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Abstract
Background  Econazole is a widely used imidazole derivative antifungal for treating skin infections. The molecular 
targets for its frequent adverse effects of skin irritation symptoms, such as pruritus, burning sensation, and pain, have 
not been clarified. Transient receptor potential (TRP) channels, non-selective cation channels, are mainly expressed in 
peripheral sensory neurons and serve as sensors for various irritants.

Methods  We investigated the effect of econazole on TRP channel activation by measuring intracellular calcium 
concentration ([Ca2+]i) through fluorescent ratio imaging in mouse dorsal root ganglion (DRG) neurons isolated from 
wild-type, TRPA1(−/−) and TRPV1(−/−) mice, as well as in heterologously TRP channel-expressed cells. A cheek injection 
model was employed to assess econazole-induced itch and pain in vivo.

Results  Econazole evoked an increase in [Ca2+]i, which was abolished by the removal of extracellular Ca2+ in mouse 
DRG neurons. The [Ca2+]i responses to econazole were suppressed by a TRPA1 blocker but not by a TRPV1 blocker. 
Attenuation of the econazole-induced [Ca2+]i responses was observed in the TRPA1(−/−) mouse DRG neurons but was 
not significant in the TRPV1(−/−) neurons. Econazole increased the [Ca2+]i in HEK293 cells expressing TRPA1 (TRPA1-
HEK) but not in those expressing TRPV1, although at higher concentrations, it induced Ca2+ mobilization from 
intracellular stores in untransfected naïve HEK293 cells. Miconazole, which is a structural analog of econazole, also 
increased the [Ca2+]i in mouse DRG neurons and TRPA1-HEK, and its nonspecific action was larger than econazole. 
Fluconazole, a triazole drug failed to activate TRPA1 and TRPV1 in mouse DRG neurons and TRPA1-HEK. Econazole 
induced itch and pain in wild-type mice, with reduced responses in TRPA1(−/−) mice.

Conclusions  These findings suggested that the imidazole derivatives econazole and miconazole may induce skin 
irritation by activating nociceptive TRPA1 in the sensory neurons. Suppression of TRPA1 activation may mitigate the 
adverse effects of econazole.
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Background
Econazole is a broad-spectrum imidazole antifungal 
agent that is primarily used for treating dermatophyte 
infections, such as tinea pedis and ringworm. It is typi-
cally administered topically in the form of a cream. 
Although many patients experience a favorable cure rate 
of 90%, 1–4% of individuals may encounter side effects, 
such as pruritus, burning sensation, and erythema [1, 2].

Pain and itching are uncomfortable sensations that 
arise through complex pathways involving afferent sen-
sory neurons in peripheral tissues, such as the skin. Vari-
ous types of transient receptor potential (TRP) channels 
serve as nociceptors, which respond to chemical, ther-
mal, and mechanical stimuli to evoke sensations of pain 
and itching [3]. Among these channels, TRPV1 and 
TRPA1 play essential roles in nociception [4]. As nonse-
lective cation channels in sensory neurons, their activa-
tion in peripheral terminals results in the entry of Ca2+ 
and Na+, leading to membrane depolarization and the 
generation of action potentials. These action potentials 
transmit sensory information to the spinal cord and, sub-
sequently, to higher nerve centers [5, 6].

Although the concept of TRPA1 functioning as a cold 
sensor in mammals remains a topic of debate [7], this 
channel is well-known for its responsiveness to various 
chemical stimuli, such as cinnamaldehyde and mustard 
oil [8]. In contrast, TRPV1 channel is recognized as a 
receptor for pungent compounds, such as capsaicin, as 
well as acidic pH and heat [9, 10]. Notably, some medi-
cations that are currently in use can stimulate nocicep-
tive TRP channels. For instance, the widely used local 
anesthetic lidocaine activates both TRPA1 and TRPV1, 
leading to the sensation of pain [11, 12]. Flufenamic acid, 
which is a nonsteroidal anti-inflammatory drug (NSAID), 
has been reported to activate TRPA1 [13], and several 
NSAIDs have been linked to skin irritation [14, 15]. Pro-
pofol, which is an intravenous general anesthetic, induces 
intense vascular pain by activating TRPA1 [16]. Further-
more, retinoid, which is commonly used in the treatment 
of skin disorders, has been found to sensitize TRPA1 and 
cause skin irritation [17]. These studies collectively sug-
gest the association of TRP channel activation with the 
adverse effects of skin irritation by certain medications.

In this study, we aimed to investigate the involvement 
of TRPA1 and TRPV1 channels in econazole-induced 
skin irritation using analytical techniques, such as cal-
cium imaging, along with pharmacological and genetic 
approaches. We also investigated whether econazole 
causes itch and pain behaviors using cheek injection 
model. Moreover, to understand the structural specificity 
of econazole, we examined the activities of miconazole, 
which is another imidazole antifungal drug, and the tri-
azole antifungal drug fluconazole.

Methods
Experimental animals
All experimental protocols on animals were approved by 
the Committee on Animal Experimentation of Tottori 
University. The number of animals used was minimized.

Isolation and culture of mouse DRG neurons
We used adult (4–12-week-old) C57BL/6 mice [wild 
type, TRPA1(−/−), and TRPV1(−/−)] of either sex. The 
TRPA1(−/−) mice were kindly provided by Dr. Julius of the 
University of California, whereas the TRPV1(−/−) mice 
were purchased from Jackson Lab (Sacramento, CA, 
USA).

Euthanasia was administered to the mice by CO2 gas 
inhalation. Mouse dorsal root ganglion (DRG) cells were 
isolated and cultured, as described previously [18]. In 
brief, DRGs were removed and minced in phosphate-
buffered saline (PBS: 137 mM NaCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, and 2.7 mM KCl). Thereafter, the DRGs 
were enzymatically digested for 30  min at 37  °C in PBS 
containing 1 mg/ml of type II collagenase (Worthington, 
Lakewood, NJ, USA) and 1  mg/ml of DNase I (Roche 
Molecular Biochemical, Indianapolis IN, USA). Subse-
quently, the DRGs were further digested in PBS contain-
ing 10  mg/ml of trypsin (Sigma, St. Louis, MO, USA) 
and 1 mg/ml of DNase for 15 min at 37 °C. The digested 
ganglia were immersed in Dulbecco’s modified Eagle 
medium (Sigma) supplemented with 10% fetal bovine 
serum (BioSera, Cholet, France), penicillin G (100 U/ml), 
and streptomycin (100 µg/ml). DRG cells were obtained 
by gentle trituration using Pasteur pipettes. The cell sus-
pension was centrifuged at 800  rpm for 2  min at room 
temperature, and the pellet was resuspended in the cul-
ture medium. Aliquots were placed onto glass cover slips 
coated with poly-D/L-lysine (Sigma) and cultured in a 
humidified atmosphere of 95% air and 5% CO2 at 37 °C. 
The cells were used within 24 h after the isolation.

Heterologous expression in HEK293 cells
Human embryonic kidney (HEK) 293 cells were main-
tained in the culture medium, as described above. The 
cells were transfected with the expression vectors (mouse 
TRPA1 and mouse TRPV1) [18] using a transfection 
reagent (Lipofectamine 2000, Invitrogen, Tokyo, Japan), 
according to the manufacturer’s protocol, and used 
within 24 h after transfection.

Calcium imaging
The intracellular Ca2+ concentrations ([Ca2+]i) in the 
individual cells were measured using a fluorescent-
imaging system (Aqua Cosmos, Hamamatsu Photon-
ics, Japan), as described previously [19]. Briefly, the cells 
were incubated for 40  min at 37  °C with 10 µM fura-2 
AM (Molecular Probes) in HEPES-buffered solution 
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(134 mM NaCl, 6 mM KCl, 1.2 mM MgCl2, 2.5 mM 
CaCl2, 10 mM glucose, and 10 mM HEPES; pH 7.4). A 
coverslip with fura-2-loaded cells was transferred into 
an experimental chamber and mounted on an inverted 
microscope (Olympus IX71), which was equipped with 
image acquisition and analysis system. The cells were illu-
minated every 5 s with light at 340 and 380 nm, and the 
respective fluorescence signals at 500 nm were detected. 
The ratios of fluorescent signals (F340/F380) were ana-
lyzed. Calibration of fura-2 was carried out with standard 
Ca2+ buffer solutions (Calcium Calibration Buffer Kits, 
Invitrogen) containing 4 µM fura-2 (Invitrogen) with the 
equation reported by Grynkiewicz et al. [20]. The cells 
were continuously superfused with an external solution 
at a flow rate of approximately 2 ml/min by gravity. Drugs 
were applied by replacing the reflux tube with a test tube 
containing the drug in the HEPES-buffered solution. 
The 80 mM KCl solution included 80 mM KCl, 60 mM 
NaCl, 1.2 mM MgCl2, 2.5 mM CaCl2, and 10 mM HEPES. 
For the Ca2+-imaging experiments, regions of interest 
(ROIs) were set on spherical, neuron-like cells. Conse-
quently, almost all selected cells responded to 80 mM 
KCl. Cells with significantly high resting [Ca2+]i or cells 
that were evidently dead were excluded from the analysis. 
All experiments were carried out at room temperature 
(22–25 °C).

Behavioral test
A cheek injection model was used to determine econ-
azole-induced itch and pain using male wild type and 
TRPA1(−/−) mice (8–14 weeks old). After a 30 min habit-
uation, 10 µl of vehicle or econazole (20 nmol) was intra-
dermally injected into the right cheek of the mice with a 
30-gauge needle syringe (BD Lo-Dose, Becton Dickinson, 
Fukushima, Japan). Behaviors were recorded for 30 min 
with a digital camera (HDR-PJ40V, Sony, Tokyo, Japan). 
Scratching and wiping behaviors directed toward the 
injection site were counted, and the former and latter was 
judged as itch and pain, respectively [21, 22].

Chemicals
The following drugs were used as vehicle and concentra-
tion for stock solution: allyl isothiocyanate (AITC) in 1 M 
dimethyl sulfoxide (DMSO) (Nakarai, Tokyo, Japan); cap-
saicin (Cap) in 1 mM ethanol (Sigma-Aldrich); A967079 
in 0.01 M DMSO (Santa Cruz); N-(4-t-butylphenyl)-4-(3-
chloropyridin-2-yl) tetrahydropyrazine-1(2  H)-carbox-
amide (BCTC) in 5 mM DMSO (Wako); and econazole, 
miconazole, and fluconazole, each in 0.1  M DMSO 
(Tokyo Chemical Industry, Tokyo, Japan); thapsigargin 
in 0.01 M DMSO (Wako). All the other drugs used were 
obtained from Wako.

Data analysis
The data are presented as mean ± SEM (n = number of 
cells). Comparison between two groups was performed 
by unpaired Student’s t-test. For multiple comparisons, 
one-way analysis of variance followed by the Tukey–
Kramer test or Steel-Dwass test was used. A P value of 
< 0.05 was considered statistically significant.

Results
[Ca2+]i response to econazole in mouse DRG neurons
In Fig.  1A, we present the chemical structures of the 
three antifungal drugs used in the present study. Because 
nociceptive TRP channels are known for their high Ca2+ 
permeability [23], we used calcium imaging to examine 
the effects of econazole on [Ca2+]i in mouse DRG neu-
rons. Econazole elicited [Ca2+]i increases in mouse DRG 
neurons that were responsive to 80 mM KCl (Fig.  1B). 
The amplitude of the [Ca2+]i and the percentage of 
neurons responding to econazole increased in a con-
centration-dependent manner (Fig. 1C, D). High concen-
trations of econazole seem to evoke Ca2+ release from 
intracellular stores (see in Fig. 3). To determine whether 
stored Ca2+ depletion was related to the saturation of 
[Ca2+]i responses, we examined the effect of thapsigar-
gin, an inhibitor of endoplasmic reticulum Ca2+-ATPase, 
which leads the depletion of intracellular stored Ca2+ 
[24]. There was no difference in the magnitude of the 
response of econazole (100 µM) between thapsigargin 
(1 µM)-treated and -untreated cells (treated: 98.0 ± 5.2 
nM, n = 95; untreated: 91.2 ± 4.0 nM, n = 88). Notably, 
econazole at 100 µM increased the [Ca2+]i in nearly all 
neurons and suppressed the [Ca2+]i responses to the sub-
sequently applied KCl (Fig.  1B and C). These findings 
suggested that econazole stimulated sensory neurons, 
but it also exhibited nonspecific effects at high concen-
trations. Consequently, in the following experiments, we 
analyzed the effects of econazole at concentrations of 10 
and 30 µM.

Next, we investigated the effect of removing extracellu-
lar Ca2+ on the econazole-induced responses. Removal of 
extracellular Ca2+ completely eliminated the econazole-
induced increase in the [Ca2+]i (Fig. 1E, F). These results 
indicated that the [Ca2+]i responses to econazole at 10 
and 30 µM were solely dependent on the influx of extra-
cellular Ca2+.

Relationships between responsiveness to econazole and 
TRP channel agonists in mouse DRG neurons
TRPA1 and TRPV1 are nonselective cation channels that 
are permeable to calcium, expressed in DRG neurons, 
and involved in pain and itch signaling [3]. We aimed to 
investigate the econazole sensitivity of a subpopulation 
of neurons expressing TRPA1 and/or TRPV1. Since TRP 
channel activators often elicit channel desensitization 
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[25], mouse DRG neurons were applied with econ-
azole first, followed by the selective agonists for TRPA1 
(i.e., AITC, 100 µM) and TRPV1 (i.e., capsaicin, 1 µM). 
This order was adopted so that the TRP agonists would 
not affect the action of econazole. The same protocol 

was done with miconazole and fluconazole, which are 
described later. Some of the econazole-sensitive neu-
rons responded to AITC and/or capsaicin (Fig.  2A). 
The Venn diagram in Fig.  2B illustrates the character-
istics of all neurons. Many neurons responded to both 

Fig. 1  Econazole-induced changes in [Ca2+]i in mouse DRG neurons. (A) The chemical structures of econazole, miconazole, and fluconazole are shown. 
(B) The actual recordings of [Ca2+]i responses to econazole at 10 µM (left) and 100 µM (right) and to 80 mM KCl in wild type mouse DRG neurons. (C) 
The relationship between the magnitude of [Ca2+]i increase induced by econazole (Eco) and by KCl at different concentrations of econazole. (D) The 
percentages of the neurons responding to econazole at various concentrations are shown. Symbols or columns with vertical lines represent the mean 
values ± SEM for each econazole concentration (n = 193–395 from 4–6 mice). (E) The actual recording of [Ca2+]i responses to 10 µM econazole in the 
absence of external Ca2+ (0Ca) and KCl is shown. The 0Ca period is indicated with a grayish bar. (F) A summary of the amplitudes of [Ca2+]i responses to 
econazole at 10 and 30 µM in the presence (control) and absence of extracellular Ca2+ (0Ca) (n = 133–190 from three mice) is shown. **P < 0.01 vs. control, 
as determined by Student’s t-test
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AITC and capsaicin, likely because a significant num-
ber of neurons coexpress TRPA1 and TRPV1 [26]. At 10 
µM of econazole, almost all of the econazole-sensitive 
neurons responded to AITC (n = 35, 94.6%), and a sub-
set responded to capsaicin (n = 22, 59.5%). Of the DRG 
neurons that responded to 30 µM of econazole (n = 67), 
some were sensitive to AITC (n = 27, 40.2%) and capsa-
icin (n = 34, 50.7%). Moreover, the neurons that did not 
respond to either AITC or capsaicin responded to 30 µM 
of econazole (n = 28, 41.8%). These results suggested that 
econazole at 10 µM primarily increased [Ca2+]i in the 
DRG neurons expressing TRPA1; at 30 µM, it can also 
affect a different subset of neurons expressing molecules 
other than TRPA1 and TRPV1.

Effect of pharmacological and genetic inhibition of TRPA1 
and TRPV1 on econazole-induced stimulation in mouse 
DRG neurons
Because econazole increased [Ca2+]i in neurons that were 
sensitive to TRP channel agonists, we examined the effect 
of pharmacological inhibition on the [Ca2+]i responses 
to econazole in mouse DRG neurons. Application of the 
TRPA1 antagonist A967079 (10 µM) significantly sup-
pressed the [Ca2+]i responses to econazole at 10 µM 
but not at 30 µM. Conversely, treatment with selective 
TRPV1 antagonist BCTC (10 µM) failed to inhibit the 
[Ca2+]i responses to econazole (Fig. 2C).

We further assessed the effect of genetic depletion of 
TRPA1 and TRPV1 on the econazole-induced [Ca2+]i 
responses using knockout mouse DRG neurons. As 
shown in Fig. 2D, the econazole-induced responses were 
significantly diminished, although only slightly at 30 µM, 
in the TRPA1(−/−) mouse DRG neurons. In contrast, the 
magnitudes of the [Ca2+]i responses to econazole in the 
TRPV1(−/−) mouse DRG neurons were not significantly 
reduced, compared with those in wild type neurons.

These results suggested that econazole selectively acti-
vated the TRPA1 channels at 10 µM and may interact 
with other molecules at higher concentrations, leading to 
Ca2+ influx in mouse DRG neurons.

Effect of econazole on heterologous TRPA1-expressing 
cells
To further investigate the stimulatory action of econazole 
on TRPA1, we evaluated its effects on HEK293 cells with 
heterologous expression of TRPA1 (TRPA1-HEK). Based 
on our findings on nonspecific [Ca2+]i responses at high 
concentrations of econazole in mouse DRG neurons, we 
first examined the effect of econazole on naïve HEK293 
cells (naïve HEK). As shown in Fig. 3 A and B, 30 µM of 
econazole increased [Ca2+]i in naïve HEK, and this effect 
was not eliminated by the removal of extracellular Ca2+. 
These results suggested that econazole at 10 µM did 
not increase [Ca2+]i, but at 30 µM, it triggered [Ca2+]i 

responses through Ca2+ release from intracellular stores 
in naïve HEK.

Next, we measured the [Ca2+]i responses to econazole 
in TRPA1-HEK cells. Econazole at 10 µM evoked [Ca2+]i 
increases in TRPA1-HEK cells, as determined by the 
responsiveness to AITC (Fig. 3C). In contrast, econazole 
had no effect on the cells expressing TRPV1. Econazole 
dose-dependently increased [Ca2+]i in TRPA1-HEK cells 
(Fig. 3D). As mentioned earlier, econazole induced non-
specific [Ca2+]i increases at concentrations exceeding 30 
µM in naïve HEK. These results clearly indicated that 
econazole could activate TRPA1.

Effect of miconazole on [Ca2+]i in mouse DRG neurons and 
heterologous TRPA1-expressing cells
We also examined the [Ca2+]i responses to miconazole, 
which is a structurally related antifungal drug to econ-
azole [2, 27], in mouse DRG neurons. At concentrations 
of > 3 µM, miconazole increased [Ca2+]i in a concentra-
tion-dependent manner. At a high concentration (100 
µM), miconazole triggered nonspecific [Ca2+]i responses 
and suppressed KCl responses (Fig.  4A). Removal of 
extracellular Ca2+ reduced the [Ca2+]i responses to 
miconazole (Fig.  4B). Of the mouse DRG neurons that 
responded to 10 µM of miconazole (n = 30), those that 
responded to AITC alone, capsaicin alone, both, or nei-
ther were 30% (n = 9), 13.3% (n = 4), 20% (n = 6), and 
36.7% (n = 11), respectively (Fig. 4C). The TRPA1 blocker 
significantly inhibited the responses to miconazole 
at 10 µM but not at 30 µM, whereas no inhibition was 
observed with the TRPV1 blocker (Fig.  4D). Moreover, 
the responses to 10 µM of miconazole were significantly 
lower in TRPA1(−/−) mouse DRG neurons than in wild 
type neurons (Fig. 4E). There were no differences in the 
[Ca2+]i responses to miconazole between the wild type 
and TRPV1(−/−) mouse DRG neurons.

Miconazole increased [Ca2+]i in naïve HEK cells 
(Fig.  5A). After removal of extracellular Ca2+, the 
responses to miconazole at 10 µM were mitigated 
but were only partially attenuated at 30 µM (Fig.  5B). 
Miconazole increased [Ca2+]i in TRPA1-HEK but not in 
TRPV1-HEK cells (Fig. 5C). The concentration–response 
relationship of the [Ca2+]i responses to miconazole was 
significantly more pronounced in TRPA1-HEK than in 
naïve HEK cells (Fig. 5D).

These results suggested that miconazole activated 
TRPA1, although less pronounced than that induced by 
econazole in mouse DRG neurons.

Effect of fluconazole on mouse DRG neurons and HEK 293 
cells with heterologous expression of TRPA1
Unlike the imidazole antifungals econazole and micon-
azole, fluconazole belongs to the triazole class of antifun-
gals. Fluconazole did not increase [Ca2+]i in mouse DRG 
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Fig. 2  The [Ca2+]i responses to econazole and effects of TRP channel antagonists and gene deletion in mouse DRG neurons. (A) The actual recordings 
of [Ca2+]i responses to the sequential application of 10 µM econazole (Eco), 0.1 mM AITC, 1 µM capsaicin (Cap), and 80 mM KCl are shown. (B) The Venn 
diagrams of the number of neurons that responded to each stimulation with econazole at 10 µM (left) and 30 µM (right). The outer area of all the circles 
indicates the number of neurons that responded to KCl alone. The data are derived from three mice. (C) A summary of [Ca2+]i responses to econazole at 
10 µM (left) and 30 µM (right) in the absence (control) or presence of 10 µM A967079 (A96) or 1 µM BCTC is shown. Columns with vertical lines repre-
sent the mean values ± SEM (10 µM econazole: n = 158–293, 30 µM econazole: n = 265–321 from four mice). **P < 0.01 vs. control, one-way ANOVA with 
Tukey–Kramer test. (D) A summary of [Ca2+]i responses to econazole at 10 µM (left) and 30 µM (right) in wild type (Wild), TRPA1 knockout (A1(−/−)), and 
TRPV1 knockout (V1(−/−)) mouse DRG neurons is shown. Columns with vertical lines show the mean values ± SEM (10 µM econazole: wild, n = 305; A1(−/−), 
n = 280; V1(−/−), n = 310 from four mice. 30 µM econazole: wild, n = 250; A1(−/−), n = 291; V1(−/−), n = 171 from four mice). *P < 0.05, **P < 0.01 vs. wild, one-way 
ANOVA with Tukey–Kramer test

 

Fig. 3  [Ca2+]i responses to econazole in naïve and TRPA1-expessed HEK 293 cells. (A) The actual recordings of [Ca2+]i responses to 30 µM econazole in 
naïve HEK293 cells (naïve HEK) in the presence (left) or absence of external Ca2+ (0Ca) (right) are shown. The 0Ca period is indicated with a grayish bar. (B) 
A summary of the amplitudes of [Ca2+]i responses to econazole at 10 µM (left) and 30 µM (right) in naïve HEK293 cells in the presence (control) or absence 
of extracellular Ca2+ (0Ca) is shown. Columns with vertical lines represent mean ± SEM (10 µM: control, n = 362; 0Ca, n = 278 from four experiments; 30 µM: 
control, n = 390; 0Ca, n = 340 from four experiments). (C) The actual recording of [Ca2+]i responses to 10 µM econazole in HEK293 cells expressing TRPA1 
(upper, A1-HEK) and TRPV1 (lower, V1-HEK) is shown. The cells are stimulated by each selective agonist (100 µM AITC and 1 µM Cap). (D) The relationship 
between [Ca2+]i responses and the concentrations of econazole in A1-HEK and naïve HEK cells is shown. Symbols with vertical lines represent mean ± SEM 
(A1-HEK, n = 302–420; naïve HEK, n = 150–165 from four experiments). **P < 0.01 vs. naïve HEK, as determined by Student’s t-test
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Fig. 5  [Ca2+]i responses to miconazole in naïve and TRPA1-expessed HEK 293 cells. (A) The actual recordings of [Ca2+]i responses to 30 µM miconazole 
in the presence (left) or absence of extracellular Ca2+ (0Ca) (right) in naïve HEK 293 cells are shown. The 0Ca period is indicated with a grayish bar. (B) A 
summary of the amplitudes of [Ca2+]i responses to miconazole at 10 µM (left) and 30 µM (right) in naïve-HEK cells in the presence (control) or absence 
(0Ca) of extracellular Ca2+ is shown. Columns with vertical lines represent the mean ± SEM (miconazole 10 µM: control, n = 103; 0Ca, n = 127; miconazole 
30 µM: control, n = 106; 0Ca, n = 93 from three experiments). **P < 0.01 vs. control, as determined by Student’s t-test (C) The actual recordings of [Ca2+]i 
responses to 10 µM miconazole and 100 µM AITC in TRPA1-expressed HEK293 cells (upper, A1-HEK) and to 1 µM capsaicin (Cap) in TRPV1-expressed HEK 
cells (lower, V1-HEK) are shown. (D) The relationship between [Ca2+]i responses and the concentrations of miconazole in A1-HEK and naïve HEK cells is 
shown. Symbols with vertical lines represent the mean ± SEM (A1-HEK, n = 54–134; naïve-HEK, n = 298–333 from 3–4 experiments). **P < 0.01 vs. naïve-
HEK, as determined by Student’s t-test

 

Fig. 4  The [Ca2+]i responses to miconazole and effects of TRP channel antagonists and gene deletion in mouse DRG neurons. (A) The relationship be-
tween the magnitude of [Ca2+]i increase induced by miconazole (Mico) and by KCl at different concentrations of miconazole. Symbols with vertical lines 
represent mean ± SEM (n = 132–231 from 3–6 mice). (B) A summary of the amplitudes of [Ca2+]i responses to 10 and 30 µM of miconazole in the presence 
(control) and absence of extracellular Ca2+ (0Ca) is shown (10 µM: control, n = 103; 0Ca, n = 127; 30 µM: control, n = 106; 0Ca, n = 93 from three mice). Some 
vertical lines are obscured by symbols. (C) The Venn diagram shows the number of neurons that responded to 10 µM miconazole (Mico), 0.1 µM AITC, 
1 µM capsaicin (Cap), and 80 mM KCl. The outer area of all the circles indicates the number of neurons that responded to KCl alone. Data are from three 
mice. (D) A summary of [Ca2+]i responses to miconazole at 10 µM (left) and 30 µM (right) in the absence (Cont) or presence of 10 µM A967079 (A96) or 1 
µM BCTC is shown. Columns with vertical lines represent the mean values ± SEM (10 µM miconazole, n = 120–201; 30 µM miconazole, n = 142–199 from 
four mice). **P < 0.01 vs. control, one-way ANOVA with Tukey–Kramer test. (E) A summary of [Ca2+]i responses to miconazole at 10 µM (left) and 30 µM 
(right) in wild type (Wild), TRPA1 knockout (A1(−/−)), and TRPV1 knockout (V1(−/−)) mouse DRG neurons is shown. Columns with vertical lines show the 
mean values ± SEM (10 µM miconazole: wild, n = 215; A1(−/−), n = 201; V1(−/−), n = 198 from four mice. 30 µM miconazole: wild, n = 223; A1(−/−), n = 198; V1(−/−), 
n = 220 from four mice). *P < 0.05 vs. wild, one-way ANOVA with Tukey–Kramer test
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neurons, even at a concentration of 100 µM, regardless 
of the expression of TRPA1 and/or TRPV1 (Fig.  6A). 
Furthermore, [Ca2+]i responses were not observed when 
fluconazole (100 µM) was applied to TRPA1-HEK and 
TRPV1-HEK cells (Fig.  6B). These data showed that 
TRPA1 and TRPV1 were not activated by fluconazole.

Involvement of TRPA1 in econazole-induced itch and pain
Finally, to examine that econazole actually elicited 
itch and pain in mice, econazole was intradermally 
injected into the cheeks of wild type and TRPA1(−/−) 
mice, and subsequent scratching and wiping behaviors 
were counted. Econazole induced scratching and wip-
ing behaviors in wild type mice, but the time course of 
these reactions differed among animals (Fig. 7A, B). The 
total number of 30-minute behaviors was significantly 

greater in the econazole-injected group than in the vehi-
cle-injected one. In contrast, the number of both behav-
iors was significantly lower in TRPA1(−/−) mice than in 
wild type mice. Since scratching and wiping behavior 
reflect itch and pain behavior, respectively [21, 22], these 
data suggest that econazole causes itch and pain in mice 
through the activation of TRPA1.

Discussion
Econazole is a broad-spectrum antifungal drug that is 
used for various diseases, such as dermatomycosis. How-
ever, its typical adverse effect of skin irritation often 
hinders effective utilization [1, 2]. In this present study, 
we aimed to elucidate the mechanisms of econazole-
induced irritation by investigating its effects on sensory 
neurons. Econazole-induced behavioral responses were 

Fig. 6  [Ca2+]i responses to fluconazole in mouse DRG neurons and HEK293 cells expressing TRPA1. (A) The actual recordings of [Ca2+]i responses to the 
sequential application of 100 µM fluconazole, 0.1 mM AITC, 1 µM capsaicin (Cap), and 80 mM KCl in mouse DRG neurons depict four patterns of responses. 
(B) The representative changes in [Ca2+]i induced by 100 µM fluconazole in HEK293 cells expressing TRPA1 (left: A1-HEK) and TRPV1 (right: V1-HEK). To 
determine the expression of each channel, a specific agonist was applied as follows: 0.1 mM ATIC for TRPA1 and 1 µM capsaicin (Cap) for TRPV1. Similar 
results are obtained in the two additional experiments
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also determined. Moreover, we examined the effects of 
miconazole, which is a structural analog of imidazole 
antifungal drugs, and fluconazole, which is a triazole 
antifungal drug.

Econazole dose-dependently increased the [Ca2+]i 
in mouse DRG neurons. At 100 µM, nearly all neurons 
responded and inhibited KCl-induced responses. Con-
sequently, high concentrations of econazole may exhibit 
nonspecific actions and potentially cause cellular damage 
in mouse DRG neurons. Indeed, econazole has been doc-
umented to be cytotoxic in various cell types and holds 
promise as a potential antitumor drug. In one study, 
econazole increased the lethality of rat thymocytes [28]. 
In ADR breast cancer cells, econazole reduced cell pro-
liferation and induced strong toxicity, including apopto-
sis [29]. Furthermore, econazole significantly decreased 
the viability of human prostate cancer PC3 cells [30]. 
Similarly, our results showed that miconazole appeared 

to exert cytotoxic effects (Fig.  4A), consistent with the 
results of previous studies [31, 32].

Econazole at concentrations of 10 and 30 µM increased 
[Ca2+]i, and these effects were mitigated upon removal of 
extracellular Ca2+. Furthermore, nearly all DRG neurons 
that responded to econazole at 10 µM were found to be 
sensitive to AITC, suggesting the potential activation of 
TRPA1 by econazole. The econazole-induced increase in 
[Ca2+]i was significantly attenuated by a TRPA1 antago-
nist; and in TRPA1(−/−) mouse DRG neurons, the [Ca2+]i 
responses to econazole were substantially reduced. 
Moreover, econazole at 10 µM activated the heterolo-
gously expressed TRPA1. While econazole exceeding 
30 µM induced [Ca2+]i release in naïve HEK, consistent 
with previous reports [33, 34]. These findings supported 
the conclusion that econazole stimulated TRPA1 acti-
vation. Topical econazole cream or powder is typically 
administered as 1% nitric acid, with approximately 10% 

Fig. 7  Econazole induces scratching and wiping behaviors in mice. (A, B) The time courses of scratching (A) and wiping behaviors (B) every 5 min for 
30 min after the intradermal injection of econazole (50 nmol/10 µl per site) into the right cheeks of wild type (Wild) and TPA1 knockout (A1(−/−)) mice. 
(C, D) Total number of scratching (C) and wiping behaviors (D) induced by econazole (Eco) during 30 min in wild type and TRPA1(−/−) mice. Vehicle was 
administrated into wild type mice. Columns with vertical lines represent mean ± SEM for 4 mice per group. *P < 0.05, with Steel-Dwass test
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penetrating through the stratum corneum [35, 36]. More-
over, econazole applied at 1% to human skin has been 
reported to be estimated 20  µg/ml (equivalent to 44.9 
µM) in epidermal tissue [37]. Therefore, the doses used 
in clinical practice may be sufficient to activate TRPA1. 
In contrast, its cytotoxicity may not occur at clinical con-
centrations, since it does not appear to reach concentra-
tions above 100 µM (Figs. 1C and 4A).

Some of the neurons that responded to econazole also 
exhibited sensitivity to capsaicin. However, we did not 
obtain direct evidence on the action of econazole on 
TRPV1 in HEK 293 cells (Fig.  3C) and this was consis-
tent with the results of a previous report [34]. Notably, 
econazole at 30 µM partially increased the [Ca2+]i in 
TRPA1(−/−) mouse DRG neurons. The [Ca2+]i responses 
to this concentration of econazole may be attributed to 
the Ca2+ influx through other channels, as evidenced by 
the reduced response upon extracellular Ca2+ removal. 
Previous studies have indicated that econazole-induced 
Ca2+ influx can be attenuated by La3+ in MDCK cells [38] 
and by L-type calcium channel blockers in human PC3 
cells [30]. Recent report shows that store-operated Ca2+ 
entry, extracellular signaling pathway (ERK) 1/2, protein 
kinase C and phospholipase A2 are involved in the [Ca2+]i 
responses to econazole in human oral cancer cell lines 
[39]. Therefore, it is suggested that econazole may stimu-
late many molecules in addition to TRPA1 identified in 
this study. Since TRPA function is regulated by PKC [40], 
indirect action via PKC may also be involved in TRPA1 
activation by econazole. The nonspecific [Ca2+]i increases 
in naïve HEK cells were not abolished by the removal of 
extracellular Ca2+. It has been reported that econazole 
induces Ca2+ mobilization from intracellular Ca2+ stores, 
similar to thapsigargin, an endoplasmic reticulum Ca2+-
ATPase inhibitor [30, 34, 38]. Therefore, this mechanism 
was considered to elicit in the present study.

The profile of miconazole-induced increase in [Ca2+]i 
closely resembled that of econazole in wild type mouse 
DRG neurons. Miconazole elicited Ca2+ influx in neurons 
that were insensitive to AITC and capsaicin. Notably, 
the use of a TRPA1 antagonist reduced the miconazole-
induced responses. Furthermore, the [Ca2+]i increases 
induced by miconazole at 10 µM but not at 30 µM were 
diminished in TRPA1(−/−) mouse DRG neurons. Intrigu-
ingly, miconazole triggered the activation of TRPA1 
when expressed in HEK 293 cells. This suggests that 
miconazole may affect other molecules involved in Ca2+ 
influx more than TRPA1 in mouse DRG neurons. Con-
sequently, unlike econazole, miconazole may possess the 
capability to activate multiple targets, including TRPA1. 
Chemical structure of miconazole differs from econazole 
in terms of the additional single chlorine atom (Fig.  1). 
The stronger antifungal activity of miconazole than econ-
azole [27, 41] may explain the distinct activities of these 

molecules. These differences could be helpful in further 
elucidating the mechanisms of TRPA1 activation.

In general, TRPA1 agonists can be categorized as 
electrophile or nonelectrophile compounds [8, 42]. 
Econazole and miconazole belong to the nonelectro-
phile compound category. The anti-inflammatory drug 
fenamic acid, which is also classified as a nonelectro-
phile, has been suggested to activate TRPA1 through 
protein modification and allosteric binding [14]. These 
compounds generate reactive oxygen species in the cyto-
sol [42], thereby, indirectly leading to TRPA1 activation 
[43]. Moreover, econazole is recognized as an inhibitor of 
TRPM2 channels [44, 45] that contributes to the patho-
genesis of inflammatory and neuropathic pain [46]. Simi-
larly, fenamic acid inhibits TRPM2 [44]. There may be a 
common structural element contributing to the similar 
effects of econazole and fenamic acid on both TRPA1 and 
TRPM2. In addition, among TRP channels, econazole 
has also been reported to inhibit TRPV5 [47] and TRPV6 
[48].

Fluconazole, even at a concentration of 100 µM, failed 
to induce any [Ca2+]i response in mouse DRG neurons 
and HEK cells expressing TRPA1 and TRPV1. The struc-
tural differences between fluconazole and econazole/
miconazole are considerably significant (Fig.  1). More-
over, compared with imidazole compounds, fluconazole 
has less ability to produce reactive oxygen species, anti-
fungal activity, and cytotoxicity [49]. In contrast, econ-
azole is known to induce apoptosis in certain cell types 
[50–52]. Therefore, caution should be exercised when 
using econazole in experiments, because it exerts diverse 
effects on various cell functions, including TRPA1 activa-
tion and TRPM2 inhibition.

Finally, to examine whether econazole elicits itch and 
pain. the mouse cheek injection model was used. Intra-
dermally injection of econazole into the cheeks elicited 
scratching and wiping behaviors in wild type mice, but 
significantly less in TRPA1(−/−) mice. Scratching behav-
iors reflect itch, while wiping behaviors indicate pain 
[21, 22]. These results suggested that econazole actually 
induced adverse effects; itch and pain, in mice through 
the activation of TRPA1.

In summary, econazole acts as an activator of TRPA1 
in sensory neurons, resulting in skin irritation. Blocking 
TRPA1 activation may offer a potential strategy to miti-
gate the skin adverse effects induced by econazole.
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