptor. It is noteworthy that only three
amino acids (Ala680, 1le679, and Asn687) were in-
volved in the interaction between nifedipine and
TRPV1, and, according to Carnevale and Rohacs,*'
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these are not included in the most important side
chains for recognition of the ligand by TRPV1.

There is evidence that acid-sensitive ion channels
(ASICs) play an important role in the regulation of
nociceptive transmission from orofacial tissues.*? In
the present study, nifedipine at an intermediate dose
significantly decreased orofacial nociceptive behav-
ior induced by acidified saline applied to the upper
lip, suggesting that blockade of ASICs may be one of
the processes involved in the antinociceptive effect
of nifedipine. Recently, Gan et al*® demonstrated that
group | metabotropic glutamate receptors (mGIuRs)
sensitize ASIC receptors in dorsal root ganglion neu-
rons and contribute to acidosis-evoked pain. In addi-
tion, blockers of glutamatergic ionotropic receptors
(eg, NMDA) may modulate ASIC receptors.**

The possible role of glutamate receptors was
investigated in the present study by testing wheth-
er nifedipine had an antinociceptive action on gluta-
mate-evoked nociceptive behavior. Glutamate is an
excitatory neurotransmitter that plays an important
role in the transduction of nociceptive information,
including from the orofacial region, and glutamater-
gic NMDA receptors are integrally involved in several
physiologic functions, including pain.*® It was found
that the nociceptive behavior induced by the injection
of glutamate into the upper lip was strongly reduced
by preadministration of nifedipine. These results point
to a possible antagonistic action of nifedipine on glu-
tamatergic receptors. Although nifedipine presents
low and irregular bioavailability after oral administra-
tion,*® it can easily cross the brain-blood barrier.*’
Since nifedipine was administered systemically in the
present study, its site of action could have been with-
in the CNS or even in peripheral orofacial tissues,
since glutamate-sensitive nociceptive afferents oc-
cur in these tissues.*® Therefore, further studies are
needed to investigate nifedipine’s site(s) of action in
relation to orofacial nociceptive mechanisms.

Furthermore, with the present objective of investi-
gating the possible modulation of NMDA receptors in
the effect of nifedipine, mice were pretreated with the
NMDA receptor antagonist ketamine in the glutamate
test group. This drug presented no antinociceptive
effect itself (at the doses used), but significantly re-
duced the antinociceptive effect of nifedipine when
administered beforehand. The involvement of NMDA
receptors was corroborated by the molecular dock-
ing study, which indicated the existence of a strong
interaction between nifedipine and NMDA receptors.
The findings from the analysis of the interaction site,
the strength of the six stabilizing chemical bonds, the
amount of amino acids involved, and the high binding
strength are all features that provide strong support
for a link between nifedipine and NMDA. Therefore,
these findings suggest that the antinociceptive effect
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of nifedipine on orofacial nociceptive processes may
be closely associated with NMDA receptor modu-
lation. Moreover, since nifedipine is also a selective
inhibitor of L-type Ca?* channels, this modulatory ef-
fect may involve inhibition of L-type Ca?* channels.
This possibility is supported by Fossat et al,*® who
showed that an interaction between NMDA receptors
and L-type Ca?* channels may contribute to sensiti-
zation mechanisms underlying nociceptive process-
es in the spinal cord.

The transient receptor potential melastatin 3
(TRPM3) is a Ca?*-permeable nonselective cat-
ion channel expressed in neuronal and nonneuro-
nal cells, and although less extensively studied than
other thermosensitive TRP receptors, it has been
recently identified as a nociceptive heat receptor.*®
It is also noteworthy that Zamudio-Bulcock et al**
demonstrated that TRPM3 channels are modulators
of glutamatergic transmission in the developing brain.
Furthermore, Wu et al®® reported that the TRPM3 re-
ceptor has a functional role in the release of glutamate,
but its specific function in controlling the synaptic
release of glutamate has not yet been determined.
Nifedipine has been identified as a TRPM3 agonist,®'
and the present study revealed that mefenamic acid
(a TRPMS3 antagonist) could itself produce no antino-
ciceptive effect (at the dose used), yet inhibited the
orofacial antinociceptive effect of nifedipine on the
orofacial nociceptive behavior induced by glutamate.
The molecular docking study also showed a strong
interaction between nifedipine and the TRPM3 chan-
nel, further suggesting that the effect of nifedipine
is at least partly dependent on the TRPM3 channel.
Other findings also pointing to nifedipine as a TRPM3
agonist have come from cell culture studies.?*

Following IONX; it was found that rats exhibited
prolonged mechanical hyperalgesia in the vibrissal
pad, which is consistent with previous studies.®??
Using this rodent model of facial neuropathic pain,
it was found that treatment with nifedipine could re-
duce facial mechanically induced hypersensitivity.
This effect may be due to an antagonistic action of
nifedipine on Ca,1.2 L-type voltage-dependent Ca?*
channels, since nifedipine has been shown to be a
selective Ca,1.2—channel blocker.?® These chan-
nels are multimeric protein elements comprising a
pore-forming alpha-1 subunit, and by accessory al-
pha-2/delta, beta, and sometimes gamma subunits.®*
Since injury to the trigeminal nerve leads to upregu-
lation of Ca,2281 and to the development of a neuro-
pathic pain state,* this action of nifedipine has clinical
relevance, since neuropathic pain in the orofacial re-
gion is often the clinical manifestation of trigeminal
nerve injury following oral therapeutic procedures.®?

Further studies are warranted to test the effects of
nifedipine in other acute and chronic pain models in
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order to provide additional preclinical data bearing on
its potential utility for managing acute or chronic pain
conditions. Given the enormous costs of the develop-
ment of novel analgesics, drug repurposing has be-
come a reasonable alternative approach to new drug
development.®® The present results indicate that nifed-
ipine, a successful antihypertensive drug, might prove
to be a clinically effective analgesic drug in acute and
chronic pain states and that this effect may be due to
the modulation of several different receptors and pro-
cesses, including TRPA1, TRPM3, and NMDA.

Conclusions

The present study used a variety of acute and chronic
orofacial pain models to document for the first time
that nifedipine, a selective inhibitor of L-type Ca?*
channels, can suppress orofacial nociception through
NMDA, TRPA1, and TRPM3 receptor systems. While
the findings suggest the possible involvement of
L-type Ca?* channels through direct or indirect ac-
tions in some of these receptor mechanisms, further
studies are needed to investigate the possible NMDA
and TRP receptor pathways and direct or indirect ac-
tions involved, as well as the possible interactions of
nifedipine with L-type Ca?* channels in these recep-
tor mechanisms.
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