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Abstract

Context: Citronellal is a monoterpene present in the oil of many species, including Cymbopogon
winterianus Jowitt (Poaceae).

Objective: The present study investigated the effect of citronellal on inflammatory nociception
induced by different stimuli and examined the involvement of the NO-cGMP-ATP-sensitive K™
channel pathway.

Materials and methods: We used male Swiss mice (n=6 per group) that were treated
intraperitoneally with citronellal (25, 50 or 100 mg/kg) 0.5 h after the subplantar injection of
20 ul of carrageenan (CG; 300 ng/paw), tumor necrosis factor-a. (TNF-o;; 100 pg/paw), prosta-
glandin E, (PGE,; 100 ng/paw) or dopamine (DA; 30 pg/paw). The mechanical nociception was
evaluated at 0.5, 1, 2 and 3 h after the injection of the agents, using a digital analgesimeter (von
Frey). The effects of citronellal were also evaluated in the presence of L-NAME (30 mg/kg) or
glibenclamide (5 mg/kg).

Results: At all times, citronellal in all doses inhibited the development of mechanical
nociception induced by CG (p<0.001 and p<0.01) and TNF-a (p <0.001, p<0.01, and p <0.05).
The citronellal was able to increase the pain threshold in the DA test (p<0.001, p<0.01, and
p<0.05) and in the PGE, test at all times (p<0.001 and p<0.05). .-NAME and glibenclamide
reversed the antinociceptive effects of the citronellal at higher doses in the PGE, test.
Discussion and conclusion: These data suggest that citronellal attenuated mechanical
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nociception, mediated in part by the NO-cGMP-ATP-sensitive K channel pathway.

Introduction

The inflammatory response is an important cause of painful
conditions resulting from tissue injury. This response is
established with the participation of several mediators, such
as neurotrophic factors, neuropeptides, prostanoids and kinins
that are capable of carrying out and strengthening the
nociceptive responses (Coutaux et al., 2005). Besides these
mediators, it is well known that cytokines, produced by either
immune or central nervous system (CNS) cells, can directly
sensitize the peripheral nociceptors (Obreja et al., 2002).
Inflammatory hypernociception is characterized by the
activation of a cytokine cascade that acts in a distinct sequence,
but the final effect is indirect and mediated through the release
of prostanoids and sympathomimetic amines by the direct
action of agents such as PGE, and sympathomimetic amines
(DA) in primary nociceptores (Cunha et al., 2005).
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Pharmacological treatment is based on two strategies: the
first is by inhibiting the formation of inflammatory agents such
as NSAIDs (Cunha et al., 1992) and the second option is
blockade-established hypernociception induced by PGE,, such
as by the opiate drugs (Cunha et al., 2010). But unfortunately,
the therapies currently available are associated with important
side effects and low efficacy, especially for chronic diseases.
For this reason, many studies had been conducted in the
search for new therapeutic options for treating painful
conditions. In this context, it can include natural products
(Bonjardim et al., 2011; Paixao et al., 2013). It can highlight
the monoterpenos within the natural products, which are the
main chemical constituents of the essential oils of plants with
therapeutic properties (Edris, 2007; Guimaraes et al., 2013;
Silva et al., 2007). These molecules and their derivatives
exhibit several types of pharmacological properties, such
as anxiolytic (Silva et al., 2007), analgesic (Guimaraes
et al., 2010, 2013; Quintans-Junior et al., 2011a, b), anti-
inflammatory  (Guimaraes et al., 2012),  sedative
(De Sousa et al., 2006a; Elisabetsky et al., 1995), antidepres-
sant (De Sousa et al., 2006b), anticonvulsant (De Sousa et al.,
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2006c¢, 2007; Passos et al., 2009) and anti-inflammatory and
antibacterial activities (Botelho et al., 2009).

Citronellal is the major component of the essential oil of
Cymbopogon winterianus Jowitt (Poaceae) (Java citronella)
and C. citrates (Lemongrass) (Lenardao et al., 2007). In this
regard, preliminary pharmacological screening showed
that essential oil obtained from C. winterianus (rich in the
monoterpenes citronellal, citronellol and citral) demonstrates
CNS depressant, anticonvulsant, hypotensive and antinoci-
ceptive activities in rodents (Quintans-Junior et al., 2008).
It was recently demonstrated by our group that citronellal
has antinociceptive and anti-inflammatory effects, which
were demonstrated by protocols of writhing induced by
acetic acid, formalin, hot plate, and peritonitis; its action is
probably mediated by the inhibition of PG synthesis as well
as by central inhibitory mechanisms (opioid system; Melo
et al., 2010, 2011). This antinociceptive effect probably
occurs through peripheral and central mechanisms, but the
exact mechanism of action involved remains to be
elucidated.

For this reason, in this study we investigated the effect of
citronellal on inflammatory nociception induced by different
stimuli and examined the involvement of nitric oxide (NO)-
cyclic GMP (cGMP)-ATP-sensitive K™ (Kirp) channel
pathway.

Materials and methods
Drugs and reagents

A-CG, tumor necrosis factor-alpha (TNF-o), PGE,, DA,
Tween 80 and L-NAME were purchased from Sigma (Saint
Louis, MO); Indomethacin, dipyrone and glibenclamide were
obtained from Unido Quimica (Fortaleza, Brazil); and
citronellal (citronellal, 97% purity, Dierberger, Sdo Paulo,
Brazil). Tween 80 0.02% dissolved in a saline solution of
0.9% was used as vehicle to dilute the test drugs. In these
protocols, the agents were injected intraperitoneally (ip) at
volumes of 0.1 mL/10g, except for the algesic chemicals:
A-CG, TNF-o0, PGE, and DA, which were injected subcuta-
neously into the plantar region of the hind paws. All doses and
routes of administration of the citronellal were chosen
according to Melo et al. (2010) and Quintans-Janior et al.
(2010).

Animals

Male Swiss mice (28-32 g), 2-3 months of age, were used in
this study. They were housed in appropriate cages at 21 £2°C
on a 12h light/dark cycle (lights on 06:00-18:00h) with free
access to food (Purina®, Brazil) and water. Experiments were
carried out between 09:00 am and 14:00 pm in a quiet room.
Nociceptive and inflammatory tests were carried out by the
same visual observer and all efforts were made to minimize
the number of animals used as well as minimize any
discomfort. Experimental protocols were approved by the
Animal Care and Use Committee (CEPA/UFS 12/08) at the
Federal University of Sergipe and handling procedures were
in accordance with the International Association for the Study
of Pain guidelines for the use of animals in pain research
(Zimmermann, 1983).
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Measurement of mechanical nociception

Mechanical nociception was tested in mice, as reported
by Cunha et al. (2004). In a quiet room, mice were placed
in acrylic cages (12x 10 x 17cm) with wire grid floors
15-30 min before the start of testing. The test consisted of
evoking a hind paw flexion reflex with a hand-held force
transducer (digital anesthesiometer, Insight®, Sao Paulo,
Brazil) adapted with a polypropylene tip. The investigator
was trained to apply the tip perpendicularly to the central area
of the hind paw with a gradual increase in pressure. The end
point was characterized by the removal of the paw followed
by clear flinching movements. After the paw withdrawal, the
intensity of the pressure was automatically recorded. The
animals were tested before the treatments with vehicle,
citronellal or control drugs, and at selected times after the
injection of the nociceptive agents. The protocol was carried
out blindly, where the researcher who performed the measures
did not know which group the animal belonged to. The results
are presented as the A withdrawal threshold (g), calculated by
the difference between the values obtained after the treat-
ments and before the treatment (Cunha et al., 2004).

Nociception induced by CG, TNF-«, PGE,, or DA

This study was performed according Cunha et al. (2004) and
Villarreal et al. (2009). Mice were divided into five groups
(n==6 per group), which were treated with 0.1 mL/10g per
vehicle (saline +Tween 80 0.02%), citronellal (25, 50, or
100 mg/kg, ip), or the positive control group treated with
indomethacin (10 mg/kg; ip), or dipyrone (60mg/kg; ip).
Thirty min later, 20 pul of CG (300 pg/paw), TNF-a (100 pg/
paw), PGE, (100ng/paw) or DA (30 pg/paw) was injected
subcutaneously into the plantar region of the hind paws. The
degree of mechanical nociception was evaluated 0.5, 1, 2 and
3 h after the injection of nociceptive agents.

Evaluation of the involvement of NO-cGMP-K |,
channels pathway on attenuation of mechanical
nociception of citronellal

In order to investigate the mechanism of action of citronellal,
the effects of this compound were evaluated in the presence of
L-NAME (30 mg/kg, ip), a non-selective competitive inhibitor
of NO synthases or glibenclamide (5 mg/kg, ip), an inhibitor
of Kj1p channels. These inhibitors were used to evaluate the
participation of the NO-cGMP-K 1, channels in the anal-
gesic effects of citronellal, similar to the work by Nguelefack
et al. (2010). These antagonists or their respective vehicles
were administered 30 min before citronellal (100 mg/kg, ip) or
dipyrone (60 mg/kg, ip, positive control).

Statistical analysis

The data obtained were evaluated by the two-way analysis of
variance (ANOVA) to compare the groups and doses at all
times. If a significant interaction between the factors
evaluated (treatment and time) was detected, one-way
ANOVA followed by the Tukey test was performed each
time in order to differentiate the effect of treatments. In all
cases, differences were considered significant if p<0.05.
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All statistical analyses were done using Graph Pad Prism 3.02
(Graph Pad Prism Software Inc., San Diego, CA).

Results

Effect of citronellal on the CG-induced mechanical
nociception

As expected, CG (300 pg/paw) increased the mechanical
nociception when injected in the paws of mice. Treatment
with citronellal (25, 50, or 100 mg/kg; ip), 30 min before CG
administration, exhibited a significant (p<0.001 and
p<0.01) reduction of the mechanical nociception induced
by CG at all evaluated times, when compared with animals
of the control group that received only vehicle (Figure 1).
However, this effect was not dose-dependent when compared
to doses with each other.

Effect of citronellal on the TNF-a-induced mechanical
nociception

The inhibitory effect of citronellal on the mechanical
nociception induced by TNF-o is shown in Figure 2.
Citronellal (25, 50, or 100mg/kg) reduced significantly
(»p<0.001, p<0.01, and p<0.05) mechanical nociception
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Figure 1. Effect of acute administration of vehicle, citronellal (CTL 25,
50 or 100 mg/kg; ip) or indomethacin (IND; 10 mg/kg) on mechanical
hypernociception induced by CG (300 pg/paw). Each point represents the
mean £ SEM of the variation of paw withdrawal threshold (in grams) to
tactile stimulation of the ipsilateral hind paw. **p<0.01, and
*#%p<0.001 compared with the vehicle-treated group (two-way
ANOVA and one-way ANOVA followed by the Tukey test).

o]
I

§2 -0 Vehicle
g8 6 —&— CTL (25 mg/kg)
S8 —— CTL (50 mg/kg)
é% A ——CTL (100 mg/kg)
Z22 ) ——IND (10 mg/kg)
kRl
2E 2
5 =
C o
‘CI_.’) o
2o

0 30 60 120 180

Time (min)

Figure 2. Effect of acute administration of vehicle, citronellal (CTL 25,
50 or 100 mg/kg; ip) or indomethacin (IND; 10 mg/kg) on mechanical
hypernociception induced by TNF-o (100 pg/paw). Each point represents
the mean £ SEM of the variation of paw withdrawal threshold (in grams)
to tactile stimulation of the ipsilateral hind paw. *p <0.05, **p <0.01,
and ***p<0.001, compared with the vehicle-treated group (two-way
ANOVA and one-way ANOVA followed by the Tukey test).
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induced by TNF-o when compared with animals of the
vehicle group (Figure 2).

Effect of citronellal on the DA-induced mechanical
nociception

Figure 3 shows the inhibitory effect of citronellal on the
mechanical nociception induced by DA. Citronellal at
100mg/kg was able to reduce (p<0.001) mechanical
nociception induced by DA when compared with animals of
the vehicle group (Figure 3), similar to the treatment with
dipyrone. The dose of 25 mg/kg of citronellal also resulted in
significant reduction (p<0.05 and p<0.01) of mechanical
nociception, and the same tendency, although not significant,
was observed for the dose of 50 mg/kg of citronellal.

Effects of citronellal on the PGE,-induced mice paw
mechanical nociception

Intraplantar injection of PGE, (100 ng/paw) induced a marked
mechanical hypersensitivity. This nociception was signifi-
cantly reduced (p <0.001) by dipyrone (60 mg/kg; ip) and by
citronellal at 100 mg/kg (Figure 4). The groups treated with
citronellal doses of 25 and 50 mg/kg also showed the same
tendency to lower values, even though it was not significant at
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Figure 3. Effect of acute administration of vehicle, citronellal (CTL 25,
50 or 100mg/kg; ip) or dipyrone on mechanical hypernociception
induced by DA (30 pg/paw). Each point represents the mean + SEM of
the variation of paw withdrawal threshold (in grams) to tactile
stimulation of the ipsilateral hind paw. *p<0.05, **p<0.01, and

*#%p<0.001 compared with the vehicle-treated group (two-way
ANOVA and one-way ANOVA followed by the Tukey test).

-0 Vehicle

—4— CTL (25 mg/kg)
—v— CTL (50 mg/kg)
—&— CTL (100 mg/kg)
—o— Dipy (60 mg/kg)

Intensity of hypernociception
(A of withdrawal threshold, g)

0 30 60 120 180
Time (min)

Figure 4. Effect of acute administration of vehicle, citronellal (CTL 25,
50 or 100mg/kg; ip) or dipyrone on mechanical hypernociception
induced by PGE, (100 ng/paw). Each point represents the mean + SEM
of the variation of paw withdrawal threshold (in grams) to tactile
stimulation of the ipsilateral hind paw. *p<0.05 and ***p<0.001
compared with the vehicle-treated group (two-way ANOVA and one-way
ANOVA followed by the Tukey test).
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all time points evaluated, showing that citronellal has no
effect dose dependency.

Evaluation of the involvement of NO-cGMP-K 1,
channels pathway in attenuation of mechanical
nociception effect of citronellal

In order to investigate the role of NO and K} p channels in
the attenuation of mechanical nociception induced by
citronellal, groups of mice were pretreated with L-NAME
(30 mg/kg) or glibenclamide (10 mg/kg). The pretreatment of
animals with L-NAME reversed the effect of citronellal
(100 mg/kg) or dipyrone (60 mg/kg) on PGE,-induced mech-
anical nociception (Figure 5A), as did the previous treatment
with glibenclamide (Figure 5B).

Discussion

Many compounds obtained from natural sources are able to
modulate the inflammatory response by interfering in the
production or action of some mediators important to this
response (De Sousa et al., 2010; Silva, 2003). Citronellal, as a
compound found in the essential oils of some plants,
possesses a high potential to treat inflammatory and painful
diseases. In this way, this study was undertaken to evaluate
the attenuation of mechanical nociception effect of citronellal
in models of acute inflammatory nociception in mice.
In addition, we further evaluated some of the mechanisms
underlining the effect of this compound.
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Figure 5. Effect of acute administration of L-NAME (30 mg/kg; ip, panel
A) or glibenclamide (5mg/kg; ip, panel B) on the mechanical
antinociceptive activities of citronellal (CTL 100 mg/kg; ip) or dipyrone
(60 mg/kg; ip) in mechanical hypernociception induced by i.pl. injection
of PGE, (100 ng/paw). L-NAME was injected 30 min before the CTL or
dipyrone and 30 min after PGE,. Each point represents the mean = SEM
of the paw withdrawal threshold (in grams) to tactile stimulation of the
ipsilateral hind paw. **p<0.01 and ***p<0.001 compared with
vehicle-treated group (two-way ANOVA and one-way ANOVA followed
by the Tukey test).

Citronellal attenuates hypernociception in mice 1147

Intraplantar injection of CG is largely known to produce
inflammation and nociception through a cytokine cascade
released by resident or migrating cells, mainly initiated by
production of bradykinin (Verri et al., 2007). This cascade of
signalization is believed to lead to the release of prostanoids
and sympathomimetic amines (Cunha et al., 2005). CG-
induced nociception is associated with non-immune reactions
that produce inflammatory mediators, including arachidonic
acid products (PGE,;), mast cell products (histamine,
serotonin), neuropeptides, cytokines, such as interleukin-13
(IL-1B), TNF-o, NO, nerve growth factor, leukotriene B4 and
transcription factor activation as the nuclear factor-xB (Morris,
2003). In agreement with these evidences, in our study we
observed that the i.p. administration of CG induced a nocicep-
tive response characterized by the decrease of the intensity of
the stimulus to cause a paw withdrawal behavior (expressed as
variation of the intensity), as previously shown by other studies
conducted by Cunha et al. (2004) and Lima et al. (2010).

Citronellal was able to reverse the response in the
nociception induced by GC, suggesting a possible inhibitory
effect on the inflammatory cascade, corroborating with the
previous studies of Melo et al. (2010), which confirmed the
hypothesis of the citronellal involvement on the inhibition
of PG synthesis can be the mechanism involved in the
nociceptive process or by the release of arachidonic acid
metabolites via cyclooxygenase and PG biosynthesis
(Duarte et al., 1988). Quintans-Junior et al. (2011c) also
described the ability of the citronellal in inhibit leukocyte
mobilization into the peritoneal cavity. Both responses
support the idea that citronellal could act on the inhibition
of cycloxygenase.

Cytokine TNF-a is recognized as a potent pro-inflammatory
endogenous substance, which is rapidly produced in large
quantities by macrophages in response to inflammatory
stimuli, such as bacterial infection (Brown et al., 2006).
TNF-o interacts with target cells through high-affinity mem-
brane receptors as TNF receptor Type 1 (TNFRI or p55) and
Type 2 (TNFR2 or p75) (Verri Jr et al., 2006). This mainly
triggers the secretion of IL-1B (Cunha et al., 2008a), which
induces the expression of COX-2 responsible for various
prostanoid biosynthesis, such as PGE, (Cunha et al., 1992).
Thus, TNF-a-induced nociception is mediated by prostanoids
and sympathetic amines (Cunha et al., 2005). We have
demonstrated that this nociceptive response induced by the
injection of TNF-a into mice paws was blocked by treatment
with citronellal as observed with the treatment with
indomethacin.

Additionally, we also demonstrated that citronellal inhib-
ited the nociceptive effect induced by PGE, and DA,
suggesting that its action is not only at the inflammatory
level, but also points out the involvement of neuronal
pathways. In fact, PGE, and DA mainly activate receptors
present in nociceptor membranes, EP, and D,, respectively,
triggering their sensitization (Cunha et al., 1992). Therefore,
nociception elicited by administration of PGE, and DA
is independent of the production of other inflammatory
mediators or recruitment of cells, such as neutrophils
(Cunha et al.,, 2008b). Hence, we cannot exclude the
possibility that citronellal may interfere with one of the
above receptors as well as other types of EP or dopamine
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receptors, and consequently their pathways to induce the
antinociceptive activity.

Evidence points out that NO—-cGMP pathway is important
for the antinociceptive effect of many drugs (Hernandez-
Pacheco et al., 2008; Rodrigues & Duarte, 2000). The increase
of cGMP via the guanylyl cyclase enzyme activation mediated
by NO leads to an opening of potassium channels, and in this
way the cell hyperpolarizes which in turn induces analgesia
(Rodrigues & Duarte, 2000). Thus, NO production is known to
reduce hyperalgesia due to the activation of this pathway, and
this mechanism has been demonstrated for analgesics, such as
morphine and dipyrone (Sachs et al., 2004).

In this study, we evaluated whether the effects of
citronellal involve NO-cGMP-K{;, channel pathway activa-
tion through the administration of L-NAME, an inhibitor of
NO synthases and glibenclamide, a blocker of K} channels.
Both treatments reversed the attenuation of mechanical
nociception effects of citronellal, indicating that this signaling
pathway is involved in the actions of this compound. These
drugs also affected the response of dipyrone, corroborating
with previous findings obtained by Alves and Duarte (2002)
who demonstrated NO-cGMP-K {1, channel pathway acti-
vation as the possible mechanism of action of dipyrone.

As is well known, peripheral or central opioid receptor
activation could lead to the decrease of the pain sensation to
an inflammatory stimulus, and NO-cGMP-KJ;p channel
pathway activation is involved in this effect, as demonstrated
for morphine (Sachs et al., 2004). Additionally, it was
demonstrated that citronellal inhibited the formalin-induced
nociceptive response in the orofacial region that was reversed
by the opioid antagonist naloxone (Quintans-Junior et al.,
2011c), suggesting that the opioid system may also contribute,
at least partly, to the effects observed with the administration
of citronellal in mice during this study.

Another potential mechanism for citronellal action that
cannot be ruled out is the involvement of the glutamatergic
system. The activation of glutamate receptors (e.g., NMDA)
can stimulate the production of a variety of intracellular
secondary messengers, such as NO, and pro-inflammatory
cytokines, such as TNF-o and IL-1f, which act synergistically
in the excitation of neurons (Ribas et al.,, 2008). As
demonstrated by the study of Quintans-Junior et al. (2010),
citronellal inhibited the nociception induced by glutamate and
induced partial blockade of the voltage-dependent Na*t
channels that could influence the observed antinociceptive
response of citronellal in the experimental models used in this
study, which may contribute to the attenuation of mechanical
nociception observed in our study. Studies suggested that
CNS depression and non-specific muscle relaxation effect can
reduce the motor coordination response and might invalidate
the results of the behavior tests (Almeida et al., 2004;
De Sousa et al., 2006a,b). However, the previous study of our
group (Quintans-Junior et al., 2010, 2011c) showed that
citronellal, at these doses, did not cause any performance
alteration in the rota-rod test, validating our results.

Conclusions

In summary, the data reported in this work suggest that
acute administration of citronellal has an important
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attenuation of mechanical nociception property, probably
involving activation of the NO-cGMP-K}, channel path-
way. Thus, citronellal may be an interesting candidate for the
development of new therapeutic options for the treatment of
painful conditions associated with inflammation.
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