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The involvement of TRPA1 channel activation in the inflammatory response evoked
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Aims: In the present work, we characterize the inflammatory process induced by the topical application of
cinnamaldehyde on the skin of mice and verify the participation of transient receptor potential A1 TRPA1
receptors in this process.
Main methods: We measured mouse ear edema and sensitization/desensitization after topical application of
cinnamaldehyde or/and capsaicin. We also quantified cellular infiltration through myeloperoxidase (MPO)
activity and histological and immunohistochemical analyses and evaluated the expression of TRPV1 and
TRPA1 by western blot.
Key findings: Cinnamaldehyde induced ear edema in mice (1–6 μg/ear) with a maximum effect of 4 μg/ear.
Cinnamaldehyde promoted leukocyte infiltration as detected by increasing MPO activity and confirmed by

histological analyses. The edema and cellular infiltration evoked by the application of 4 μg/ear of
cinnamaldehyde were prevented by topical application of ruthenium red, a non-selective TRP antagonist as
well as camphor and HC030031, two TRPA1 receptor antagonists. Cinnamaldehyde-induced edema, but not
cellular infiltration, was prevented by topical application of the tachykinin NK1 antagonist, aprepitant,
indicating a neuropeptide release phenomenon in this process. Additionally, we observed that repeated
topical applications of cinnamaldehyde did not induce changes in sensitization or desensitization with respect
to the edema response. Interestingly, repeated treatment with the TRPV1 agonist, capsaicin, abrogated it
edematogenic response, confirming the desensitization process and partially decreasing the cinnamalde-
hyde-induced edema, suggesting the involvement of capsaicin-sensitive fibers.
Significance: Our data demonstrate that the topical application of cinnamaldehyde produces an inflammatory
response that is dependent on TRPA1 receptor stimulation.

© 2011 Published by Elsevier Inc.
Introduction

Various natural compounds can induce contact irritant dermatitis
upon skin exposure. Commonly used products such as cosmetics may
contain these ingredients. Animal and human studies have demon-
strated the irritant properties of several compounds, such as
cinnamaldehyde, which is found in cinnamon oil and used in body
lotions, hair sprays, shampoos and face creams (Cocchiara et al.,
, Universidade Federal de Santa
aria, RS, Brazil. Tel.: +55 55

lsevier Inc.
2005). Cinnamaldehyde is considered a moderately potent sensitizing
hapten that is capable of penetrating the skin, and the use of up to 3%
cinnamaldehyde can induce dermal irritation in human volunteers. In
spite of this, 10% cinnamaldehyde can be found in some cosmetic
products. However, the mechanism by which this irritant compound
produces skin reactions is still unclear (Johansen et al., 1996; Bickers
et al., 2005; Thorne et al., 1991).

Other natural skin irritants, such as allyl isothiocyanate from
mustard oil and capsaicin from red pepper, produce dermatitis by
stimulating members of the transient receptor potential (TRP) family
of ion channels. TRP channels are widely expressed in mammalian
tissues and play diverse roles in sensorial detection. These channels
involve six related protein subfamilies that comprise the TRPV1
(vanilloid subfamily) and the TRPA1 (ankyrin subfamily) receptors,
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which are gated by diverse stimuli, such as chemical and thermal
activation (Caterina et al., 1997; Story et al., 2003; Bandell et al., 2004;
for review see: Calixto et al., 2005).

TRPV1, a heat-activated channel (≥43 °C), is stimulated by a broad
array of natural, synthetic and endogenous substances, such as
capsaicin, resiniferatoxin and anandamide. It has been hypothesized
that TRPA1 could be activated by mechanical and cold stimuli, but
this is still under debate (Corey et al., 2004; Bandell et al., 2004; Kwan
et al., 2006; Jordt et al., 2004; Caspani and Heppenstall, 2008). Also,
TRPA1 is chemically activated by awide range of natural and synthetic
compounds, including endogenous ligands (4-hydroxynonenal), and
several irritant substances (allyl isothiocyanate and cinnamaldehyde)
(Trevisani et al., 2007; Bautista et al., 2005; for review see: Calixto
et al., 2005; Zurborg et al., 2007). Allyl isothiocyanate and capsaicin
have been historically used as chemical irritants in models of ear
edema in rodents. Their application results in characteristic neuro-
genic inflammation, which is observed as increased blood flow,
vascular permeability, leukocyte infiltration and release of neuropep-
tides into the rodent skin, a phenomenon that is also observed in some
cases of dermatitis (Jancsó et al., 1977; Gamse et al., 1980; Gábor and
Ra'zga, 1992; Inoue et al., 1997; Huang et al., 2003).

Cinnamaldehyde may induce ear edema in mice (Thorne et al.,
1991), however, the effect of cinnamaldehyde on other inflammatory
parameters, such as leukocyte infiltration, is unclear. Despite knowing
that cinnamaldehyde acts as an agonist of TRPA1, the role of TRPA1 in
skin irritation produced by cinnamaldehyde is still unknown. There-
fore, the aim of this study was to better characterize the inflammatory
process induced by cinnamaldehyde in the skin and to verify TRPA1's
participation in this process.
Materials and methods

Animals

Experiments were performed on adult male Swiss mice (weight
25–35 g) bred in our animal house. The animals were kept in a
temperature-controlled room (22±2 °C) under a 12-h light–dark
cycle. Food and water were freely available. The animals (4 to 6 per
group) were acclimatized to the laboratory for at least 24 h before
testing and were used only once. All protocols are in accordance
with the US guidelines for the care and use of laboratory animals
(Zimmermann, 1983) and all procedures were approved by our
Institutional Ethics Committee (process numbers 67/2010). The
number of animals used was the minimum necessary to demonstrate
consistent effects of the drug treatments.
Drugs and reagents

The following substances were used: allyl isothiocyanate, capsaicin,
cinnamaldehyde, ammoniated ruthenium oxychloride (ruthenium red,
RR), 4′-chloro-3-methoxycinnamanilide (SB366791), ethylene diamine
tetraacetic acid (EDTA); 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-
7 H-purin-7-yl)-N-(4 isopropylphenyl) acetamide (HC030031), form-
aldehyde, 3,3,5,5-tetramethylbenzidine (TMB), p-nitrofenil-2-acetamida-
β-D-glicopiranoside (NAG) and hexa decyltrimethylammonium bromide
(HTAB). All substances were purchased from Sigma (St. Louis, MO, USA).
Hematoxylin-eosin was purchased from MERCK (Whithouse Station,
New Jersey, USA). Sodium acetate, acetone, acetic acid, ethanol, and
camphor were purchased from Vetec (Rio de Janeiro, Brazil). Halothane
was purchased from Cristália (São Paulo, Brazil) and sodium citrate was
purchased from Isofar (Rio de Janeiro, Brazil).

Aprepitant was extracted from commercially available capsules
(Emend®, Merck, USA), and its identity and purity were confirmed by
nuclear resonance methods and were N98%.
Ear edema measurement

Edema was expressed as an increase in ear thickness due to the
chemical irritant challenge. Ear thickness was measured before and
after induction of the inflammatory response using a digital microm-
eter (Starret Series 734) in animals anesthetized with halothane. The
micrometer was applied near the tip of the ear just distal to the
cartilaginous ridges. The thickness was recorded in μm. To minimize
variation, a single investigator performed themeasurements through-
out each experiment.

Irritant-induced skin inflammation

Vehicle (acetone, 20 μl/ear) or cinnamaldehyde (8, 15, 32 and
45 nmol/ear corresponding to 1, 2, 4 and 6 μg/ear, respectively) was
applied to the right ear by topical administration according to the
method described previously, with some modifications (Thorne et al.,
1991; Gábor and Ra'zga, 1992). Another group of animals was given
topical application of allyl isothiocyanate (10, 20, 40 and 60 nmol/ear
corresponding to 1, 2, 4 and 6 μg/ear, respectively) or capsaicin (328,
655 and 983 nmol/ear corresponding to 100, 200 and 300 μg/ear,
respectively) on their right ear (Gábor and Ra'zga, 1992; Inoue et al.,
1997). The ear thickness was measured before and from 15 min to 8 h
after topical application.

Separate groups of animalswere topically pretreatedwith the non-
selective TRP antagonist, RR (30–300 nmol/ear), the TRPA1 antago-
nists, camphor (30–1000 nmol/ear) or HC030031 (30–300 nmol/ear),
the selective TRPV1 antagonist, SB366791 (10–100 nmol/ear) or the
tachykinin receptor antagonist, aprepitant (30–300 nmol/ear). All
compounds were diluted in acetone.

The effect of repeated topical application of capsaicin or cinnamaldehyde

We investigatedwhether repeated ear exposure to cinnamaldehyde
or capsaicin could induce the sensitization/desensitization process to
its edematogenic effect. Briefly, mouse ears were topically pretreated
on days 1, 3 and 7 with acetone (20 μl/ear), capsaicin (200 μg/ear) or
cinnamaldehyde (4 μg/ear) in separate groups, as described previously
(Inoue et al., 1997). After 8 days, the animals in each group were
challenged with cinnamaldehyde (4 μg/ear), capsaicin (200 μg/ear) or
acetone (P.A.). The development of edema was assessed, as described
before, on days 1, 3, 7 and 8.

TRPA1 and TRPV1 expression

The effect of the pretreatment with acetone, cinnamaldehyde or
capsaicin on days 1, 3 and 7, on expression of the TRPA1 and TRPV1
receptorswas assessed bywestern blot analysis. The assaywas carried
out as described previously (Ferreira et al., 2005) with minor
modifications. The ear tissue was obtained on day 8 of the protocol
and then homogenized in a lyses buffer containing 10 mM HEPES
(pH 7.9), 10 mM KCl, 2 mM MgCl2, 1 mM EDTA, 1 mM NaF, 10 μg/mL
aprotinin, 10 mM β-glycerophosphate, 1 mM phenylmethanesulpho-
nyl fluoride, 1 mM DTT and 2 mM of sodium orthovanadate. After
centrifugation (11,000 ×g for 20 min at 4 °C), the supernatant
containing the membrane fraction was collected. The protein content
was determined by the method of Bradford (1976) using bovine
serum albumin as a standard. Amounts of protein (80 μg) were
mixed in loading buffer (200 mM Tris, 10% glycerol, 2% SDS, 2.75 mM
b-mercaptoethanol and 0.04% bromophenol blue) and boiled for
5 min. Proteins were separated in 12% sodium dodecyl sulfate–
polyacrylamide gels (SDS–PAGE) and transferred to polyvinylidene
difluoride membranes according to the manufacturer's instructions
(Perkin Elmer, USA). The membranes were incubated with Ponceau
stain, which served as a loading control (Calvo et al., 2010). After-
wards, the membranes were dried, scanned and quantified with Scion
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Image for Windows (Scion Corporation, Frederick, MD, USA). Next,
the membranes were washed, blocked with 1% Albumin from bovine
serum (BSA) in TBS-T (0.05% Tween 20 in Tris-borate saline) and
incubated for 10 min with diluted (1:150) primary antibodies against
ANKTM1 anti-(TRPA1) or VR1 anti-(TRPV1) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). Membranes were processed using a SNAP
i.d. system (Millipore, USA). Blots were washed three times with
TBS-T followed by incubation with an alkaline phosphatase-coupled
secondary antibody (1:3000) for 10 min. The protein bands were
visualized with a 5-bromo-4-chloro-3-indolyl phosphate/p-nitro blue
tetrazolium system (BCIP/NBT). Membranes were dried, scanned and
quantified with Scion Image PC version of NIH image. The TRPA1 or
TRPV1 western blot had a faint background that was corrected in
image analysis.

Myeloperoxidase (MPO) assay

Tissue MPO enzyme activity was assessed 6, 12 and 24 h after
application of TRP agonists to the ear according to the technique
described by Suzuki et al. (1983) with some modifications. Moreover,
we analyzed the effect of pretreatment with the TRP antagonists
camphor (300 nmol/ear), HC030031 (100 nmol/ear), ruthenium red
(300 nmol/ear), SB366791 (100 nmol/ear) or the NK1 antagonist
aprepitant (100 nmol/ear) in the cell infiltration induced by cinna-
maldehyde (4 μg/ear). MPO enzyme activity in the tissuewas assessed
12 h after these treatments. Tissue samples were homogenized with a
motor-driven homogenizer in 300 μl of acetate buffer (8 mM, pH 5.4)
containing 0.5% HTAB (45 s at 0 °C). The homogenate was centrifuged
at 11,000 ×g at 4 °C for 20 min, and the supernatants were stored at
−4 °C.

For evaluation of MPO activity, 10 μl of supernatant was incubated
with 200 μl of acetate buffer (8 mM, pH 5.4) and 40 μl of TMB
(18.4 mM) at 37 °C for 3 min. The reaction was stopped with 30 μl of
acetic acid in a cold bath, and the enzyme activity value was assessed
colorimetrically at 630 nm using amicroplate reader. The results were
expressed as optical density (OD)/g of tissue.

Histology

To verify histological changes in themouse ear after capsaicin, allyl
isothiocyanate or cinnamaldehyde application, samples were collect-
ed 0.5, 6, 12 and 24 h after the induction of inflammation. Mice were
euthanized and ear tissue was removed and fixed in alfac solution
(a 16:2:1 mixture of ethanol 80%, formaldehyde 40% and acetic acid).
Each sample was embedded in paraffin wax, sectioned at 5 μm and
stained with hematoxylin-eosin. A representative area was selected
for qualitative light microscopic analysis of the inflammatory cellular
response with a 40× objective lens (Recio et al., 2000). To minimize a
source of bias, the investigator analyzed the specimens blindly.

Immunohistochemistry

To confirm the migration of neutrophils 24 h after the application
of cinnamaldehyde, immunohistochemistry was performed as previ-
ously described (Pomonis et al., 2001; Chichorro et al., 2009) with
minor modifications. Mice were euthanized and ear tissue was
removed, placed in Tissue-Tek® embedding medium and rapidly
frozen in liquid nitrogen. Frozen 10 μm sections were cut on a cryostat
and thaw-mounted onto gelatin-coated slides. These slides were
rinsed for 10 min in PBS (pH 7.4, 25 °C), fixed in acetone at 4 °C for
20 min, rinsed again in PBS for another 10 min and then incubated for
30 min in blocking solution (1% BSA and 0.3% Triton X-100 in PBS).
The blocking solution was then removed and the sections were
incubated overnight at 4 °C with the stains for neutrophil identifica-
tion biotin rat anti-mouse Ly-6G (each at 1:100, BD Biosciences,
California, USA). After this incubation, the slides were rinsed once
more in PBS and incubated at room temperature for 2 h with
Streptavidin–Phycoerythrin (PE) conjugate (BD Biosciences, Califor-
nia, USA), each at 1:200. After this incubation, the slides were
againwashedwith PBS and incubated at room temperature for 15 min
with 0.5 nM DAPI (Sigma, St. Louis, USA). After washing, all slides
were mounted with Fluoromount-G and photographed with a Zeiss
Axiophot photomicroscope (Carl Zeiss, Inc., 7082 Oberkochen,
Germany) equipped with Zeiss IV FL vertical illumination for
epifluorescence and a fluorescein filter system (Blue 450–490 SB).
They were then analyzed with specific software Laser Sharp 2000
(Bio Rad Hercules, CA, USA), and the cell count was performed using
ImageJ (Image Processing and Analysis in Java, USA).

Statistical analysis

The results are presented as mean±S.E.M., except for the ED50

values (i.e., the dose of allyl isothiocyanate, cinnamaldehyde or
capsaicin producing edema at 50% of their maximal response), which
were expressed as geometric means accompanied by their respective
95% confidence limits. ED50 values were determined using non-linear
regression and GraphPad Prism 5. The maximal effect (Emax) was
calculated as the increase in the difference in ear thickness produced
by allyl isothiocyanate, cinnamaldehyde or capsaicin and subtracted
from the vehicle group. Data were subjected to the Student's t-test or
to one- or two-way ANOVAs followed by Student-Newman–Keuls' or
Bonferroni's post hoc tests, when appropriate. Pb0.05 was considered
as statistically significant.

Results

Characterization of edema induced by cinnamaldehyde and other TRP
receptor agonists

The cinnamaldehyde-induced edema (4 μg/ear) became detect-
able 15 min after application and reached its maximal effect at 30 min
and lasted for 1 h (Fig. 1A). The edematogenic effects induced by
allyl isothiocyanate (4 μg/ear) or capsaicin (200 μg/ear) also peaked
30 min after application. However, the effects were longer than for
cinnamaldehyde, lasting up to 6 and 2 h after their applications,
respectively (Fig. 1C and E). Based on these results, dose–response
edema curves were made 30 min after the application of cinnamal-
dehyde (1–6 μg/ear), allyl isothiocyanate (1–6 μg/ear) or capsaicin
(100–300 μg/ear).

The edematogenic effect produced by cinnamaldehyde presented
an Emax of 0.18±0.02 mmand an ED50 value of 2.0 (1.1–3.4) μg/ear that
is equivalent to (15 (8–26) nmoles/ear) (Fig. 1B). Allyl isothiocyanate
was as potent as cinnamaldehyde (ED50=1.3 (0.9–1.7) μg/ear or 13 (9–
17) nmoles/ear), but it was more efficacious (Emax=0.36±0.02 mm)
in inducing ear edema (Fig. 1D). Capsaicin was less potent than the
TRPA1 agonists (ED50=114.4 (62.1–210.9) μg/ear or 373 (203–690)
nmoles/ear), but itwas as efficacious as cinnamaldehyde (Emax=0.25±
0.04 mm) in producing edema (Fig. 1F). In subsequent experiments,
the inflammatory response was usually induced by the application
of cinnamaldehyde (4 μg/ear), allyl isothiocyanate (4 μg/ear) and
capsaicin (200 μg/ear), and edema was assessed 30 min after each
application.

The effect of TRP receptor antagonists on the edematogenic responses
produced by cinnamaldehyde, allyl isothiocyanate or capsaicin

Animals were pretreated topically with different TRP antagonists
15 min prior to application of the agonist. Dose–response curves were
obtained for the non-selective TRP antagonist, RR (30–300 nmol/ear),
the TRPA1 antagonists, camphor (30–1000 nmol/ear) and HC030031
(30–300 nmol/ear), the TRPV1 antagonist, SB366791 (10–100 nmol/
ear) and the tachykinin NK1 antagonist, aprepitant (30–300 nmol/ear).



Fig. 1. Ear edema induced by cinnamaldehyde and other TRP receptor agonists. Time-course and dose–response curves of mouse ear edema induced by topical application of
cinnamaldehyde (A and B), allyl isothiocyanate (AITC) (C and D) and capsaicin (E and F). The effects of these compounds were expressed as a change in ear thickness. Each column or
point, denoted as (□) for irritant substances or (■) for acetone control, represents the mean±S.E.M. for 6 animals. *Pb0.05, **Pb0.01, and ***Pb0.001 vs. acetone control.

1080 C.R. Silva et al. / Life Sciences 88 (2011) 1077–1087
As expected, RR inhibited edema formation in mouse ears
treatedwith cinnamaldehyde, allyl isothiocyanate or capsaicin by 55±
7%, 38±2% and 52±5%, respectively (Figs. 2A and 3A and D). Camphor
was able to inhibit cinnamaldehyde- and allyl isothiocyanate-induced
edema by 68±6% and 24±5%, respectively, but it did not inhibit the
capsaicin-induced edema (Figs. 2C and 3B and F). HC030031 and
aprepitant also prevented the edema formation in mouse ears treated
with cinnamaldehyde by 64±5% and 44±7%, respectively
(Fig. 2D and E). Furthermore, SB366791 was capable of reducing the
capsaicin-induced edema by 48± 6% (Fig. 3E) but not
the cinnamaldehyde- or allyl isothiocyanate-induced edematogenic
responses (Figs. 2B and 3C).

The effect of repeated topical application of cinnamaldehyde or capsaicin

An initial topical application of cinnamaldehyde (4 μg/ear) or
capsaicin (200 μg/ear) produced a marked edematogenic response
when compared to vehicle (Fig. 4A, day 1), similar to the effect
described above. A reduction in edema was observed after the
second and third challenges with capsaicin by 27±7% and 54±6%,
respectively, indicating a desensitization process (Fig. 4A). On the
other hand, repeated challenges with cinnamaldehyde did not alter
the edematogenic response, demonstrating that neither sensitization
nor desensitization processes occur in cinnamaldehyde-induced ear
edema (Fig. 4A).

To verify a possible cross-desensitization between capsaicin and
cinnamaldehyde, we pretreated animals topically with capsaicin,
cinnamaldehyde or acetone in separate groups (pretreatment on days
1, 3 and 7) and treated the three groups with the same substances
on day 8. In ears pre-treated with cinnamaldehyde, no alteration
in the edematogenic response of cinnamaldehyde on day 8 was
detected, but a partial reduction in the capsaicin-response was
observed (40±5%) (Fig. 4B). However, pretreatment with capsaicin
not only abrogated the edema evoked by capsaicin treatment (88±3%
of reduction), but it also significantly decreased the cinnamaldehyde-
induced edema (62±14% of reduction) (Fig. 4B). There were no
differences between the edema response to capsaicin, cinnamalde-
hyde or control after acetone pretreatment (Fig. 4B).



Fig. 2. Effect of TRP receptor antagonists on the edematogenic responses produced by cinnamaldehyde. Effect of TRP antagonists, ruthenium red (RR), SB366791, camphor, and
HC030031, and the tachykinin NK1 antagonist, aprepitant, on mouse ear thickness applied 15 min before the topical administration of 4 μg of cinnamaldehyde (CNA). Edema was
measured 30 min after the administration of each compound and is expressed as the change in ear thickness. Each column represents the mean±S.E.M. for 6 animals. *Pb0.05,
**Pb0.01, and ***Pb0.001 vs. CNA.
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To test a possible alteration in the protein expression of TRPA1 or
TRPV1 on day 8 after pretreating the ears on days 1, 3 and 7 with
cinnamaldehyde, capsaicin or vehicle, we carried out western blot
analysis. This analysis showed that the expression levels of these
receptors did not change in the different groups (Fig. 5), suggesting
that the desensitization process induced by topical application of
capsaicin and cinnamaldehyde was independent of alterations in
protein expression.
Cinnamaldehyde-induced leukocyte infiltration in mouse ear skin

Since TRPA1 or TRPV1 activators can induce edema, we also
investigated whether they could cause leukocyte infiltration into the
affected tissue. We measured MPO activity, which is an enzyme used
as a neutrophil infiltrationmarker. Following topical application of the
irritants, MPO activity was maximal at 24 h for cinnamaldehyde, 12 h
for capsaicin and 6 and 12 h for allyl isothiocyanate (Fig. 6A, C and D).
The MPO activity was measured 30 min after cinnamaldehyde ap-
plication, but no significant increase in the enzyme activity was
observed (13±1% of increase).

To verify the participation of the TRP receptor in the cell
infiltration induced by cinnamaldehyde (4 μg/ear), we analyzed the
effect of pretreatment with camphor (300 nmol/ear), HC030031
(100 nmol/ear), RR (300 nmol/ear), SB366791 (100 nmol/ear) or
aprepitant (100 nmol/ear) on MPO activity. Similar to the edema
formation, HC030031, camphor and RR were able to prevent the
increase in MPO activity caused by cinnamaldehyde in the mouse
ear by 63±9%, 67±6%, and 52±9%, respectively (Fig. 6B). Pretreat-
ing animals with aprepitant caused an inhibition of the leukocyte
infiltration induced by cinnamaldehyde treatment by 25±10%, but
this inhibition was not significant.

Histological profile of cinnamaldehyde-, allyl isothiocyanate- and
capsaicin-induced ear inflammation

Once we observed the development of an inflammatory pro-
cess after cinnamaldehyde application, we investigated histological

image of Fig.�2


Fig. 3. Effect of TRP receptor antagonists on the edematogenic responses produced by allyl isothiocyanate or capsaicin. Effect of the TRP antagonists, ruthenium red (RR), camphor
and SB366791, on mouse ear thickness applied 15 min before the topical administration of 4 μg of allyl isothiocyanate (AITC) (A, B, and C) or 200 μg of capsaicin (D, E, and F). The
edema was measured 30 min after the administration of each compound and is expressed as a change in ear thickness. Each column represents the mean±S.E.M. for 5 animals.
*Pb0.05, **Pb0.01, ***Pb0.001 vs. AITC or capsaicin.

Fig. 4. Effect of repeated topical application of cinnamaldehyde or capsaicin. (A) Effect of pretreatment with cinnamaldehyde (4 μg/ear) or capsaicin (200 μg/ear) on days 1, 3 and 7
on ear edema. The edema was measured 30 min after the administration of each compound and is expressed as a change in ear thickness. Each column represents the mean±S.E.M.
for 6 animals. *Pb0.05 **Pb0.01 and ***Pb0.001 vs. acetone control. #Pb0.05 and ##Pb0.01 for capsaicin response at days 3 and 7 vs. day 1. (B) Effect of treatment with
cinnamaldehyde (4 μg/ear) or capsaicin (200 μg/ear) on ear edema after pretreatment with control (acetone 20 μl/ear), capsaicin (200 μg/ear) or cinnamaldehyde (4 μg/ear) on
days 1, 3 and 7. Each column represents the mean±S.E.M. for 6 animals. *Pb0.05 and **Pb0.01 vs. acetone control. #Pb0.05 and ##Pb0.01 for capsaicin response after pretreatment
with cinnamaldehyde or capsaicin vs. acetone pretreatment. + for cinnamaldehyde effect in the group pretreated with capsaicin vs. pretreatment with acetone.
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Fig. 5. TRPA1 and TRPV1 expression. Western blot analysis showing TRPA1 (A and B)
and TRPV1 (C and D) protein expression in mouse ears 8 days after topical application
of 20 μl of acetone, 4 μg/ear of cinnamaldehyde or 200 μg/ear of capsaicin on days 1, 3
and 7. In A and C are demonstrated representative TRPA1 and TRPV1 immunoreactivity,
and in B and D are indicated the densitometry analysis. To demonstrate equal loading, a
representative Ponceau stained protein band is also shown (A and C). The results were
expressed as % of the control (acetone). The results in B and D were represented as
arbitrary density unit. Each column represents the mean±S.E.M. of 3 mice. No
significant differences between groups were found.
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changes in the ear tissue after the application of irritants. Histological
examination clearly revealed the edematogenic response in the tissue
30 min after a single topical application of 20% cinnamaldehyde
(Fig. 7B). Additionally, leukocyte infiltration was evaluated 6, 12 and
24 h post-challenge. As observed with the MPO assay, the infiltration
was more intense 24 h after the administration of cinnamaldehyde
(Fig. 7H). These data differ from allyl isothiocyanate and capsaicin
treatment, which showed an increase in the amount of infiltrating
leukocytes at 12 h (data not shown).

Quantification of neutrophils by immunohistochemistry

The MPO assay showed that leukocyte infiltration at 24 h was
significant. Thus, we verified that this migration is in fact neutrophilic
using immunohistochemistry of ear tissue after the application of the
irritants. Immunohistochemical examination showed themigration of
neutrophils after a 24 h single application of 20% cinnamaldehyde
(Fig. 8).

Discussion

The present study shows that the topical application of cinnamal-
dehyde on mouse ears causes acute inflammatory responses with
edema formation and leukocyte infiltration, which are dependent on
TRPA1 activation in sensory neurons and other cellular types.

Irritant contact dermatitis is one of themost common skin diseases
with a lifetime prevalence of over 30% (Kadyk et al., 2003; Slodownik
et al., 2008). At concentrations between 3% and 8%, cinnamaldehyde
produces local harm and sever irritations (for review see: Bickers
et al., 2005). Topical cinnamaldehyde also induces erythema and
edema in guinea pigs, rabbits and mice (Lahti and Maibach, 1984;
Lahti et al., 1986; for review see: Bickers et al., 2005). We confirmed
these data showing that topical cinnamaldehyde application above
5% (2 μg/ear) induced rapid edema formation in the mouse ear when
assessed by ear thickness measurements and histological analyses.
Our results are in accordance with Thorne et al. (1991) who dem-
onstrated that 5 to 20% (corresponding to 1 and 4 μg/ear) cinnamal-
dehyde produced an edematogenic response in the mouse ear 1 h
post-challenge. It is important to mention that the concentration of
topically applied cinnamaldehyde may increase with the time since
the vehicle used to dissolve it (acetone) vaporizes. Moreover, we
observed that acetone application alone did not induce edema when
compared with the contralateral ear. Accordingly, it has been dem-
onstrated that acetone induces edema in sensitized, but not in non-
sensitized skin (Pozsgai et al., 2007). Curiously, some in vitro studies
indicated that cinnamaldehyde may promote anti-inflammatory-like
actions in cultivated or isolated cells (such as, the reduction in the
expression in pro-inflammatory genes) (Guo et al., 2006; Kim et al.,
2010). Together, these findings indicate that the pro-inflammatory
action of cinnamaldehyde depends on tissue integrity and the mouse
ear edema is a good model to predict and study irritant contact
dermatitis produced by cinnamaldehyde.

We also compared the ear edema caused by cinnamaldehyde with
other natural irritant compounds that activate TRP channels, namely
allyl isothiocyanate and capsaicin. On the other hand, cinnamalde-
hyde was as potent as allyl isothiocyanate and more potent than
capsaicin at inducing edema. Studies applying TRP agonists in vitro or
through subcutaneous injection have shown that capsaicin is more
potent than cinnamaldehyde and allyl isothiocyanate at producing
nociceptive responses (Andrade et al., 2006). Since our experiments
applied the TRP agonists topically, the differences in skin penetration
among these compounds could explain this discrepancy. Molecular
size, ionization state and fat solubility determine skin penetration,
and these factors could differentially contribute to irritancy (for
review see: Bickers et al., 2005). Accordingly, the skin penetration
after topical application of cinnamaldehyde is about 55%, while it is
roughly 5% for capsaicin (for review see: Bickers et al., 2005; Kasting
et al., 1997). Furthermore, topical allyl isothiocyanate was more
effective than cinnamaldehyde or capsaicin at producing ear edema.
Besides skin penetration, this finding may be also explained by the
fact that cinnamaldehyde has been considered to be more selective
than allyl isothiocyanate in activate TRPA1 (Bandell et al., 2004).

Besides edema, leukocyte infiltration is another characteristic of
irritant contact dermatitis. We have shown that cinnamaldehyde and
capsaicin not only produced ear edema, but also induced leukocyte
infiltration after topical application on skin. Our results are in ac-
cordance with previous studies where topical allyl isothiocyanate
increased MPO activity in treated mouse ears (Bánvolgyi et al.,
2004). After 6, 12 and 24 h of cinnamaldehyde application, MPO
activity was significantly enhanced; however, allyl isothiocyanate and
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Fig. 6.Myeloperoxidase activity following TRP activation. Myeloperoxidase activity values in cinnamaldehyde (A), capsaicin (C) and AITC (D) treated mouse ears in comparison with
acetone-treated ears determined at 6, 12 and 24 h after treatment. (B) Myeloperoxidase activity in ear tissues pre-treated with acetone (20 μl/ear), HC030031 (100 nmol/ear),
camphor (300 nmol/ear), ruthenium red (RR) (300 nmol/ear), SB366791 (100 nmol/ear) or aprepitant (100 nmol/ear) 15 min before treatment with cinnamaldehyde (4 μg/ear).
Each column represents the mean±S.E.M. for 6 animals. *Pb0.05, **Pb0.01 and ***Pb0.001 vs. acetone control. ###Pb0.001 vs. acetone plus cinnamaldehyde treatment.
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capsaicin applications increasedMPO activity after 6 and 12 h and 6 h,
respectively. In accordance with our MPO activity findings, neutrophil
infiltration was also confirmed by histological and immunohisto-
chemical analysis, demonstrating leukocyte infiltration at least up to
24 h after cinnamaldehyde topical application. In the time of the
edema peak (30 min after application), cinnamaldehyde did not alter
neither MPO activity in ear samples nor leukocyte detection in
histology demonstrating that the early phase of the TRPA1 agonist-
induced edema is unrelated with neutrophil infiltration.

The cinnamaldehyde inflammatory response, similar to that of
allyl isothiocyanate and capsaicin, could be dependent on TRP
receptor activation. This fact was confirmed by the ability of RR, a
non-selective TRP receptor antagonist, to prevent the edematogenic
effect of all three substances. More selectively, the TRPA1 receptor
antagonists HC030031 and camphor, were effective at inhibiting
cinnamaldehyde- and allyl isothiocyanate-induced mouse ear edema,
whereas the selective TRPV1 receptor antagonist SB366791 prevented
only the capsaicin-induced response. Furthermore, ruthenium red,
HC030031 and camphor, but not SB366791, reduced the increase in
MPO activity induced by cinnamaldehyde. These results indicate that
activation of the TRP receptor, more specifically TRPA1 stimulation, is
essential for the inflammatory effects triggered by the topical
application of cinnamaldehyde. Recent studies showed that camphor
activates and desensitizes TRPV1 (Macpherson et al., 2006; Xu et al.,
2005). We believe that this activation could interfere with TRPV1's
anti-edematogenic effect. However, topical applications of 30, 300
and 1000 nmol/ear of camphor did not evoke ear edema (data not
shown), suggesting that it does not act through the TRPV1 receptor in
experimental conditions tested here.

TRPA1 receptor activation by allyl isothiocyanate can lead to neu-
rogenic inflammation characterized by the release of neuropeptides
from afferent sensory neurons and subsequent vascular responses.
These neuropeptides include substance P (SP) and act preferentially
via the tachykinin NK1 receptor, which is localized in cutaneous
sensory nerve endings and mouse skin cells, such as keratinocytes
(Inoue et al., 1997; Scholzen et al., 1998; Peters et al., 2006). Cutaneous
innervations appear to be changed in a number of inflammatory
skin diseases, including dermatitis, where there is an increase in the
SP density (for review see: Peters et al., 2006). We prevented the
cinnamaldehyde induced-edema and leukocyte influx by pretreat-
ment with the selective NK1 receptor antagonist, aprepitant, suggest-
ing that the release of SP is an important mechanism in the
cinnamaldehyde-evoked inflammatory response.

A single administration of cinnamaldehyde was evaluated for its
sensitization/desensitization capacity by treating animals on days 1, 3
and 7. No alterations were observed in cinnamaldehyde-induced
edema on days 1, 3 or 7. The lack of alteration in the cinnamaldehyde
response is in accordance with previous human studies that show
very low skin sensitization potential in volunteers after topical
cinnamaldehyde administration (for review see: Bickers et al.,
2005). Similar to the cinnamaldehyde effect, Inoue et al. (1997)
reported that the plasma extravasation evoked after reapplication of
the TRPA1 receptor agonist, allyl isothiocyanate, on days 1, 3 and 7
was not different from that induced after its initial application.
Moreover, Dunham et al. (2008) also failed to detect sensitization or
desensitization to cinnamaldehyde-induced activation of primary
afferent fibers in rats when the stimulus was injected each 5 min. On
the other hand, other studies were capable of detecting desensitiza-
tion to allyl isothiocyanate-induced currents in sensory neurons,
neuropeptide release in skin or nociception in rats when the
interstimuli interval was from 3 to 20 min (Akopian et al., 2007;
Ruparel et al., 2008). Thus, the ability of TRPA1 agonists to induce
desensitization seems to be dependent of the experimental model
used and the interval between the stimuli.
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Fig. 7. The representative light microphotograph of cinnamaldehyde-induced edema inmouse ear. A thin section was obtained from ear tissue after the application of acetone (20 μl/
ear) or cinnamaldehyde (4 μg/ear) (hematoxylin-eosin staining) in different times. (A) acetone 0.5 h; (B) cinnamaldehyde 0.5 h; (C) acetone 6 h; (D) cinnamaldehyde 6 h;
(E) acetone 12 h; (F) cinnamaldehyde 12 h; (G) acetone 24 h and (H) cinnamaldehyde 24 h, ×40.

1085C.R. Silva et al. / Life Sciences 88 (2011) 1077–1087
Previous studies have demonstrated that repeated topical ap-
plications of capsaicin lead to a functional desensitization of a sub-
set of small diameter primary afferent fibers, which were named
capsaicin-sensitive fibers (Jancsó et al., 1967; Inoue et al., 1995). As
TRPA1 is expressed in capsaicin-sensitive fibers, we induced
desensitization of capsaicin-sensitive fibers and examined the cin-
namaldehyde response. As expected, capsaicin-repeated treatment
abrogated its edematogenic response, confirming the desensitiza-
tion process. Moreover, the pretreatment with capsaicin decreased,
but did not abolish, the cinnamaldehyde-induced edema. These
results suggest the relevant but not essential role of capsaicin-
sensitive fibers in cinnamaldehyde-induced inflammation. Further-
more, the reduction in capsaicin-induced edema by cinnamaldehyde
pretreatment is in accordance with the idea of a complex interac-
tion between TRPA1 and TRPV1 as demonstrated in sensory neurons.
In fact, there is heterologous desensitization of capsaicin and allyl
isothiocyanate in several responses, such as currents in sensory
neurons, neuropeptide release in skin or nociception in rats (Akopian
et al., 2007; Ruparel et al., 2008). This desensitization uses dif-
ferent cellular pathways, is agonist dependent and regulated by
internalization.

Desensitization of TRP channels can be mediated by several
cellular pathways after repeated activation, such as changes in protein
expression (Akopian et al., 2007). We observed that the TRPA1 and
TRPV1 receptors' protein expression did not change after cinnamal-
dehyde or capsaicin treatment in comparison to ears treated with
acetone. This finding suggests the involvement of other cellular
pathways, such as phosphorylation, internalization or calcium-
dependence, in the desensitization process induced by cinnamalde-
hyde. Since the heterologous desensitization to TRPA1 and TRPV1
agonists was not complete, factors others than intracellular pathways,
such as the particular expression of these receptors in different cells,
may be involved. In fact, it has been recently demonstrated that
TRPA1 is expressed in sensory neurons that do not express TRPV1 and
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Fig. 8. Quantification of neutrophils per field by immunohistochemistry. Immunofluorescent images of neutrophils after cinnamaldehyde-induced mouse ear edema. A thin section
was obtained from ear tissue 24 h after the application of acetone (20 μl/ear; A, C, and E) or cinnamaldehyde (4 μg/ear; B, D, and F), ×100. These sections were labeled for DAPI (4′,6-
diamidino-2-phenylindol) (blue; A and B) or Ly-6G, a marker of neutrophil infiltration (red; C and D), and visualized to confocal microscopy to determine colocalization of the two
markers (E and F). Representative graph of the number of neutrophils per field in acetone- or cinnamaldehyde-treated mouse ears determined 24 h after treatment. Each column
represents the mean±S.E.M. for 4 animals. ***Pb0.001 vs. acetone control (G).
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in skin cells other than neurons, such as keratinocytes (Atoyan et al.,
2009; Birô and Kovács, 2009). Thus, more studies must to be carried
out to investigate the mechanisms related to desensitization between
TRPA1 agonists in ear edema.
Conclusion

In conclusion, we demonstrated that the topical application of cin-
namaldehyde to the mouse ear produces an acute skin inflammatory
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response dependent on TRPA1 receptor stimulation. Our findings
suggest a possible role for TRPA1 in inflammatory skin reactions.
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