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ABSTRACT
Methylisothiazolinone (MIT) is a known inducer of allergic contact dermatitis that is used as a preservative and a biocide in 
consumer products. Transient receptor potential ankyrin 1 (TRPA1) is a non-selective cation channel expressed in neurons and 
in some nonneuronal cells including keratinocytes. In neurons, TRPA1 mediates itch, pain and neurogenic inflammation. It 
has also been shown that TRPA1-deficient animals have reduced expression of inflammatory cytokines in experimental models 
of allergic contact dermatitis. Therefore, we aimed to test the hypothesis that TRPA1 is activated by MIT and mediates MIT-
induced inflammatory conditions. In Fluo 3-AM intracellular Ca2+ measurements MIT caused a dose-dependent increase in the 
intracellular calcium which was inhibited with the TRPA1-antagonist A-967079. In whole-cell patch clamp recordings, MIT was 
confirmed to induce currents blocked by A-967079. EC50 values were 2.17 µM at +70 mV and 6.28 µM at � 70 mV in Ca2+-free con-
ditions. Mutation of the cysteine 621 in TRPA1 lowered the potency of MIT to activate the channel. In the mouse model of MIT-
induced acute inflammatory paw edema, mice treated with a TRPA1 antagonist as well as TRPA1-deficient mice had reduced 
edema formation. In addition, TRPA1-deficient mice sensitized to MIT had reduced elevation of IL-4 expression in skin following 
exposure to MIT when compared to wild-type mice. In conclusion, we report here, for the first time, that the preservative and 
known contact sensitizer MIT is a potent agonist of TRPA1 and that TRPA1 mediates some of the effects of MIT in inflammatory 
conditions. These results together with the previous findings suggest that TRPA1 is a factor in the pathogenesis of type 2 T-helper 
cell (Th2)-skewed contact allergy and as such a potential drug target to treat Th2-driven diseases.

1   |   Introduction

Methylisothiazolinone (MIT, sometimes abbreviated MI) 
is a water-soluble preservative and biocide which is well 
known to cause allergic contact dermatitis (ACD) in pa-
tients. It was introduced in 1980 as a component of the pre-
servative marketed as Kathon CG which is a 3:1 mixture of 

chloromethylisothiazolinone (CMIT, sometimes abbreviated 
MCI) and MIT. Isothiazolinones as a group are highly effec-
tive against a wide range of bacteria and fungi due to their 
sulfur heterocycle group that interacts with essential enzymes 
of microbial growth and metabolism [1]. After the launch of 
Kathon CG, it didn't take long for healthcare professionals to 
notice a link between cases of contact dermatitis and the use 
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of Kathon-containing cosmetics. CMIT was assumed to be the 
more allergenic of the two components. Therefore, it was sup-
posed that the exclusive use of MIT could be better tolerated in 
cosmetics than the combination of CMIT and MIT. And that 
proved to be correct: the use of MIT alone as a preservative 
started in the year 2000 and the use expanded to leave-on cos-
metic products in 2005. MIT alone was used in significantly 
higher concentrations (up to 100 ppm) than what was used in 
Kathon CG (15 ppm). Cases of MIT-induced allergic contact 
dermatitis were soon detected and MIT actually received the 
title of the Allergen of the year presented by American Contact 
Dermatitis Society in 2013 [2, 3].

Allergic contact dermatitis (ACD) is a disease in which a 
sensitized individual's skin reacts to substances contacted 
earlier causing eczema. Contact allergens are usually small 
molecules, haptens, that bind to endogenous proteins. The 
hapten-protein complexes are then recognized as antigens by 
the immune system. In contact hypersensitivity, both type 1 
and type 2 T helper lymphocyte (Th1 and Th2)-mediated re-
sponses are involved [4]. The symptoms can be treated with 
glucocorticoids but the best way to prevent disease exacerba-
tions is to avoid contact with the allergen. There is indeed a 
major need for more effective and accurately targeted treat-
ments to prevent and/or treat ACD [3–5].

Transient receptor potential ankyrin 1 (TRPA1) is a nonselec-
tive cation channel highly permeable to calcium ions (Ca2+). 
It is predominantly expressed in nociceptor nerve endings, 
but also in many nonneuronal cells including keratinocytes 
and melanocytes [6] as well as lymphocytes and macrophages 
[7]. Activation of TRPA1 causes Ca2+ influx with subsequent 
depolarization, release of neuroinflammatory mediators and 
changes in gene expression. TRPA1 has been shown to me-
diate itch and pain but is also involved in inflammatory pro-
cesses [8–17].

Many contact allergens including 2,4-dinitrochlorobenzene 
(DNCB) [18–20], oxazolone [21], p-benzoquinone [22] and 
isoeugenol [23] have been found to activate TRPA1. It has also 
been shown that TRPA1-deficient mice have reduced expres-
sion of inflammatory cytokines in experimental models of 
ACD induced by oxazolone or DNCB compared to wild-type 
mice [20, 21].

MIT and CMIT have both been found to react with cysteine 
thiol residues whereas CMIT can also react with histidine 
and lysine residues [24]. TRPA1 is known to be activated 
by modification of reactive cysteine residues of the channel 
[25–27]. Therefore, we aimed to investigate the effects of MIT 
on TRPA1 activity and to study how knocking out TRPA1 in-
fluences MIT-induced contact hypersensitivity and inflamma-
tion in mice.

2   |   Methods

2.1   |   Reagents

Reagents were provided by Sigma-Aldrich (St. Louis, MO), if not 
indicated otherwise.

2.2   |   Intracellular Ca 2+ Measurements

Human embryonic kidney (HEK) 293 cells (ATCC, Manassas, 
VA) were cultured in Minimum Essential Medium Eagle 
(EMEM; Lonza, Verviers, Belgium) at 37°C in 5% carbon di-
oxide. EMEM was supplemented with fetal bovine serum 
(BSA; 10%), sodium pyruvate (1 mM), sodium bicarbon-
ate (1.5%), nonessential amino acids (0.1 mM each, all from 
Lonza), streptomycin (100 µg/mL), penicillin (100 IU/mL), 
and amphotericin B (250 ng/mL, all from Gibco, Thermo 
Fisher Scientific, Waltham, MA). Cells were cultured on 96-
well plates (0.03 × 106/well) and transiently transfected with 
human TRPA1 (Origene, Rockville, MD) or mouse Trpa1 
(both 0.2 µg/well, GeneCopoeia, Rockville, MD) plasmid using 
Lipofectamine 2000 (0.5 µL/well, Invitrogen, Paisley, UK) 20 h 
before the experiments were started.

Fluo 3-AM intracellular protocol was used with the TRPA1-
transfected HEK 293 cells to measure MIT-induced Ca2+ in-
flux. The transfected HEK 293 cells were loaded with Fluo 
3-AM ester [2.5 µM Fluo 3-AM in Hanks' Basic Salt Solution 
(Lonza), pH 7.45, with 25 mM 4-(2-hydroxyethyl)-1-piperaz
ineethenesulfonic acid, 1 mg/mL BSA, 2.5 mM probenecid, 
and 0.08% Pluronic F-127] for 40 min at room temperature. 
Subsequently, the cells were washed, buffer solution contain-
ing the TRPA1 antagonist A-967079 (A96), the TRPA1 antag-
onist HC-030031 (HC) or vehicle was added to the wells, and 
the cells were incubated at 37°C for 30 min. Victor3 1420 multi-
label counter (PerkinElmer, Waltham, MA) at the wavelength 
emission/excitation of 485/535 nm was used to measure free 
intracellular Ca2+ concentrations. Initially, the background 
fluorescence was measured for 15 s before adding MIT (1, 3, 
10, 30, 100 or 300 µM) or CMIT/MIT (1:10000, 1:8000, 1:4000, 
1:2000, 1:1000, and 1:100 dilutions of the original solution in-
cluding 1.09% of CMIT and 0.37% of MIT) and the measure-
ments were continued for 30 s. The results were normalized 
and set in proportion to the background (�F/F0), and the area 
under curve during the response to MIT or allyl isothiocya-
nate was calculated.

2.3   |   Whole- Cell Patch Clamp

HEK293 cells, at a confluency of 40%–60%, were transfected 
with human TRPA1 wild type or TRPA1 cysteine 621 substituted 
with serine (C621S) using pIRES2-AcGFP1 vector (TAKARA 
Bio INC., Shiga, Japan) for 20–50 h prior to measurements. The 
transfection was performed using Lipofectamine 3000 (Thermo 
Fisher Scientific, Yokohama, Japan). The mutant TRPA1 with 
C621S was generated by PCR using mutant oligonucleotide 
primers.

The resistance of electrodes was 3–5 M� when filled with the 
pipette solution [in mM: 110 Cs-aspartate, 30 CsCl, 1 MgCl2, 
10 HEPES, 10 EGTA, 6.25 CaCl2 (buffered to 0.3 µM Ca2+), 2 
Na2ATP]. The pH was adjusted to 7.2 by CsOH. When 0 mM 
Ca2+ was intracellularly applied, 1 mM EGTA was added to 
the pipette solution without CaCl2. Membrane currents and 
voltage signals were digitized onto a computer using an 
analog-digital converter (PCI6229, National Instruments 
Japan). The liquid junction potential between the pipette and 



3 of 10

bath solutions (� 10 mV) was corrected. A ramp voltage pro-
tocol from � 110 mV to +90 mV of 300 ms was applied every 
5 s from a holding potential of 0 mV. A leak current compo-
nent was not subtracted from the recorded currents. A stan-
dard HEPES-buffered bathing solution (HEPES solution) was 
used with the following composition (in mM): 137 NaCl, 5.9 
KCl, 2.2 CaCl2, 1.2 MgCl2, 14 glucose, 10 HEPES. pH was 
adjusted by NaOH to 7.4. All experiments were performed at 
25°C ±  1°C.

Data acquisition and analysis of whole cell currents were per-
formed using WinWCP version 5.2.7, developed by Dr. John 
Dempster (University of Strathclyde, UK).

2.4   |   Animals

Wild- type and TRPA1-deficient male B6;129P-Trpa1tm1-Kykw/J 
mice were provided by Charles River Laboratories (Sulzfield, 
Germany). They were used to investigate the effects of ge-
netic and pharmacological ablation of TRPA1 in experimen-
tal models of MIT-induced acute inflammatory edema and 
contact hypersensitivity. Mice were housed under standard 
conditions (12:12 h day: night cycle, 22°C ±  1°C). Nutrition 
and water were provided freely. Animal experiments were 
approved by the Animal Experimental Board in Finland and 
carried out in accordance with the legislation for the protec-
tion of animals used for scientific purposes (grant numbers 
ESAVI/1258/2018 and ESAVI/24887/2020, directive 2010/63/
EU).

2.5   |   MIT- Induced Acute Inflammatory 
Paw Edema

Classical mouse paw edema model was used to measure the 
acute inflammatory effect of MIT. The mice were anesthetized 
during the procedure. Anesthesia was performed with ketamine 
(75 mg/kg, i.p., Ketalar; Pfizer Oy Animal Health, Helsinki, 

Finland) and medetomidine (0.375 mg/kg, i.p., Domitor; Orion 
Oyj, Espoo, Finland). There were three groups of mice: vehicle-
treated wild-type mice and wild-type mice treated with the 
TRPA1 antagonist HC-030031 (300 mg/kg given intragastrically 
2 h before MIT injection), and vehicle-treated TRPA1-deficient 
mice. The affected right hind paw was injected with 50 µL of 
30 mM MIT, whereas the contralateral control left hind paw was 
injected with the vehicle only. The dosage was decided based 
on the results of Fluo 3 Ca2+ measurements with mTRPA1-
transfected cells to be sufficient for in�vivo activation. The paw 
volume was measured right before and 3 and 6 h after the MIT 
injection using plethysmometer (Ugo Basile, Comerio, Italy). 
The results in each time point were calculated as the paw vol-
ume at the timepoint subtracted by the paw volume prior to 
injection.

2.6   |   MIT- Induced Allergic Contact Dermatitis 
and RT-qPCR Analysis

To study the role of TRPA1 in MIT-induced contact hyper-
sensitivity in�vivo, wild-type and TRPA1-deficient mice were 
used in a MIT-induced contact hypersensitivity model. Mice 
were sensitized to MIT (25 µL of 3% MIT in DMSO) on the first 
and third day of the experiment by applying MIT topically 
on shaved abdomen. Three days later, on the sixth day of the 
experiment, mice were challenged by applying MIT topically 
on their right ear, while vehicle was applied on the left ear. 
Ear skin samples were collected 24 h later, on the seventh day 
of the experiment, and RNA was extracted using GenElute 
Mammalian Total RNA Minirep kit with proteinase K and 
transcribed to cDNA using Maxima First Strand cDNA syn-
thesis kit (Thermo Fisher Scientific). qPCR was performed 
using TaqMan Universal Master Mix and ABI Prism 7500 
sequence detection system (Applied Biosystems, Foster City, 
CA). The cytokines expression of which was measured were 
decided to represent the most fundamental mediators of acute 
inflammation and Th1 and Th2 cell mediated immunity [28]. 
The qPCR cycling parameters were incubation at 50°C for 

TABLE �     |    Primer and probe sequences and TaqMan gene expression assays used in this study.

Gene Primer/probe Sequence/assay ID

Mouse Gapdh Forward GCATGGCCTTCCGTGTTC

Reverse GATGTCATCATACTTGGCAGGTTT

Probe TCGTGGATCTGACGTGCCGCC

Mouse Il6 Forward TCGGAGGCTTAATTACACATGTTC

Reverse CAAGTGCATCATCGTTGTTCATAC

Probe CAGAATTGCCATTGCACAACTCTTTTCTCA

Mouse Il4 Mm00445259_m1

Mouse Il19 Mm01288324_m1

Mouse Ifng Mm01168134_m1

Mouse Il1b Mm00434228_m1
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2 min, incubation at 95°C for 10 min, and thereafter 40 cycles 
of denaturation at 95°C for 15 s and annealing and extension 
at 60°C for 1 min. In the case of Il6 and Gapdh, the primer and 
probe sequences and concentrations were optimized accord-
ing to the manufacturer's guidelines in TaqMan Universal 
PCR Master Mix Protocol part number 4304449 revision C 
and are summarized in Table�1. Primers and probes were pur-
chased from Metabion (Martinsried, Germany). TaqMan Gene 
Expression assays for mouse Il4, Il19, Ifng, and Il1b were ob-
tained from ThermoFisher Scientific and Assay IDs are sum-
marized in Table�1. The 2� ��CT  method was used to calculate 
the expression levels of genes of interest, which were first nor-
malized against Gapdh mRNA.

2.7   |   Statistical Analysis

The results were analyzed with GraphPad Prism 9.0.0 for 
Windows (GraphPad Software, San Diego, CA) using two-way 
ANOVA with Tukey's multiple-comparison test. The results 
are expressed as the mean ±  SEM with *p <  0.05, **p <  0.01, and 
***p <  0.001.

2.8   |   Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http:// ​www.​guide​topha​rmaco​logy.​org, the common 
portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY 
[29], and are permanently archived in the Concise Guide to 
PHARMACOLOGY 2023/24 [30].

3   |   Results

3.1   |   MIT and CMIT Cause TRPA1- Dependent 
Increase in the Intracellular Ca 2+ Levels 
in HEK293 Cells Transfected With Human 
or Mouse TRPA1

In Fluo 3-AM intracellular Ca2+ measurements MIT caused 
a dose-dependent Ca2+ signal in human TRPA1 (hTRPA1)-
transfected human embryonic kidney (HEK) 293 cells, and the 
signal was inhibited with the TRPA1 antagonist A-967079 (A96) 
(Figure�1A). The maximum effect reached the level of the posi-
tive control allyl isothiocyanate (AITC, 50 µM). The EC50-value 
of MIT using this method was 39.5 µM (95% CI 24.7–63.0 µM; 
n =  5; Figure�1B). TRPA1 activation with MIT was also evident 
in HEK293 cells transfected with mouse Trpa1 (mTRPA1) and 
surprisingly, 100 µM MIT had greater effect than 50 µM AITC 
(Figure�1C).

For comparison, we additionally carried out experiments using 
a commercially available mixture of CMIT (1.09%) and MIT 
(0.37%) also known as Kathon. It as well induced an A96-
inhibitable intracellular Ca2+ increase in hTRPA1-transfected 
HEK293 cells (Figure�1D). The EC50 dilution of Kathon was 
1:7770 (95% CI 1:10936–1:5685; n =  5) and contained calcu-
lated concentrations of 9.38 µM of CMIT and 4.14 µM of MIT 
(Figure�1E).

3.2   |   MIT- Induced TRPA1 Activation Is Dependent 
on Voltage and Is Attenuated by Mutating 
Cysteine 621

We performed whole-cell patch clamp measurements in 
hTRPA1-transfected HEK293 cells to verify MIT as a TRPA1 
activator (Figure�2). TRPA1 potentiation and desensitization are 
dependent on the permeation of extracellular Ca2+ through the 
channel [31]. Therefore, we did preliminary experiments in dif-
ferent Ca2+ conditions to discover the most compliant circum-
stances for EC50 determination. The results of the preliminary 
experiments are complemented as Data�S1. Concentration-
response curves of MIT-induced currents were constructed from 
recordings carried out under Ca2+-free conditions with HEK293 
cells transfected with human TRPA1 wild-type channel (hTR-
PA1-WT). The curve at � 70 mV shifted rightwards as com-
pared to that at +70 mV. EC50 values were 2.17 µM for +70 mV 
(95% CI 1.56–2.91 µM; n =  3) and 6.28 µM for � 70 mV (95% CI 
4.00–8.90 µM; n =  3) and the difference was statistically signif-
icant. These data implicate that the sensitivity of MIT-induced 
hTRPA1-WT activation was voltage-dependent. (Figure�2C,D).

The activation of TRPA1 by electrophiles relies on the cys-
teine at position 621 [25, 26]. HEK293 cells were transfected 
with hTRPA1 with cysteine 621 mutated to serine (hTRPA1-
C621S) and measurements were carried out in Ca2+-free con-
ditions. The TRPA1-activating effect of MIT was present and 
dose-dependent in hTRPA1-C621S transfected cells but was sig-
nificantly attenuated as compared to hTRPA1-WT transfected 
cells. At +70 mV, 30 µM MIT was required to reach the maxi-
mal current (Figure�2B) as compared to 10 µM in hTRPA1-WT 
(Figure� 2A). Consistently, hTRPA1-C621S exhibited a right-
ward shift of the MIT concentration-response curve as com-
pared to hTRPA1-WT at both +70 and � 70 mV (Figure�2C). The 
EC50 values were correspondingly increased, being 13.05 µM at 
+70 mV (95% CI 10.44–16.46 µM; n =  4) and 14.58 µM at � 70 mV 
(95% CI 11.74–18.19 µM; n =  4), both of which differed from their 
hTRPA1 WT counterpart in a statistically significant manner. 
However, the confidence intervals of the EC50 values between 
voltages overlapped and upon examination of the concentration-
response curve no shift was observed (Figure�2C,D).

Taken together, these data suggest that the cysteine at position 
621 significantly contributes to but is not essential for MIT-
induced TRPA1 activation, and that this amino acid confers 
voltage-sensitivity in MIT-induced TRPA1 activation.

3.3   |   MIT Displays no TRPA1- Antagonist 
Properties

We were interested if MIT exhibits antagonist properties on 
TRPA1. In hTRPA1 WT-transfected HEK293 cells under Ca2+-
free conditions 30 µM AITC was applied alone to activate TRPA1 
followed by 30 µM AITC together with 30 µM MIT (Figure�3A,B). 
Applying MIT together with AITC did not reduce AITC-induced 
currents. On the contrary, application of MIT trended to increase 
the currents (Figure�3C). Similar voltage-dependency was ob-
served with both treatments (Figure�3C) as previously with MIT 
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alone (Figure�2C). A96 abolished the currents, indicating they 
were TRPA1-dependent and TRPA1-specific. These data suggest 
that MIT has no TRPA1-antagonist properties.

3.4   |   MIT Induced Paw Edema in Mice and It Was 
Downregulated by Pharmacological or Genetic 
Inhibition of TRPA1

MIT induced an inflammatory paw edema when injected into 
the hind paw of anesthetized mice. Compared to the untreated 
wild- type mice, TRPA1-deficient mice and wild-type mice 
treated with the TRPA1 antagonist HC-030031 had significantly 
lower edema formation (Figure�4).

3.5   |   In the Mouse Model of MIT- Induced Allergic 
Contact Dermatitis, Upregulation of IL- 4 Expression 
Was Reduced in TRPA1- Deficient Mice

Mice were sensitized by applying MIT on the shaved abdomen 
twice within 3 days. The sensitized mice were then challenged 
by applying MIT on the dorsal side of an ear at the end of the 
weeklong experiment. Ear samples were collected 24 h after the 
challenge. IL-1�, IL- 6, IL-4, and IL-19 expression was elevated 
in the ear tissue in response to application of MIT. Comparing 
wild- type and TRPA1-deficient mice, IL-4 expression was sig-
nificantly lower in TRPA1-deficient mice, whereas there were 
no statistically significant differences in the expression of IL-1�, 
IL- 6, and IL-19 (Figure�5).

FIGURE �     |    MIT and CMIT/MIT- mixture (Kathon) cause a TRPA1-mediated increase in the intracellular Ca2+ levels in TRPA1-transfected 
HEK293 cells. The cells were loaded with Fluo 3 and preincubated for 30 min with a TRPA1-antagonist (10 µM A-967079 (A96) or 200 µM HC-030031 
(HC)) or vehicle solution before the measurement of intracellular calcium was started. The background was measured for 15 s. Then, MIT, CMIT/
MIT mixture water solution (Kathon) or AITC was added, and the measurement was continued for another 30 s. In HEK293 cells transfected with 
human TRPA1 (hTRPA1), MIT (A and B) and CMIT/MIT-mixture (Kathon; D and E) induced a dose responsive increase in intracellular Ca2+ lev-
els, which was blocked by the TRPA1 antagonist A-967079 (A96) (A and B). MIT also induced a TRPA1-dependent Ca2+ increase in mouse Trpa1 
(mTRPA1)-transfected cells (C). The results are presented as mean ±  SEM of the area under curve n =  5; a representative experiment is shown out 
of 2–3 with similar results. The statistical analysis was done using two-way anova and Tukey's multiple comparisons test. *p <  0.05, **p <  0.01 and 
***p <  0.001; ns, not significant. In (B and E), the Hill slopes were fit based on the results to estimate EC50.
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4   |   Discussion

The results indicate that MIT is a potent TRPA1 agonist which 
was shown in both Fluo 3-AM measurements and whole-cell 

patch clamp recordings. The maximal effect paralleled with 
that of the known TRPA1 agonist AITC. Treatment with the 
selective TRPA1 antagonist A-967079 abolished the effects of 
MIT in measurements carried out in both protocols indicating 

FIGURE �     |    TRPA1 is activated by MIT in whole-cell patch clamp recordings and cysteine at position 621 significantly contributes to MIT-
induced TRPA1 activation. In (A and B), representative whole-cell patch clamp recordings (out of at least three with similar results) are presented, 
showing membrane currents sampled at � 70 mV and +  70 mV in HEK293 cells transfected with wild-type human TRPA1 (hTRPA1-WT) (A) or with 
human TRPA1 where cysteine 621 had been mutated to serine (hTRPA1-C621S) (B). Based on the data on the Figure�S2, the cells were set in Ca2+-
free conditions (no Ca2+ in extracellular solution or intracellular pipette solution). MIT and the TRPA1 antagonist A-967079 (A96) were applied at 
concentrations indicated. In (C), relative concentration-response data of currents sampled at +70 mV and � 70 mV for hTRPA1-WT and hTRPA1-
C621S are shown. Data is presented as mean ±  SEM, n =  3–4. MIT 30 µM was set as 100%. Corresponding Hill-fit curves are also shown. In (D), 
is shown a summary of the EC50 data with 95% confidence intervals extracted from the Hill-fit curves shown in (C). Statistical testing in (C) was 
performed using logarithmic (base 10) EC50 values and standard errors and two-way ANOVA and Tukey's multiple comparisons test. *** indicates 
p <  0.001, ns, not significant.

FIGURE �     |    MIT exhibits no TRPA1-antagonist properties. In (A and B), representative whole-cell patch clamp recordings (out of at least three 
with similar results) are presented from HEK293 cells transfected with wild-type human TRPA1 under Ca2+-free conditions. MIT (30 µM), AITC 
(30 µM), their combination or A96 (5 µM) were bath-applied as indicated. In (A), is shown a representative time course of membrane currents sam-
pled at � 70 and +  70 mV during ramp changes. In (B), corresponding current–voltage (IV) relationships are shown. In (C), a summary of relative peak 
currents from n =  3 recordings is presented as mean ±  SEM. AITC at 30 µM (+70 mV) was set as 1 and other values are given in relation to that value. 
Statistical analysis was performed using two-way ANOVA and Tukey's multiple comparisons test. *p <  0.05; ns, not significant.
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a direct action on TRPA1. MIT was effective at relatively low 
concentrations as seen in whole-cell patch clamp recordings. 
EC50 values were substantially higher in Fluo 3-AM measure-
ments, which was expected based on our earlier work using 
the same protocols [20, 32]. Effective dosing in Fluo 3-AM 
measurements is typically higher possibly due to slow diffu-
sion during dispensing of compounds and uncontrolled mem-
brane potential.

Combination of MIT and CMIT, that is a preservative known as 
Kathon, was also shown to activate TRPA1 and the results in-
dicate that CMIT is even more an effective TRPA1 agonist than 
MIT. CMIT is also known to be the more potent allergen of the 
two, suggesting that the two features are linked.

Reactive cysteines of the TRPA1 channel are covalently mod-
ified by electrophilic activators and mediate TRPA1-activation 

FIGURE �     |    MIT- induced paw edema was downregulated by pharmacologic and genetic blockade of TRPA1. Right paws of anesthetized wild-
type (WT) and TRPA1-deficient (TRPA1� /� ) mice were injected with 50 µL of 30 mM MIT in PBS. There were two groups of WT mice: An untreat-
ed group (n =  5) and a group treated with the TRPA1-antagonist HC-030031 (HC; n =  3). Third group consisted of untreated TRPA1-deficient mice 
(n =  6). Paw volume was measured right before and 3 and 6 h after MIT injection and the volume by the time before injection was subtracted to calcu-
late volume increase. The results are presented as mean ±  SEM of paw volume increase. The statistical analysis was done using two-way anova and 
Tukey's multiple comparisons test. *p <  0.05, **p <  0.01 and ***p <  0.001; ns, not significant.
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are presented as mean +  SEM (n =  6). The statistical analysis was done using two-way anova and Tukey's multiple comparisons test. *p <  0.05 and 
**p <  0.01; ns, not significant.
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by those compounds (reviewed in [33]). The exact binding site of 
MIT in TRPA1 protein cannot be determined with the current 
results. However, MIT and CMIT have both been found to react 
with cysteines whereas CMIT can also react with histidine and 
lysine residues [24]. In our data, substituting cysteine in position 
621 (C621) with serine substantially moved the concentration-
response curve towards higher concentrations seen as a higher 
EC50 value. Therefore, MIT likely activates TRPA1 by modifying 
reactive cysteines such as C621.

We showed that MIT injected into hind paws of mice caused an 
acute inflammatory edema that was attenuated with genetic and 
pharmacologic blockade of TRPA1. This demonstrates TRPA1-
mediated effects of MIT in�vivo. Accordingly, another TRPA1-
agonistic contact allergen 2,4-dinitrochlorobenzene has also 
been shown to induce paw edema in a TRPA1-dependent man-
ner [20]. The acute inflammatory edema is probably a result of 
the release of neuroinflammatory mediators such as substance 
P and calcitonin gene related peptide from nociceptive nerve ter-
minals induced by Ca2+ influx via the TRPA1 channel [34].

Ca2+-sensitivity of the TRPA1 activation induced by MIT resem-
bled that of other previously published TRPA1 agonists: extra-
cellular Ca2+ first potentiates TRPA1 activation [31, 35, 36] and 
thereafter desensitizes/inactivates TRPA1 [31, 36] by permeat-
ing the channel [31]. In the preliminary experiments shown in 
Data�S1, MIT reproduced these phenomena. In the recordings 
containing extracellular Ca2+, TRPA1 activation by MIT in-
duced slowly increasing currents, followed by a rapid increase 
(potentiation) and thereafter a rapid decrease in the current, 
and desensitization to further MIT application. Furthermore, 
in conditions where the extracellular solution was Ca2+-free, 
only slowly increasing current was present, and no potentia-
tion/desensitization was observed. Previous literature also in-
dicates that intracellular Ca2+ can directly activate TRPA1 and 
increases single-channel currents already at submicromolar 
concentrations [37]. Consistently with the previous data, apply-
ing 0.3 µM Ca2+ in the intracellular pipette solution sensitized 
MIT- induced currents so that 0.1 µM MIT already induced sig-
nificant currents, whereas in Ca2+-free conditions 1 µM MIT 
was required.

TRPA1-mediated currents are voltage-dependent [33]. They typ-
ically exhibit a slight inward rectification at negative potentials 
and a stronger outward rectification at positive potentials, in-
dependently of divalent cations [38]. In our data, MIT-induced 
currents resembled this behavior irrespective of Ca2+ conditions 
used. Correspondingly, the � 70 mV concentration-response 
curve shifted rightwards as compared to the +70 mV curve and 
EC50 values increased, indicating that TRPA1 sensitivity to MIT 
was decreased at negative potentials. Interestingly, this pattern 
was lost with the C621S mutant channel: concentration-response 
curves showed no shift and EC50 values were similar between 
voltages. This suggests that C621 confers voltage-dependency 
of MIT-induced hTRPA1 activation. Previously, Macpherson 
et�al. [27] showed that mutating reactive cysteines of the mouse 
TRPA1 channel (C415S, C422S, and C622S) in addition to atten-
uating covalent chemical TRPA1 activation inhibited voltage-
induced TRPA1 activation. Therefore, reactive cysteines may 
mediate the voltage-sensitivity of the channel. However, to our 
knowledge, C621 has previously not been shown to be involved 

in voltage-dependency of human TRPA1 activation. Of note, the 
95% confidence intervals of EC50 values extracted from hTRPA1-
C621S measurements were relatively large. With these data, a 
small voltage-dependent effect cannot therefore be excluded.

Results of the MIT-induced ACD model showed that TRPA1-
deficient mice had a lower elevation of IL-4 expression in the 
challenged ear than wild-type mice. This complements our ear-
lier research, which illustrated that ablation of TRPA1 attenu-
ates type 2 T-helper (Th2) cell mediated inflammation [20, 39]. 
We hypothesize that haptens that activate TRPA1 have ampli-
fied potential to cause Th2-mediated contact allergy. This is 
supported by a study showing that Th2-driven sensitization to 
contact allergen fluorescein isothiocyanate can be enhanced 
with the TRPA1 agonists cinnamaldehyde and phthalate es-
ters [40]. The exact mechanism how TRPA1 promotes contact 
hypersensitivity, cannot be explained with these results, but 
the release of neuroinflammatory mediators substance P and 
calcitonin gene related peptide are suspected to be involved. 
Calcitonin gene related peptide has been reported to promote 
Th2-driven contact hypersensitivity while inhibiting Th1-type 
disease [41]. Interestingly, activation of another TRP-channel, 
TRPV1, has been shown to skew dendritic cells towards a 
Th2-mediated immune response via substance P release [42]. 
Both TRPA1 and TRPV1 are largely co-expressed in neurons 
and have interlinked functions [43]. Taken together, blocking 
TRPA1 could be a successful strategy to treat Th2-mediated 
forms of ACD.

The group of TRPA1-agonistic contact sensitizers is now com-
plemented with MIT and CMIT and previously it has been re-
ported to include 2,4-dinitrochlorobenzene [18–20], oxazolone 
[21], p-benzoquinone [22], and isoeugenol [23]. The former two 
have been tested in a similar ACD model used in the present 
study and reported to induce a strong increase in IL-4 expres-
sion. In both settings, the expression was downregulated in 
TRPA1-deficient mice. However, there are few structural sim-
ilarities between the known TRPA1-activating contact allergen 
compounds.

MIT is used in the European Union in cosmetics in rinse-off ap-
plications at concentrations up to 100 ppm (0.01%) which equals 
87 µM [44]. The protocol specific EC50 values for TRPA1 ago-
nism we report here (39.5 µM and 2.17–6.28 µM) are both lower 
than the above-mentioned limit value. This means that even in 
cosmetics MIT is allowed to be used at doses high enough to 
cause TRPA1 activation.

The current study has some limitations that should be comple-
mented with future studies. The in� vitro models only include 
experiments carried out with transfected cells. It would be valu-
able if the experiments were repeated with cells endogenously 
expressing TRPA1 in future studies. Also, some parts of the ex-
perimentation had relatively low n-value which limits statistical 
analysis and interpretation of the data. The effectiveness of MIT 
was in greater detail studied on human TRPA1, but the in�vivo 
research was done in mouse models. Additional research should 
verify if the effects of MIT on TRPA1 are truly translatable be-
tween the two species. In addition, immunophenotyping and 
measurement of a broader spectrum of cytokines are warranted 
in future studies to extend the present data.
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In conclusion, we show here, for the first time, that the preserva-
tive and known contact sensitizer methylisothiazolinone (MIT) 
is a potent agonist of human and mouse TRPA1. The exact bind-
ing site(s) remains to be studied, but cysteine 621 has a contri-
bution. MIT also presents TRPA1 mediated effects in� vivo as 
MIT- induced paw edema and IL-4 expression in MIT-induced 
allergic dermatitis were downregulated in TRPA1-defcient mice. 
This study extends the previous data showing that TRPA1 is in-
cluded in the pathogenesis of Th2-skewed contact allergy and is 
a potential drug target to treat Th2-driven diseases in the future.
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TRPA1 Mediates Contact Hypersensitivity
Induced by 2,4-Dinitrochlorobenzene
Journal of Investigative Dermatology(2023) 143, 1104e 1108; doi:10.1016/j.jid.2022.12.014

TO THE EDITOR
Allergic contact dermatitis (ACD) is an
increasing health problem with limited
treatment options. In this study, we
describe our recent “ndings showing
that TRPA1 mediates DNCB-induced
contact dermatitis in experimental
models. The results support TRPA1 as a
drug target to prevent/treat ACD.

The compound 2,4-dinitrocholoroben�
zene (DNCB) is a known contact sensi-
tizer and a potent cause of ACD. It is a
precursor molecule in industrial synthesis

and a widely used tool to study contact
hypersensitivity. Almost every subject
with an intact immune system is sensi-
tized to DNCB after suf“cient exposure
(Friedmann et al., 1983). When applied
to the skin, DNCB acts as an irritant
and as a hapten. The recognition of
DNCB� skin protein complexes by
Langerhans cells and secretion of cy-
tokines by injured keratinocytes
induce immunization (Ho et al.,
2015). Memory T cells are thus
formed, and re-exposure to DNCB

elicits an immune response. Both type
1 and type 2 T helper (Th) lymphocyte
(Th1 and Th2)-mediated responses are
involved in DNCB-induced hypersen-
sitivity (Gittler et al., 2013; Martin,
2015).

TRPA1 is a nonselective cation
channel expressed most famously in
sensory nerves and also in immune
cells and some other non-neuronal
cells (Atoyan et al., 2009; Naert et al.,
2021; Szabóet al., 2022). It is opened
by irritating exogenous compounds
such as allyl isothiocyanate from
mustard oil or by endogenous in”am-
matory factors such as reactive oxygen
and nitrogen species (Mahajan et al.,
2021). In addition to causing itch and
pain, TRPA1 activation is known to
cause neurogenic in”ammation by

Abbreviations: ACD, allergic contact dermatitis; DNCB, 2,4-dinitrocholorobenzene; Th, T helper;
TRPA1, transient receptor potential ankyrin 1
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inducing the release of substance P
and calcitonin gene-related peptide
(Koivisto et al., 2018; Zygmunt and
Högestätt, 2014).

DNCB has been reported to acti-
vate TRPA1 (Saarnilehto et al., 2014;
Wu et al., 2022); therefore, we hy-
pothesized that TRPA1 might have a
role in DNCB-induced contact hy-
persensitivity. It is of interest that
other contact sensitizers such as
oxazolone, p-benzoquinone, and
isoeugenol also activate TRPA1
(Anand et al., 2008; Ibarra and Blair,
2013; Liu et al., 2013).

In this study, we aimed to assess the
role of TRPA1 in DNCB-induced in-
”ammatory skin reactions in

experimental in vivo models of acute
in”ammatory edema and ACD.

Using Fluo 3-AM intracellular cal-
cium measurements, we showed
in vitro that DNCB is a potent TRPA1
agonist (Supplementary Figure S1a and
b). Accordingly, DNCB-induced in-
”ammatory paw edema in mice was
blocked by genetic and pharmacologic
inhibition of TRPA1 (Supplementary
Figure S1c).

In the experimental model of contact
hypersensitivity, DNCB-sensitized
TRPA1-de“cient mice were found to
have decreased local expression of cy-
tokines IL-4, IL-13, IL-19, and IFN-g
after DNCB challenge compared with
that of wild-type mice (Figure 1).

Cytokines associated with both Th1 and
Th2-type responses were down-
regulated, but the effect was more
obvious in Th2 cytokine expression.
TRPA1-de“cient mice had virtually no
DNCB-induced upregulation of IL-4 or
IL-13. Accordingly, a recent study
showed that TRPA1-de“cient mice had
lower Th2 cytokine expression in
DNCB-induced atopic dermatitis (Zeng
et al., 2021).

In the mechanistic studies, the ”ow
cytometry results showed that similar to
the glucocorticoid dexamethasone
(used as a control treatment),
the TRPA1 antagonist HC-030031
decreased the expression of CD54 and
CD86 on THP-1 cells after exposure to

Figure 1. The expression of Th1 and particularly Th2-related cytokines was lower in DNCB-challenged ear skin in TRPA1-de“cient mice than in wild-type
mice in the experimental model of DNCB-induced contact hypersensitivity. Twenty-“ve ml of 3% DNCB in 4:1 acetone:olive oil was applied to the shaved
abdomen of TRPA1-de“cient (KO) and wild-type mice on days 1 and 3 of the experiment to sensitize the mice to DNCB. On day 6, mice were challenged
with DNCB applied to their right ears. A vehicle solution of acetone:olive oil was applied to the left ear. After 24 hours, the ear samples were collected. RT-qPCR
was used to measure the expression of the genes (a) IL4, (b) IL13, (c) IL19, (d) IFNg, (e) IL6, (f) IL1b, and (g) TNFa. Ear thickness is portrayed inh. The results are
presented as the meanþ SEM (n¼ 6). *P < 0.05, **P < 0.01, and ***P < 0.001. DNCB, 2,4-dinitrocholorobenzene; KO, knockout; mIFNg, mouse IFNg; mIL,
mouse IL; ns, not signi“cant; Th, T helper; WT, wild-type.
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DNCB (Figure 2a and b). This result
indicates that treatment with HC-
030031 reduces the transformation of
THP-1 monocytes to antigen-presenting
cells. This suggests that TRPA1 might
have a role in sensitization to the con-
tact antigen. In this setting, only THP-1
cells were present. Therefore, TRPA1
should be expressed by THP-1 cells
themselves. In support, it has been
shown that TRPA1 is expressed in pri-
mary human monocytes and in the
macrophages of the gut of patients with
Crohn•s Disease (Billeter et al., 2015;
Kun et al., 2014), and on the basis of
our preliminary data, TRPA1 is also
expressed in THP-1 cells.

We also investigated how HC-
030031 treatment alters the expression
of sensitizer marker genes in HaCaT
keratinocytes (van der Veen et al.,

2015, 2013), which have been shown
to express TRPA1 under in”ammatory
conditions (Luostarinen et al., 2021).
The expression of two genes, namely,
SRXN1 and HMOX1, both related to
oxidative stress, was downregulated by
HC-030031 (Figure 2c and d).

We hypothesize that TRPA1 activation
by hapten molecules such as DNCB
might provoke the immune system to
recognize hapten� protein complexes as
antigens. This is supported by a previous
study showing that TRPA1-activating
phthalate esters and other non-
electrophilic TRPA1 agonists enhanced
dendritic cell traf“cking and skin sensiti-
zation to FITC in a TRPA1-mediated
manner in mice (Shiba et al., 2012). The
cinnamon-derived TRPA1 agonist cinna-
maldehyde (Zygmunt and Högestätt,
2014) has also been reported to cause

ACD (Attasuriyanan et al., 2019;
Guarneri, 2010; Isaac-Renton et al.,
2015; Lauriola et al., 2010). Cinna-
maldehyde also promotes sensitization to
FITC when given simultaneously (Shiba
et al., 2012). Therefore, we propose that
TRPA1 antagonists could prevent/treat
sensitization to common contact
sensitizers.

Further studies are needed to under-
stand the mechanisms of how TRPA1
promotes hypersensitivity/ACD. Candidate
mediators include neuroin”ammatory
transmitters such as calcitonin gene-
related peptide and substance P. Calci-
tonin gene-related peptide seems to
have an interesting two-way role in
contact hypersensitivity because it has
been shown to inhibit Th1-type contact
hypersensitivity but to promote Th2-type
disease (Kerage et al., 2019; Mikami
et al., 2011). It is also of interest
that neuronal TRPV1 activation skews
dendritic cells toward Th2-mediated
allergic immune response through the
release of substance P (Perner et al.,
2020). TRPA1 and TRPV1 are largely
coexpressed in neurons, and their func-
tions are widely interlinked (Fernandes
et al., 2012).

In conclusion, we showed that
DNCB is a potent TRPA1 agonist.
TRPA1 de“ciency attenuated the
expression of Th1 and more so Th2
in”ammatory cytokines in DNCB-
induced contact hypersensitivity in
mice. DNCB-induced monocyte acti-
vation to antigen-presenting cells
was attenuated by TRPA1 antagonist
treatment, as was the expression of the
DNCB-induced oxidative stress�
related genesSRXN1 and HMOX1 in
keratinocytes. We hypothesize that
TRPA1 activation is a contributing fac-
tor in the allergic contact sensitization
process and that TRPA1 activation
makes haptens, such as DNCB, more
potent sensitizers. The results support
TRPA1 antagonists as drugs with the
potential to prevent and/or treat ACD.

Ethics statement
Animal experiments were approved by
the Animal Experimental Board in
Finland and carried out in accordance
with the legislation for the protection of
animals used for scienti“c purposes
(grant numbers ESAVI/1258/2018 and
ESAVI/24887/2020, directive 2010/63/
EU).

Figure 2. TRPA1 antagonist treatment inhibits hypersensitivity-related phenomena in monocytes and
keratinocytes in vitro. (a, b) The TRPA1 antagonist HC-030031 attenuated the activation of DNCB-
challenged THP-1 monocytes into antigen-presenting cells as measured by ”ow cytometry. (c, d)
Expression of the sensitizer marker genesSRXN1and HMOX1 was downregulated by treatment with the
TRPA1 antagonist HC-030031 in HaCaT keratinocytes. The results are presented as the meanþ SEM
(n ¼ 6). ***P < 0.001 compared with the 25 mM DNCB-treated column. ##P < 0.01 and ###P < 0.001
compared with the vehicle-treated column. DNCB, 2,4-dinitrochlorobenzene; hHMOX1, human
HMOX1; hSRXN1, human SRXN1.
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SUPPLEMENTARY MATERIALS AND
METHODS
Reagents
Reagents were provided by Sigma-
Adrich (St. Louis, MO), if not indi-
cated otherwise.

Cell culture
Human embryonic kidney 293 cells
(ATCC, Manassas, VA) were cultured in
EMEM (Lonza, Verviers, Belgium) at 37
� C in 5% carbon dioxide. EMEM was
supplemented with fetal bovine serum
(10%), sodium pyruvate (1 mM), so-
dium bicarbonate (1.5%), nonessential
amino acids (0.1 mM each, all from
Lonza), streptomycin (100 mg/ml),
penicillin (100 IU/ml), and amphoter-
icin B (250 ng/ml, all from Gibco,
Thermo Fisher Scienti“c, Waltham,
MA). Cells were cultured on 96-well
plates (0.03 � 106/well) and tran-
siently transfected with humanTRPA1
(0.2 mg/well, Origene, Rockville, MD)
or mouse Trpa1 (0.2 mg/well, GeneCo-
poeia, Rockville, MD) plasmid using
Lipofectamine 2000 (0.5 ml/well, Invi-
trogen, Paisley, UK) 20 hours before the
experiments were started.

HaCaT keratinocytes (Boukamp
et al., 1988) from Cell Lines Service
(Eppelheim, Germany) were cultured at
37 � C in 5% carbon dioxide in DMEM
supplemented with 0.1 mM nonessen-
tial amino acids, fetal bovine serum
(10%) (all from Lonza), streptomycin
(100 mg/ml), penicillin (100 IU/ml), and
amphotericin B (250 ng/ml, all from
Gibco). Cells were cultured on 24-well
plates (0.2 � 106/well) and grown for
72 hours before the experiments.

THP-1 monocytes (ATCC) were
cultured at 37 � C in 5% carbon dioxide
in RPMI 1640 medium supplemented
with fetal bovine serum (10%), 4-(2-
hydroxyethyl)-1-piperazineethanesul�
fonic acid (10 mM), and sodium pyruvate
(1 mM; all from Lonza); sodium bicar-
bonate (1.5 mg/ml; Gibco), streptomycin
(100 mg/ml), penicillin (100 IU/ml), and
amphotericin B (250 ng/ml, all from
Gibco); and glucose (2.5 mg/ml) and
2-mercaptoethanol (0.05 mM). Cells
were seeded on 24-well plates (1� 106/
well) and cultured with the compounds
of interest.

Intracellular calcium measurements
Fluo 3-AM protocol was used to measure
2,4-dinitrochlorobenzene (DNCB)-

induced calcium-in”ux in TRPA1-
transfected human embryonic kidney
293 cells. Transiently transfected hu-
man embryonic kidney 293 cells were
loaded with Fluo 3-AM ester (2.5mM
Fluo 3-AM in Hanks• Basic Salt Solu-
tion [Lonza], pH 7.45, with 25 mM
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 1 mg/
ml BSA, 2.5 mM probenecid, and
0.08% Pluronic F-127) for 40 minutes
at room temperature. Subsequently,
the cells were washed, buffer solution
containing the TRPA1 antagonist HC-
030031 or vehicle was added to the
wells, and the cells were incubated at
37 � C for 30 minutes. Victor3 1420
multi-label counter (PerkinElmer,
Waltham, MA) at wavelength emis-
sion/excitation of 485/535 nm was
used to measure free intracellular
calcium concentrations. First, the
background ”uorescence was
measured for 30 seconds before add-
ing the TRPA1 agonist allyl isothio-
cyanate (50mM) or DNCB (1, 3, 10, or
50 mM), and the measurements were
continued for 30 seconds. The results
were normalized to background ”uo-
rescence, and the area under the curve
during a response to DNCB or allyl
isothiocyanate was calculated.

Flow cytometry
To examine the in”uence of TRPA1 on
cellular mechanisms of immunological
sensitization, ”ow cytometry was used
to measure THP-1 cell activation by
exposure to DNCB (25 mM). The
expression of cell surface proteins
CD54 and CD86 was quanti“ed to
evaluate the transformation of THP-1
monocytes into antigen-presenting
cells. Brie”y, after 24 hours of incuba-
tion with the compounds of interest, the
cell suspension was collected, centri-
fuged (400g, 5 minutes, 4 � C), washed
twice with BSA/PBS (1%), and blocked
for 20 minutes on ice with human Fc
receptor binding inhibitor (eBioscience,
San Diego, CA). Thereafter, the cells
were treated with FITC-labeled anti-
CD54 (ICAM-I) and PerCP-eFluor 710�
labeled anti-CD86 (B7-2) antibodies or
with appropriate isotype controls (all
from eBioscience) for 30 minutes on
ice, washed twice, and resuspended to
BSA/PBS (0.1%) and stored on ice in
the dark until analyzed with ”ow
cytometry using FACSCanto II (BD,

Franklin Lakes, NJ). Data were
analyzed with FlowJo software (Tree
Star, Ashland, OR).

DNCB-challenged HaCaT cells and
RT-qPCR analysis
We inventively used a protocol
created to identify potential contact
sensitizers (van der Veen et al., 2015,
2013) using human HaCaT keratino-
cytes. We investigated whether the
expression of the genes, known to be
upregulated by contact sensitizers,
would be attenuated by a TRPA1
antagonist in HaCaT cells challenged
with DNCB (25 mM). Cells were
treated with the compounds of interest
for 4 hours, and RNA was isolated
from the cells with RNA GenElute
Mammalian Total RNA Miniprep kit
and transcribed to cDNA using Max-
ima First Strand cDNA synthesis kit
(Thermo Fisher Scienti“c). qPCR was
performed using TaqMan Universal
Master Mix and ABI Prism 7500
sequence detection system (Applied
Biosystems, Foster City, CA). The
qPCR cycling parameters were incu-
bation at 50 � C for 2 minutes, incu-
bation at 95 � C for 10 minutes, and
thereafter at 40 cycles of denaturation
at 95 � C for 15 seconds and anneal-
ing and extension at 60 � C for 1
minute. Primer and probe sequences
are shown in Supplementary Table S1.
The 2� DDCT method was used to
calculate the expression levels of
genes of interest, which were “rst
normalized against GAPDH mRNA.

Animals
Wild-type and TRPA1-de“cient male
B6;129P-Trpa1tm1-Kykw/J mice were pro-
vided by Charles River Laboratories
(Sulz“eld, Germany). They were used to
investigate the effects of genetic ablation
of TRPA1 in experimental models of
DNCB-induced acute in”ammatory
edema and contacthypersensitivity. Mice
were housed under standard conditions
(12:12 hour day:night cycle, 22 � 1 � C).
Nutrition and water were provided freely.
Animal experiments were approved by
the Animal Experimental Board in
Finland and carried out in accordance
with the legislation for the protection of
animals used for scienti“c purposes
(grant numbers ESAVI/1258/2018 and
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ESAVI/24887/2020, directive 2010/63/
EU).

DNCB-induced acute in”ammatory
paw edema
We used classical mouse paw edema
model to measure the acute in”amma-
tory effect of DNCB. There were three
groups of mice: vehicle-treated wild-
type mice, wild-type mice treated with
the TRPA1 antagonist HC-030031 (300
mg/kg given intragastrically 2 hours
before DNCB injection), and the
vehicle-treated group of TRPA1-
de“cient mice. The affected paw was
injected with 50 ml of 15 mM DNCB,
whereas the contralateral side was
injected with vehicle only. The paw
volume was measured right before and
3 and 6 hours after the DNCB injection
using plethysmometer (Ugo Basile,
Comerio, Italy). The results in each time
point were calculated as the volume
increase from baseline in the DNCB-
affected paw subtracted by the

respective increase in the contralateral
vehicle-injected paw.

DNCB-induced contact
hypersensitivity
To study the role of TRPA1 in contact
hypersensitivity in vivo, wild-type and
TRPA1-de“cient mice were used in an
experimental model of contact hyper-
sensitivity induced by DNCB. Mice
were sensitized to DNCB (25ml of 3%
DNCB in 4:1 acetone:olive oil) on the
“rst and the third day of the experiment
by applying DNCB topically on shaved
abdomen. Three days later on day 6 of
the experiment, mice were challenged
by applying DNCB topically to their
right ear and vehicle to the left. Ear skin
samples were collected 24 hours later
on day 7, and RNA was isolated using
GenElute Mammalian Total RNA
Miniprep kit with proteinase K and
transcribed to cDNA using Maxima
First Strand cDNA synthesis kit (Thermo
Fisher Scienti“c). RT-qPCR was
performed as described earlier. Primer

and probe sequences are shown
in Supplementary Table S1.

Statistical analysis
The results were analyzed with Graph-
Pad Prism 5.02 for Windows (GraphPad
Software, San Diego, CA) using one-
and two-way ANOVA with Dunnett•s or
Bonferroni•s multiple-comparison post-
hoc test. The results are expressed as
the meanþ SEM with*P < 0.05, **P <
0.01, and ***P < 0.001.
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Supplementary Figure S1. TRPA1-agonistic features of DNCB in vitro and DNCB-induced in”ammatory paw edema.(a, b) In Fluo 3-AM measurements, DNCB
induced a TRPA1-mediated calcium in”ux in human embryonic kidney 293 cells transfected with a plasmid encoding (a) human and (b) mouse TRPA1. The Fluo
3-AM� loaded transfected human embryonic kidney 293 cells were preincubated for 30 minutes with the TRPA1 antagonist HC-030031 (200mM) or vehicle
solution before intracellular calcium measurement was started after dispensing of DNCB or allyl isothiocyanate to the cells. The ”uorescence normalized to
baseline was measured for 30 seconds, and the area under the curve during this time was calculated to represent a dynamic intracellular calcium concentration
increase. Allyl isothiocyanate (50mM) was used as a positive control. The results are presented as the meanþ SEM of the area under the curve (n¼ 6). *P< 0.05,
**P < 0.01, and ***P < 0.001. (c) DNCB-induced paw edema was effectively attenuated by treatment with the TRPA1 antagonist HC-030031 and by genetic
ablation of TRPA1. Mice were treated with the TRPA1 antagonist HC-030031 (300 mg/kg, i.g.) or its vehicle 2 hours before DNCB (15 mM) was injected into the
right hind paw of each mouse and vehicle solution to the left. The volume of both hind paws was measured before and 3 and 6 hours after the DNCB
application. The results in each time point were calculated as the volume change from baseline in the DNCB-injected paw subtracted by the respective change
in the contralateral vehicle-injected paw. The results are presented as the meanþ SEM (n¼ 6). ***P < 0.001. DNCB, 2,4-dinitrochlorobenzene; h, hour;
hTRPA1, human TRPA1; i.g., intragastric; KO, knockout; mTRPA1, mouse TRPA1; WT, wild-type.
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Supplementary Table S1. Primer and Probe Sequences and TaqMan Gene
Expression Assays Used in this Study
Gene Primer/Probe Sequence/Assay ID

human GAPDH Forward AAGGTCGGAGTCAACGGATTT

Reverse GCAACAATATCCACTTTACCAGAGTTAA

Probe CGCCTGGTCACCAGGGCTGC

mouse Gapdh Forward GCATGGCCTTCCGTGTTC

Reverse GATGTCATCATACTTGGCAGGTTT

Probe TCGTGGATCTGACGTGCCGCC

mouse Il6 Forward TCGGAGGCTTAATTACACATGTTC

Reverse CAAGTGCATCATCGTTGTTCATAC

Probe CAGAATTGCCATTGCACAACTCTTTTCTCA

mouse Tnf Forward GACCCTCACACTCAGATCATCTTCT

Reverse CCTCCACTTGGTGGTTTGCT

Probe AAAATTCGAGTGACAAGCCTGTAGCCCA

human SRXN1 Hs00607800_m1

human HMOX1 Hs01110250_m1

mouse Il4 Mm00445259_m1

mouse Il13 Mm00434204_m1

mouse Il19 Mm01288324_m1

mouse Ifng Mm01168134_m1
mouse Il1b Mm00434228_m1

Abbreviation: ID, identi“cation.
Primer and probe sequences were obtained from Metabion GmbH (Planegg, Germany), and TaqMan
gene expression assays from Thermo Fisher Scienti“c (Waltham, MA).
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TRPA1 as�a�potential factor and�drug target 
in�scleroderma: dermal �brosis and�alternative 
macrophage activation are attenuated 
in�TRPA1-de�cient mice in�bleomycin-induced 
experimental model of�scleroderma
Ilari Mäki-Opas1*, Mari Hämäläinen1, Eeva Moilanen1 and Morena Scotece1,2 

Abstract  

Background  Systemic sclerosis is a rheumatoid disease best known for its �brotic skin manifestations called sclero-
derma. Alternatively activated (M2-type) macrophages are normally involved in the resolution of in�ammation and 
wound healing but also in �brosing diseases such as scleroderma. TRPA1 is a non-selective cation channel, activation 
of which causes pain and neurogenic in�ammation. In the present study, we investigated the role of TRPA1 in bleomy-
cin-induced skin �brosis mimicking scleroderma.

Methods  Wild type and TRPA1-de�cient mice were challenged with intradermal bleomycin injections to induce a 
scleroderma-mimicking disease. Macrophages were investigated in vitro to evaluate the underlying mechanisms.

Results  Bleomycin induced dermal thickening and collagen accumulation in wild type mice and that was signi�cantly attenu-
ated in TRPA1-de�cient animals. Accordingly, the expression of collagens 1A1, 1A2, and 3A1 as well as pro-�brotic factors TGF-
beta, CTGF, �bronectin-1 and YKL-40, and M2 macrophage markers Arg1 and MRC1 were lower in TRPA1-de�cient than wild 
type mice. Furthermore, bleomycin was discovered to signi�cantly enhance M2-marker expression particularly in the presence 
of IL-4 in wild type macrophages in vitro, but not in macrophages harvested from TRPA1-de�cient mice. IL-4-induced PPAR�-
expression in macrophages was increased by bleomycin, providing a possible mechanism behind the phenomenon.

Conclusions  In conclusion, the results indicate that interfering TRPA1 attenuates �brotic and in�ammatory responses 
in bleomycin-induced scleroderma. Therefore, TRPA1-blocking treatment could potentially alleviate M2 macrophage 
driven diseases like systemic sclerosis and scleroderma.

Keywords  Scleroderma, Systemic, Autoimmune diseases, In�ammation, TRPA1, Transient receptor potential channels, 
Macrophages
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Background
Systemic sclerosis, also known as scleroderma, is a rheu-
matoid disease a�ecting about 1–4 in 10,000 people 
(prevalence) [1]. In the pathophysiology of the disease, 
�brosis follows autoimmunity, in�ammation, and vas-
culopathy of small arterioles. Clinical manifestations are 
versatile. Typical �rst manifestations include common 
symptoms such as Raynaud’s phenomenon and gastroe-
sophageal re�ux [2]. �erefore, the disease is not easy 
to detect early. �is is one of the main challenges in the 
treatment of the disease, as reversible in�ammation at 
the beginning is later followed by irreversible �brosis of 
skin, namely the scleroderma, and more fatally, �brosis 
of many internal organs. One of the most widely used 
experimental models of the disease is bleomycin-induced 
scleroderma, where subcutaneous injections of bleomy-
cin induce scleroderma-like histopathologic changes imi-
tating in�ammatory and �brotic features of the disease 
[3].

Macrophages are leukocytes that have versatile roles 
in in�ammation, tissue repair, and metabolic homeo-
stasis [4]. In�ammatory features of systemic sclerosis 
include overactivation of alternatively activated (M2 
type) macrophages [3]. M2 macrophages are activated 
most famously by type 2 immunity-associated cytokines, 
particularly IL-4 and IL-13. M2 macrophages are referred 
as anti-in�ammatory macrophages as they have a role in 
the suppression and resolution of in�ammation and in 
the scar formation, but their overactivation may lead to 
unwanted �brosis [5].

Transient receptor potential ankyrin 1 (TRPA1) is a 
non-selective cation channel investigated predominantly 
in nociceptors, but it is currently known to be expressed 
in some other cell types as well [6]. Non-neuronal cells 
expressing TRPA1 include �broblasts [7], keratinocytes, 
melanocytes, and macrophages [8–11]. Although some 
level of activation by thermal and mechanical stimulus 
has been shown, TRPA1 is mainly activated by exogenous 
irritating substances like AITC from mustard oil and by 
endogenous in�ammatory mediators like reactive oxy-
gen and nitrogen species and bradykinin [12]. Opening of 
TRPA1 leads to an increase in the intracellular calcium 
which in neurons can trigger action potential and release 
of mediators of neurogenic in�ammation such as sub-
stance P and calcitonin gene related peptide (GCRP) [13].

In the present study, we hypothesized that TRPA1 
activation may have a role in macrophage polariza-
tion towards alternatively activated M2 phenotype. 
�e hypothesis was inspired by animal studies where 
genetic ablation of TRPA1 was shown to exacerbate 
M1-driven diseases atherosclerosis and renal ischemia-
reperfusion injury [14, 15]. In the earlier atherosclerosis 
mouse model study, macrophages from TRPA1-de�cient 

mice were also shown to have downregulated expres-
sion of M2 markers. �e present study approaches the 
hypothesis from a more direct angle. If TPRA1 mediates 
M2-macrophage activation, its inhibition should attenu-
ate M2 driven diseases. Scleroderma is an example of 
such disease. �erefore, we set out to compare mice with 
functional and non-functional TRPA1-gene in bleomy-
cin-induced model of scleroderma and complemented 
the study with in� vitro experiments in cultured mouse 
macrophages.

Methods
Animals
Wild type (WT) and TRPA1-de�cient male B6;129P-
Trpa1(tm1Kykw)/J mice (Charles River Laboratories, 
Sulzfeld, Germany) were used in the bleomycin-induced 
experimental model of scleroderma. Mice were bred at 
Tampere University preclinical facility under standard 
conditions (12:12 light to dark cycle, 22 �  1°C tempera-
ture, 50–60% humidity), and food and water were pro-
vided ad�libitum. Animal experiments were carried out in 
accordance with the EU legislation for the protection of 
animals used for scienti�c purposes (Directive 2010/63/
EU), and the study was approved by the National Animal 
Experiment Board (ESAVI/24887/2020).

Bleomycin administration
Bleomycin (Cayman Chemical, Michigan, USA) was 
dissolved in sterile phosphate-bu�ered saline (PBS) in 
the �nal concentration of 0.5 mg/ml. �e upper dorsa 
of mice were shaved, and a square (about 1.5 cm2) was 
drawn with a marker. Mice were anesthetized with sevo-
�urane inhalation, and using a 27-gauge needle, 100 ml of 
bleomycin was administrated i.d. in the shaved area every 
other day for 28 days. �e bleomycin injection sites were 
rotated. �e day after the last injection, the mice were 
euthanized and the injected skin was cut with a 6 mm 
punch. Two 6-mm skin specimens were �xed in 10% for-
malin and used for histological analyses. One specimen 
was stored in RNA-later solution (Invitrogen, Life tech-
nologies, Carlsbad, CA, USA) and processed for RNA 
extraction. Skin samples were obtained from TRPA1-
de�cient and wild type mice injected with bleomycin (n 
�  6). Control skin was collected from TRPA1-de�cient 
and wild type mice (n �  6) that did not receive bleomycin 
treatment.

Histological analysis
Skin samples were �xed in 10% formalin and embed-
ded in para�n. Sections of skin (6 mm thick) were cut, 
mounted on slide, and stained with hematoxylin and 
eosin (HE, Histolab Products AB, Göteborg, Sweden) 
or with Masson’s trichrome (Sigma-Aldrich Chemical 
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Company, St. Louis, MO, USA). Dermal thickness (mm) 
was assessed in HE stained sections by measuring the 
distance between the epidermal-dermal junction and the 
dermal-fat junction at six randomly selected locations 
in each section using ImageJ software. Collagen-content 
was measured in Masson’s-stained sections by ImageJ 
software as previously described [16].

Cell culture
Mouse J774 macrophages (American Type Culture Col-
lection, Manassas, VA) were cultured in Dulbecco’s 
modi�ed Eagle’s medium with Ultraglutamine 1 (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% heat-
inactivated fetal bovine serum (R&D Systems Europe Ltd, 
Abingdon, UK), 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 250 ng/ml amphotericin (all three from 
Invitrogen, Carlsbad, CA) at 37 °C in a 5% CO2 atmos-
phere. For RNA extraction and preparation of whole-cell 
lysates for Western blotting, the cells were cultured in 
24-well plates with medium containing the compounds 
of interest.

Isolation and culturing of mouse peritoneal mac-
rophages from TRPA1-de�cient and wild type mice were 
carried out as described in Korhonen et�al. 2015 [17]. In 
each experiment, cells from six wild type and six knock-
out mice were pooled to give n �  4.

RNA extraction and�quantitative RT-PCR
RNA from skin samples, and from J774 and peritoneal 
macrophages was extracted using the GenElute Mamma-
lian Total RNA Miniprep Kit (Sigma-Aldrich Chemical 

Company, St. Louis, MO, USA), according to the manu-
facturer’s instructions. Total RNA from skin samples 
and peritoneal macrophages was reverse-transcribed to 
cDNA by using Maxima First Strand cDNA Synthesis 
Kit for RT-qPCR (�ermo Fisher Scienti�c, Waltham, 
MA, USA) and from J774 macrophages by using TaqMan 
Reverse Transcription reagents (Applied Biosystems, 
Foster City, CA, USA). After the transcription reac-
tion, the cDNA obtained was subjected to PCR using 
TaqMan Universal PCR Master Mix and ABI PRISM 
7500 Sequence detection system (Applied Biosystems). In 
the case of IL-6, Arg1, COX-2, and GAPDH, the primer 
and probe sequences and concentrations were optimized 
according to the manufacturer’s guidelines in TaqMan 
Universal PCR Master Mix Protocol part number 
4304449 revision C and are summarized in Table�1. Prim-
ers and probes were purchased from Metabion (Martin-
sried, Germany).

TaqMan Gene Expression assays for mouse colla-
gen type I alpha 1 chain (COL1A1) (Mm00801666_
g1), mouse collagen type I alpha 2 chain (COL1A2) 
(Mm00483888_m1), mouse collagen type III alpha 1 
chain (COL3A1) (Mm01254476_m1), mouse transform-
ing growth factor beta 1 (TGF-b1) (Mm01178820_m1), 
mouse �bronectin-1 (Mm01256744_m1), mouse con-
nective tissue growth factor (CTGF) (Mm01192933_g1), 
mouse chitinase-3-like protein 1 (CHI3L1) also known 
as YKL-40 (Mm00801477_m1), mouse interleukin-13 
(IL-13) (Mm00434204_m1), mouse mannose recep-
tor C-type 1 (MRC-1) (Mm01329362_m1), mouse per-
oxisome proliferator-activated receptor gamma (PPAR�) 

Table 1  Primer and probe sequences of GAPDH, IL6, Arg1, and COX-2

Primer/probe Sequence

Mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

  Forward primer 5�-GCA​TGG​CCT​TCC​GTG​TTC​-3�

  Reverse primer 5�-GAT​GTC​ATC​ATA​CTT​GGC​AGG​TTT​-3�

  Probe 5�-TCG​TGG​ATC​TGA​CGT​GCC​GCC-3�

Mouse interleukin 6 (IL-6)

  Forward primer 5�-TCG​GAG​GCT​TAA​TTA​CAC​ATG​TTC​-3�

  Reverse primer 5�-CAA​GTG​CAT​CAT​CGT​TGT​TCA​TAC​-3�

  Probe 5�-CAG​AAT​TGC​CAT​TGC​ACA​ACT​CTT​TTC​TCA​-3�

Mouse arginase 1 (Arg1)

  Forward primer 5�-TCC​AAG​CCA​AAG​TCC​TTA​GAG​ATT​AT-3�

  Reverse primer 5�-CGT​CAT​ACT​CTG​TTT​CTT​TAA​GTT​TTTCC-3�

  Probe 5�-CGC​CTT​TCT​CAA​AAG​GAC​AGC​CTC​GA-3�

Mouse cyclooxygenase 2 (COX-2)

  Forward primer 5�-GCC​AGG​GCT​GAA​CTT​CGA​A-3�

  Reverse primer 5�-CAA​TGG​GCT​GGA​AGA​CAT​ATCAA-3�

  Probe 5�-CTC​ACG​AGG​CCA​CTG​ATA​CCT​ATT​GCA​TTG​-3�
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(Mm01184322_m1), and mouse monocyte chemoattract-
ant protein 1 (MCP-1) (Mm00441242_m1) were obtained 
from �ermoFisher Scienti�c, Waltham, MA, USA. �e 
PCR cycling parameters were as follows: incubation at 50 
°C for 2 min, incubation at 95 °C for 10 min, and thereaf-
ter 40 cycles of denaturation at 95 °C for 15 s and anneal-
ing and extension at 60 °C for 1 min. �e mRNA levels 
were normalized against the housekeeping gene GAPDH 
mRNA levels and quanti�ed using the ��Ct method.

Protein extraction and�Western blotting
Cells were incubated in the presence or absence of IL-4 
(1 ng/ml) and treated with bleomycin (10 �g/ml) for 
the indicated time. �ereafter, whole-cell lysates were 
prepared and Western blot carried out as previously 
described [18] with primary antibodies #56554 for phos-
pho-STAT6 and #9362 for STAT6 from Cell Signaling 
Technology (Beverly, MA, USA).

Statistical analysis
�e results are presented as the mean �  standard error 
of the mean (SEM). One or two way analysis of variance 
(ANOVA) followed by Tukey’s or Bonferroni’s multiple 
comparison test was used. p values less than 0.05 were 

considered signi�cant. Data were analyzed using the 
Prism computerized package (GraphPad Software, San 
Diego, CA, USA).

Results
TRPA1-de�cient mice have attenuated bleomycin-induced 
dermal thickening
To determine the role of TRPA1 in bleomycin-induced 
scleroderma, skin specimens were collected from WT 
and TRPA1-de�cient mice and stained with hematoxy-
lin and eosin to evaluate the dermal thickness. WT and 
TRPA1-de�cient control mice did not present any dif-
ference in dermal thickness (Fig.�1). Interestingly, when 
analyzing the mice treated with bleomycin, we observed 
a clearly and signi�cantly attenuated increase in the der-
mal thickness in TRPA1-de�cient mice compared with 
WT mice (Fig.�1).

Bleomycin-induced collagen accumulation is�attenuated 
in�TRPA1-de�cient mice
We investigated the collagen content in the mouse skin 
by using Masson’s trichrome stain. As shown in the his-
tological images (Fig.�2 A), and in the bar graph (Fig.�2 B), 
collagen content in the skin was increased in bleomycin 

Fig. 1  TRPA1-de�cient mice presented attenuated dermal thickening in response to bleomycin injections. Skin sections of control and bleomycin 
treated wild type (WT) and TRPA1-de�cient (TRPA1� /� ) mice were stained with hematoxylin and eosin. Representative images are shown (A) and 
data of dermal thickness measurements are summarized as a graph (B). Dermal thickness (rectangular blank bar in A) was calculated by averaging 
the thickness measured at six randomly selected locations in each section using the ImageJ software. Bars represent means of the dermal thickness 
�  SEM; n  �   6. ***p < 0.001 between bleomycin-treated WT and TRPA1-de�cient mice; ###p < 0.001 between control and bleomycin-treated mice 
within the same genotype
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Fig. 2  Bleomycin-induced collagen accumulation was attenuated in the skin of TRPA1-de�cient mice. Representative images of Masson’s 
trichrome-stained sections of mouse skin harvested after 28 days of treatment with bleomycin or from control mice (A). Graphical representation 
of collagen measurement (B). Collagen content was measured using the ImageJ software. Col1A1 (C), Col1A2 (D), and Col3A1 (E) mRNA expression 
in the skin from WT and TRPA1-de�cient (TRPA� /� ) mice treated with bleomycin and in corresponding controls were measured by RT-PCR and 
normalized against GAPDH mRNA. WT control was given the value of 1 and the other values are set in the proportion to that value. Bars represent 
means of the collagen content �  SEM; n  �   6. *p < 0.05, **p < 0.01 between bleomycin treated WT and TRPA1-de�cient mice; ###p < 0.001 and #p < 
0.05 between control and bleomycin treated mice within the same genotype
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treated mice as compared to the control mice (Fig.�2 A 
and B). Interestingly, collagen accumulation in bleomy-
cin-treated TRPA1-de�cient mice was signi�cantly lower 
than in the WT counterparts. No di�erence was detected 
between WT and TRPA1-de�cient control groups (Fig.�2 
A and B).

Consistently with the reduced collagen content meas-
ured by histology, we also found that TRPA1-de�cient 
mice presented a signi�cantly lower expression of colla-
gens Col1A1 (Fig.�2 C), Col1A2 (Fig.�2 D), and Col3A1 
(Fig.�2 E) in the bleomycin-treated skin as compared with 
WT mice.

Bleomycin-induced expression of�pro-�brotic mediators 
is�lower in�TRPA1-de�cient mice
To further elucidate the role of TRPA1 in bleomycin-
induced skin �brosis, we examined the expression of pro-
�brotic mediators in the skin samples. As reported in the 
Fig.�3, the expression of TGF-b1 (A), �bronectin-1 (B), 
CTGF (C), and YKL-40 (D) was signi�cantly lower in the 
skin from bleomycin-treated TRPA1-de�cient mice than 
in the samples from WT counterparts (Fig.�3). Moreo-
ver, we investigated the expression of in�ammatory fac-
tors IL-6 (E), MCP-1 (F), and COX-2 (G) and observed 
that these mediators tended to be lower in the skin from 
bleomycin-treated TRPA1-de�cient mice compared with 
bleomycin-treated WT mice, but the di�erence did not 
reach statistical signi�cance.

Markers of�M2-type macrophage activation are lower 
in�bleomycin-treated TRPA1-de�cient mice
Considering the critical role of alternatively activated 
M2-type macrophages in tissue �brosis, we also investi-
gated the characteristic M2 markers in the skin from WT 
and TRPA1-de�cient mice injected with bleomycin. As 
reported in the Fig.�4, the expression of arginase-1 (A), 
MRC-1 (B), and IL-13 (C) was increased in the skin from 
bleomycin-treated WT mice as compared to samples 
from control mice (Fig.�4). Interestingly, the expression 
of these factors was signi�cantly lower in the skin from 
bleomycin-treated TRPA1-de�cient mice than in the 
skin samples from WT mice, indicating that TRPA1 de�-
ciency reduces M2-macrophages contributing to its anti-
�brotic e�ect in bleomycin-induced dermal �brosis.

Bleomycin augments macrophage polarization towards�M2 
phenotype
We set up an in� vitro protocol to investigate the e�ect 
of bleomycin on M2-type macrophage activation. J774 
mouse macrophages were incubated with bleomycin for 
24 h before the expression of M2 markers was measured 
using RT-PCR. Bleomycin enhanced the expression of 

arginase-1 and MRC-1 in a dose-dependent manner in 
macrophages in the presence of a low concentration of 
the known M2-inducing cytokine IL-4 (Fig.�5 A and D). 
In the absence of IL-4, bleomycin had a minor yet sta-
tistically signi�cant M2-polarizing e�ect at 1–10 �g/ml 
concentrations (Fig.�5 A and C).

To further investigate the mechanisms of the bleo-
mycin-ampli�ed M2-type activation, we measured the 
e�ects of bleomycin on two essential intracellular signal-
ing mechanisms involved in the process, namely STAT6 
and PPAR�. PPAR� expression was enhanced by IL-4 
as expected. Interestingly, bleomycin further enhanced 
IL-4-induced PPAR� expression, and the e�ect was sta-
tistically signi�cant when measured after 4 h incubation 
(Fig.�6 A). Bleomycin tended to increase PPAR� expres-
sion also in the absence of IL-4 but the e�ect did not 
reach statistical signi�cance.

STAT6 phosphorylation was measured using Western 
blot. IL-4 induced a signi�cant increase in STAT6 phos-
phorylation, but bleomycin had no e�ect in the presence 
or absence of IL-4 (Fig.�6 B).

Genetic deletion of�TRPA1 reduced IL-4 and�bleomycin 
induced expression of�M2-markers arginase-1 and�MRC-1
Peritoneal macrophages from WT and TRPA1-de�cient 
mice were incubated for 24 h with bleomycin, IL-4, or 
their combination. Similarly with the results in the J774 
macrophage experiments, M2-markers arginase-1 and 
MRC-1 were upregulated by IL-4 in macrophages from 
WT mice, and this e�ect was enhanced by bleomycin. 
Interestingly, in primary peritoneal macrophages from 
TRPA1-de�cient mice, the expression of the M2 markers 
was signi�cantly less enhanced in response to IL-4 and 
IL-4 �  bleomycin treatment (Fig.�7 A and B).

IL-4 stimulated also IL-13 expression in WT peritoneal 
macrophages, but this e�ect was not seen in the TRPA1-
de�cient cells, suggesting a TRPA1-mediated mechanism 
(Fig.�7 C).

Discussion
In the present study, we show �rst evidence of the 
involvement of TRPA1 in bleomycin-induced model 
of scleroderma. In histological analysis of bleomycin-
challenged mouse skin, there was a signi�cant di�er-
ence in the skin thickness and collagen accumulation 
when comparing wild type and TRPA1-de�cient mice. 
Attenuated collagen expression in the skin samples 
from TRPA1-de�cient mice was also seen in RT-PCR 
measurements. �ese �ndings indicate that the pres-
ence of TRPA1 ampli�es histologic manifestations that 
are presented in scleroderma. Collagen accumulation 
is a main characteristic of scleroderma. In patients, it is 
most prominent in reticular dermis and adipose tissue 
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Fig. 3  Pro-�brotic factor expression in the skin of bleomycin-treated TRPA1-de�cient mice was inhibited. TGF-�1 (A), �bronectin-1 (B), CTGF (C), 
YKL-40 (D), IL-6 (E), MCP-1 (F), and COX-2 (G) expression in the skin from WT and TRPA1-de�cient (TRPA1� /� ) mice treated with bleomycin were 
assessed by RT-PCR and normalized against GAPDH mRNA. WT control was given the value of 1 and the other values are set in the proportion to 
that value. Data are expressed as mean �  SEM; n �   6. *p < 0.05, **p < 0.01 between bleomycin treated WT and TRPA1-de�cient mice; #p < 0.05, ##p 
< 0.01, ###p < 0.001, p �  0.0518, p �  0.0501 between control and bleomycin treated mice within the same genotype
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underneath is often involved as collagen entraps adi-
pose cells [3]. �is can be also seen in our histologic 
preparations of mouse skin and those changes were less 
severe in TRPA1-de�cient mice.

We also investigated the expression of genes related to 
�brosis and M2-type macrophage activation in bleomy-
cin-challenged mouse skin. Bleomycin exacerbated the 
expression of pro-�brotic factors transforming growth 
factor beta (TGF-�), �bronectin 1, and connective tissue 

growth factor (CTGF) in wild type mice skin samples, 
but this was not seen in samples from TRPA1-de�cient 
mice, which suggests a shutdown of those pathways. 
YKL-40 mRNA levels were signi�cantly upregulated in 
both genotypes, but this phenomenon was more mod-
est in TRPA1-de�cient mice. TGF-�, �bronectin 1, and 
CTGF are pro-�brotic factors that cause loss of adipo-
genic dermal �broblasts [19], catalyze collagen binding 
[20], and enhance extracellular matrix production [21] 

Fig. 4  Expression of M2-type macrophage markers in response to bleomycin treatment was lower in TRPA1-de�cient mice. Expression of arginase-1 
(A), MRC-1 (B), and IL-13 (C) mRNA in the skin from WT and TRPA1-de�cient (TRPA1� /� ) mice treated with bleomycin was measured by RT-PCR. 
The values of the mRNA of interest were normalized against GAPDH mRNA. WT control was given the value of 1 and the other values are set in the 
proportion to that value. Data are expressed as mean �  SEM; n  �   6. *p < 0.05, **p < 0.01 between bleomycin treated WT and TRPA1-de�cient mice; 
#p < 0.05, ##p < 0.01, ###p < 0.001 between control and bleomycin treated mice within the same genotype

Fig. 5  Bleomycin enhanced the expression of M2 markers in J774 macrophages with or without IL-4. J774 macrophages were incubated for 24 
h with increasing concentrations of bleomycin in the absence and in the presence of IL-4 (1 ng/ml). Arginase-1 (mArg-1; A and B) and mannose 
receptor C type 1 (mMRC-1; C and D). mRNA levels were measured with RT-PCR and normalized to GAPDH mRNA. WT control was given the value 
of 1 and the other values are set in the proportion to that value. Results are presented as mean �  SEM; n �  4. *p < 0.05, **p < 0.01, ***p < 0.001 
between the control (0) and the value beneath
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respectively. YKL-40 has been proposed to be a driver of 
�2 in�ammation and M2-type macrophage activation in 
mouse skin in�ammation [22].

Alternatively activated (M2-type) macrophages are 
major facilitators of wound healing and �brosis [4, 23], 
and therefore, we investigated the presence of M2-acti-
vation markers in the bleomycin-challenged skin. Two of 
the most widely used mouse M2-markers arginase 1 and 
mannose receptor C type 1 (MRC-1) were measured. Ble-
omycin treatment enhanced the expression of these M2 
activation markers in skin samples from wild type mice, 
but the response was signi�cantly less severe in the sam-
ples from TRPA1-de�cient mice. Arginase 1 upregulation 
by bleomycin was not even noticeable in knock-out mice. 

Arginase 1 is secreted by M2-type macrophages in mice 
and promotes �brosis via its secondary metabolite orni-
thine that boosts collagen biosynthesis leading to �bro-
sis [24]. Similarly attenuated was IL-13 expression, which 
is an interleukin released by �2-cells and is one of the 
main inducers of M2 activation [3, 25]. �ese results sug-
gest that TRPA1 activation supports M2-polarization of 
macrophages.

�e three main components of this study’s hypothesis 
are bleomycin, macrophages and TRPA1. In�vitro meth-
ods were used here to focus on these speci�c factors. 
In experiments carried out by using J774 murine mac-
rophages, it was found that bleomycin, though not solely 
a strong inducer of M2-markers, ampli�es IL-4-induced 

Fig. 6  IL-4-induced expression of PPAR� was enhanced by bleomycin; no e�ect on STAT6 phosphorylation. J774 cells were incubated with 
bleomycin and/or IL-4 for the indicated time. In A: PPAR� mRNA levels were measured with RT-PCR and normalized to GAPDH mRNA. Untreated 
control cells were given the value of 1 and other values are set in the proportion to that value. Data are expressed as mean �  SEM, n �  4. *p < 
0.05, **p < 0.01, ***p < 0.001 vs. untreated control cells (vehicle group) in the same time point. ##p < 0.01 between the marked pair of values (A). In 
B: pSTAT6 protein levels were assessed using Western blot and normalized to total STAT6. pSTAT6/total STAT6 ratio in the IL-4-treated cells at each 
timepoint was set as 100% and the other values are presented in relation to that value. Bleomycin had no statistically signi�cant e�ects when added 
on top of IL-4
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M2-type macrophage activation. �e interaction 
between IL-4 and bleomycin was statistically signi�cant 
when tested using two-way analysis of variance. �is 
e�ect has not been described previously and extends our 
understanding on the mechanisms of bleomycin-induced 
scleroderma. In a smaller scale, also bleomycin alone had 
a statistically signi�cant e�ect upregulating M2-markers 
in J774-macrophages.

STAT6 and PPAR� are two major intracellular signaling 
pathways supporting M2-type macrophage polarization 
[26]. STAT6 was ruled out as a likely mechanism behind 
the e�ect of bleomycin, whereas PPAR� was identi�ed as 
a potential mediator. We found that 2 h after challenge 
with a combination of IL-4 and bleomycin PPAR� mRNA 
levels were higher than when treated with IL-4 alone. �e 
di�erence was the most signi�cant at the 4 h timepoint. 
Prolonging the action of PPAR� and increasing its total 
e�ect is therefore suggested to be involved in the poten-
tial mechanisms by which bleomycin induces M2-type 
activation of macrophages.

To investigate e�ects of TRPA1 de�ciency in in� vitro 
models on IL-4 �  bleomycin challenged macrophages, 
primary macrophages collected from peritoneal cav-
ity of WT and TRPA1-de�cient mice were utilized. In 
primary macrophages of wild type mice, the same phe-
nomenon of bleomycin boosting the e�ect of IL-4 was 
repeated. In macrophages of TRPA1-de�cient mice, how-
ever, the interaction was missing. �erefore, we conclude 
that bleomycin interacts with IL-4 in a TRPA1-mediated 
mechanism.

TRPA1 has been shown to be involved in in�ammation, 
especially in the skin [27]. Many in�ammatory modulators, 

most famously bradykinin, sensitize TRPA1 [12, 28]. �e 
release of mediators of neurogenic in�ammation, such 
as substance P and calcitonin gene related peptide, from 
nerve endings due to TRPA1 activation is accompa-
nied with modulation of many genes a�ecting cutaneous 
in�ammation [ 27]. In addition to cutaneous nerve endings, 
human melanocytes [9, 29] and keratinocytes [8, 9] also 
express TRPA1 [9]. �ere are only a few studies investigat-
ing the action of TRPA1 on monocytes and macrophages: 
LPS-induced nuclear factor � B-mediated promoter activ-
ity and expression of inducible nitric oxide synthase, COX-
2, and tumor necrosis factor alpha are downregulated by 
TRPA1 agonist cinnamaldehyde [30]. �is has been inter -
preted as anti-in�ammatory action, but it also �ts well to 
the hypothesis that TRPA1 activation drives towards M2 
macrophage polarity [27, 31].

A body of research supports the important role of 
macrophages in in�ammation and �brosis in systemic 
sclerosis. It has been shown that skin of patients suf-
fering from systemic sclerosis has increased numbers 
of macrophages. �e patients also have higher levels of 
CD163, an M2 marker, in their serum and skin [32, 33]. 
Nintedanib is a drug used to treat systemic sclerosis asso-
ciated �brosis and has been shown to downregulate M2 
macrophage activation in mice [34, 35].

In the present study, we focused mainly on M2-type 
macrophages as potential targets of TRPA1 in bleomy-
cin-induced model of �brosis. Weaknesses of our study 
include, however, missing macrophage marker stained 
skin samples using combinations of M1 and M2 spe-
ci�c surface protein antibodies [36]. �ose experiments 
should be included in future studies to con�rm the 

Fig. 7  Expression of M2-markers in response to IL-4/bleomycin treatment was lower in macrophages from TRPA1-de�cient mice. Mouse peritoneal 
macrophages were incubated with bleomycin, IL-4, or their combination for 24 h. mRNA levels were measured with RT-PCR and normalized to 
GAPDH mRNA. WT control was given the value of 1 and other values are set in the proportion to that value. Data are expressed as mean �  SEM. *p 
< 0.05, **p < 0.01, ***p < 0.001
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present results. Our model has features of an IL-4 medi-
ated �brosis which mainly results as collagen accumula-
tion, but TGF-� mediated �brosis could also be studied 
in greater detail including also additional markers such as 
�-smooth muscle actin [35, 37]. In addition, as TRPA1 is 
highly permeable to calcium and expressed in �broblasts, 
it is an interesting hypothesis for future studies if TRPA1-
antagonists could alleviate �brosis by in�uencing calcium 
signaling of �broblasts like some other compounds have 
been reported to do [38, 39]. Intracellular calcium medi-
ated �brosis induced by activation of TRPA1 in �bro-
blasts has also been reviewed recently [7].

Conclusions
�e present results extend the previous understanding by 
showing that TRPA1 is involved in the development of 
bleomycin-induced skin �brosis. We propose that TRPA1 
in�uences in�ammatory responses in bleomycin-induced 
scleroderma by boosting activation of M2-type mac-
rophages and other cell types including �broblasts lead-
ing to �brosis; therefore, TRPA1 antagonists may have 
therapeutic potential in �brosing diseases.
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Pyrazine-Fused Triterpenoids Block the TRPA1 Ion Channelin Vitro
and Inhibit TRPA1-Mediated Acute In� ammation in Vivo
Ilari Ma�ki-Opas,† Mari Ha�ma�la�inen,† Lauri J. Moilanen,† Raisa Haavikko,‡ Tiina J. Ahonen,‡

Sami Alakurtti,‡,§ Va�nia M. Moreira,‡,� Katsuhiko Muraki,� Jari Yli-Kauhaluoma,‡

and Eeva Moilanen* ,†

†The Immunopharmacology Research Group, Faculty of Medicine and Health Technology, Tampere University and Tampere
University Hospital, 33014 Tampere, Finland
‡Drug Research Program, Division of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, University of Helsinki,
00014 Helsinki, Finland
§VTT Technical Research Centre of Finland Ltd., 02044 Espoo, Finland
� Strathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow G4 0RE, U.K.
� Laboratory of Cellular Pharmacology, School of Pharmacy, Aichi Gakuin University, Nagoya 464-8650, Japan

ABSTRACT:TRPA1 is a nonselective cation channel, most
famously expressed in nonmyelinated nociceptors. In addition
to being an important chemical and mechanical pain sensor,
TRPA1 has more recently appeared to have a role also in
in� ammation. Triterpenoids are natural products with anti-
in� ammatory and anticancer e� ects in experimental models. In
this paper, 13 novel triterpenoids were created by synthetically
modifying betulin, an abundant triterpenoid of the genus
Betula L., and their TRPA1-modulating properties were
examined. The Fluo 3-AM protocol was used in the initial
screening, in which six of the 14 tested triterpenoids inhibited
TRPA1 in a statistically signi� cant manner. In subsequent whole-cell patch clamp recordings, the two most e� ective compounds
(pyrazine-fused triterpenoids8 and9) displayed a reversible and dose- and voltage-dependent e� ect to block the TRPA1 ion
channel at submicromolar concentrations. Interestingly, the TRPA1 blocking action was also evidentin vivo, as compounds8
and9 both alleviated TRPA1 agonist-induced acute paw in� ammation in mice. The results introduce betulin-derived pyrazine-
fused triterpenoids as promising novel antagonists of TRPA1 that are potentially useful in treating diseases with a TRPA1-
mediated adverse component.
KEYWORDS:Transient receptor potential channels, TRPA1, in� ammation, pain, natural compounds, triterpenoids

� INTRODUCTION

Transient receptor potential ankyrin 1 (TRPA1) is a cation
channel expressed predominantly in A� - and C-type nociceptive
nerve� bers mediating chemical and mechanical pain. TRPA1 is
a physiological chemoreceptor for potentially harmful exoge-
nous chemicals, and its activation causes immediately
perceivable and often painful sensations.1,2 Indeed, there are
many naturally occurring irritants that activate TRPA1, e.g.,
allicin in garlic (Allium sativumL.), cinnamaldehyde in
cinnamon (CinnamomumSchae� .), and allyl isothiocyanate
(AITC) in mustard oil.3Š5

A growing body of data supports the idea that the TRPA1 ion
channel also plays a critical role in in� ammation.1 Pharmaco-
logical blockade and genetic deletion of TRPA1 have been
shown to alleviate nociception and in� ammation in animal
models such as carrageenan-induced paw in� ammation,6

monosodium iodoacetate-induced arthritis,7 monosodium
urate crystal-induced gouty arthritis, and formalin-induced
pain.8Š10 These adverse e� ects of TRPA1 activation were not

due to a direct e� ect of the disease-inducing exogenous
substance on the ion channel but could be attributed to
endogenous activation of TRPA1. Indeed, endogenous
compounds capable of opening the TRPA1 channel have
recently been characterized, and they include factors released in
in� ammatory conditions such as reactive oxygen and nitrogen
species (ROS and RNS, respectively), bradykinin, and some
prostaglandins.5,11 The emerging dualistic role of TRPA1 in
nociception and in� ammation has revealed TRPA1 to be a
promising drug target. It has been suggested that blockade of
TRPA1 is likely to provide direct alleviation of pain and
additionally attenuate in� ammation. However, although there is
a wide spectrum of compounds known to activate TRPA1, only a
few blockers have been identi� ed.
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Betulin (1) is a widely studied triterpenoid, which can be
found in the birch tree bark (Betulasp. L.). Other triterpenoids
are present in olives and apple peel and are thought to contribute
to some of the health promoting e� ects of these foodstu� s.
Betulin (1) and some related triterpenoids have been found to
possess anti-in� ammatory properties.12Š15 There is also
evidence of their therapeutic potential against cancer, HIV,
and protozoal diseases.16Š25

On the basis of our preliminary screening results, we
postulated that some of the pharmacological features of
triterpenoids might be attributable to blockade of TRPA1. In

this study, we utilized twoin vitroprotocols, the Fluo 3-AM
intracellular Ca2+ measurement and whole-cell patch clamp
current recording, as well as anin vivomodel of acute TRPA1-
mediated in� ammation to study the e� ects of betulin (1) and a
series of its derivatives (2Š14) on TRPA1.

� RESULTS

Chemistry.Thirteen triterpenoids (2Š14) were synthesized
as described previously, and their structures are shown inFigure
1, along with that of betulin (1).20Š22 In addition, a novel
method for converting betulin to betulonic acid and further to

Figure 1.Structural formulas of betulin and its triterpenoid derivatives.
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betulinic acid was developed (Figure 2). First, betulin (1) was
oxidized to betulonic aldehyde with air using palladium(II)
acetate as a catalyst. The resulting betulonic aldehyde was
further oxidized to betulonic acid (2) in one pot using sodium
chlorite as an oxidant. Finally, the reduction of betulonic acid
(2) with NaBH4 produced betulinic acid (3) with a good yield.

Six of the 14 Triterpenoids Inhibit TRPA1in Vitro. The
antagonistic properties of the triterpenoids on TRPA1 were� rst
screened at 10� M concentrations using the Fluo 3-AM calcium
measurement protocol in human TRPA1 (hTRPA1)-trans-
fected HEK293 cells. The cells were preincubated with the
triterpenoids, and thereafter, TRPA1-mediated Ca2+ in� ux was
induced by adding the known TRPA1 activator AITC.

Six triterpenoids, namely, compounds5Š9 and14, inhibited
AITC-induced Ca2+ in� ux at a concentration of 10� M in a
statistically signi� cant manner. The TRPA1 blocking activity
results of all triterpenoids studied are summarized inTable 1.
The cytotoxicity of the compounds under the experimental
conditions that were used was ruled out with the XTT assay.

The two most promising compounds,8 and9 (Figure 3),
were examined further in a broader range of concentrations from
0 to 100� M, and a dose-dependent inhibition was observed
with both compounds (Figure 4). The IC50 values of
compounds8and9 in the Fluo 3-AM Ca2+ in� ux measurements
were 9.5 and 7.5� M, respectively.

Further experiments demonstrated that triterpenoids8 and9
blocked AITC-induced Ca2+ in� ux also in HEK293 cells
transfected with mTRPA1 (Figure 5). In addition, compounds
8 and 9 at concentrations of� 100 � M did not induce any
detectable Ca2+ in� ux in HEK293 cells transfected with either
human or mouse TRPA1, ruling out an agonistic e� ect.

In Whole-Cell Patch Clamp Recordings, Triterpenoids
8 and 9 Display a Strong and Reversible TRPA1 Blocking
Activity. To verify the TRPA1 blocking ability of compounds8
and 9, we utilized the whole-cell patch clamp recording
technique. In HEK293 cells transfected with hTRPA1, the
AITC (50 � M)-induced ion currents through TRPA1 were
strongly attenuated at a holding potential ofŠ50 mV when the
cells were treated with compound8 or 9 (Figure 6A,C).
Interestingly, both compounds exerted a voltage-dependent
blockade of TRPA1 channel currents (Figure 6B,D). The IC50
values of compounds8 and 9 against HC-030031 sensitive
TRPA1 channel currents atŠ100 andŠ50 mV were each 0.3
� M; at 50 mV, they were 1.3� M, and at 100 mV, they were 1.8
and 4.4� M, respectively (Figure 6E,F).

In additional experiments, we examined the reversibility of the
inhibitory e� ects of compounds8 and9 on TRPA1. Because
high concentrations of AITC may desensitize TRPA1 during the
recordings, we exploited 10� M AITC to activate TRPA1 in
these experiments. As shown inFigure 7AŠH, both pyrazine-
fused triterpenoids (compounds8 and9) exhibited inhibitory
e� ects on 10� M AITC-induced currents at a holding potential
of Š50 mV comparable to those seen with the 50� M AITC-
induced currents (see also panels E and F ofFigure 6). This
suggests that the concentration of the TRPA1 agonist had little
or no in� uence on the inhibitory e� ect of compounds8 and9.
After the current amplitude had stabilized during the application
of compounds8 and9, they were removed from the bathing
solution while maintaining 10� M AITC. The recovery of AITC-
induced TRPA1 activation was complete after the withdrawal of
concentrations of compounds8and9of 0.3 and 3� M, while the
recovery was partial, but still obvious, after concentrations of
compounds8 and 9 of 30 � M (Figure 7C,FŠH). This
demonstrates that compounds8 and9 are reversible blockers
of hTRPA1 at concentrations of� 3 � M, but at 30� M, the
blockade is partially irreversible.

Triterpenoids 8 and 9 Attenuate TRPA1-Mediated
Acute In� ammation in Vivo. As compounds8 and9 were

Figure 2.Synthesis of betulonic acid (2) and betulinic acid (3) from betulin (1). Reagents and conditions: (a) Pd(OAc)2, py, toluene, air, 80°C, 7 h;
(b) NaClO2, NaH2PO4·H2O, 2-methyl-2-butene,tert-butanol, H2O, room temperature, 12 h; (c) NaBH4, NaOH, H2O, 2-propanol, 0°C, 3 h.

Table 1. E� ects of Triterpenoids (10� M) on Allyl
Isothiocyanate (AITC, 50� M)-Induced TRPA1 Activation
Measured by Ca2+ In� ux in HEK293 Cells Transfected with a
Plasmid Encoding hTRPA1a

compound % of control

control 100
HC-030031 (100� M) 22.24± 2.2***
1 (10 � M) 98.89± 4.0
2 (10 � M) 83.32± 8.9
3 (10 � M) 83.65± 3.9
4 (10 � M) 83.42± 5.0
5 (10 � M) 85.52± 3.2*
6 (10 � M) 79.08± 3.2**
7 (10 � M) 79.55± 4.2**
8 (10 � M) 61.32± 3.1**
9 (10 � M) 64.09± 4.0**
10 (10 � M) 85.65± 15.1
11 (10 � M) 86.48± 6.6
12 (10 � M) 96.48± 6.3
13 (10 � M) 96.90± 6.8
14 (10 � M) 75.50± 6.0**

aTRPA1 inhibition by triterpenoids is presented as a percentage of
the area under the curve (AUC) in relation to the untreated AITC
control. Results are expressed as means± the standard error of the
mean.*p < 0.05.** p < 0.01.*** p < 0.001.

Figure 3.Structural formulas of the key triterpenoids8 and9.
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highly promising TRPA1 blockersin vitro, we determined
whether they could inhibit TRPA1-mediated in� ammationin
vivo. Hence, the e� ects of compound8 and9 on AITC-induced
acute in� ammation were investigated in the mouse paw edema
model. The mice were injected intraplantarly with the TRPA1
agonist AITC, and the increase in the volume of the paw caused
by the in� ammatory edema was measured in mice pretreated
with the compounds and compared with the increase in those
receiving vehicle only. Systemically administered compounds8
(10 mg/kg, intraperitoneally (ip)) and9 (10 mg/kg, ip) both
attenuated the AITC-induced in� ammatory edema with an
e� ect similar to that of the known TRPA1 antagonist HC-
030031 [300 mg/kg, intragastrically (ig)], used as a positive
control. The results are summarized inFigure 8.

� DISCUSSION

These results clearly indicate that the two pyrazine-fused
triterpenoids, compounds8 and9 (Figure 3), e� ectively inhibit
TRPA1 activation in a dose-dependent mannerin vitroand
signi� cantly attenuate acute in� ammation mediated by TRPA1
in vivo. The observed blockade of both the human and the
mouse TRPA1 channelin vitrosuggests that the compounds’
inhibitory e� ects on TRPA1-mediated conditions in mice are

likely to be generalized to humans, as well. Furthermore, in the
whole-cell patch clamp recordings, the blocking e� ect of the
compounds was completely reversible at concentrations of� 3
� M.

Thein vivoexperiments demonstrated that compounds8 and
9 attenuated TRPA1-mediated in� ammation induced by AITC,
indicating that these two triterpenoids when administered
systemically have appropriate pharmacokinetics to ease paw
in� ammation, most likely by inhibiting TRPA1 activation. It is
noteworthy that the two triterpenoids were active at doses that
were smaller than that of the widely used TRPA1 antagonist
HC-030031. Mice exhibited no adverse e� ects due to treatment
with the triterpenoids during the short duration of the
experiment.

The detailed molecular mechanism of action of pyrazine-
fused triterpenoids (compounds8 and 9) on the TRPA1
channel cannot be determined on the basis of the results of this
study, though both triterpenoids inhibited the channel currents
in a voltage-dependent manner. Previous studies of TRPA1
blockers have revealed versatile binding sites and mechanisms of
action. A very e� ective TRPA1 antagonist A-967079 seems to
attach to the TRPA1 channel pore vestibule where it interacts
with the phenyl moiety of F944;26the site of HC-030031 action
is the N855 residue of the channel, and interaction with the C-

Figure 4.Compounds8and9 inhibited allyl isothiocyanate (AITC, 50� M)-induced Ca2+ in� ux in HEK293 cells transfected with a plasmid encoding
hTRPA1 in a dose-dependent manner. Fluo 3-AM-loaded cells were preincubated for 30 min with compound8 (1Š100� M), compound9 (1Š100
� M), or the known TRPA1 antagonist HC-030031 (100 or 200� M) before intracellular Ca2+ measurement. Panels A and C show representative
curves displaying relative� uorescence units after treatment with compounds8 and9, respectively. Panels B and D show the areas under the curve
(AUC; from 15 to 45 s) of the response to AITC with or without treatment with8 and9, respectively. The background� uorescence was recorded for
15 s before the addition of the TRPA1 agonist AITC. The increase in� uorescence in response to AITC was measured for 30 s, after which the control
ionophore, ionomycin (1� M), was added and� uorescence was measured for an additional 30 s. The results are normalized to the background and
expressed as means + the standard error of the mean (SEM) (n = 6Š8). *p < 0.05.** p < 0.01.*** p < 0.001.
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terminal region exerts synergistic e� ects on the inhibition.27

Because compounds8 and 9 exerted voltage-dependent
blockade against TRPA1, it is possible that these triterpenoids
interact with certain amino acid residues in the channel that are
located close to the electrical� elds within the plasma membrane.
In addition, HC-030031 has been reported to be a rapidly acting
and reversible blocker.10 Menthol is a terpene-related
compound, which has been shown to have an e� ect on
TRPA1. Its binding site in mouse TRPA1 has been reported to
be transmembrane domain 5, which is essential for the channel’s
ability to sense menthol. Nine other pore residues were also
identi� ed to account for the species-speci� c alteration of
menthol’s action as either an agonist or an antagonist of
TRPA1.28

In this study, we show that the e� ects of compounds8 and9
were reversible at least up to a concentration of 3� M, while their
action was only partly reversible at 30� M. Moreover, the
recovery after the removal was relatively slow even at 0.3� M,
suggesting that these triterpenoids bind tightly to the TRPA1
channel. Because both compounds8 and9, but not the other
triterpenoids that were investigated, have a pyrazine ring in their
structure (Figure 1), this moiety appears to be critical for their
blocking e� cacy, reversibility, and/or recovery rate after their
removal. The conversion of the carboxylic acid in compound8
to the respective amide in compound9did not seem to a� ect the
TRPA1 blocking properties of the compound. Even though
pyridine derivative compound10 did not exert a blockade
similar to that of compounds8 and9, the e� ects of other six-
membered rings on the 2,3-position should be determined in the
future. Further extensive studies will be required to clarify the
detailed molecular mechanisms of TRPA1 blocking by pyrazine-
fused triterpenoids.

The IC50values of compounds8and9, around 0.3� M each at
Š50 mV in whole-cell patch clamp recordings against 50� M
AITC, were lower than that of the most widely used TRPA1
blocker HC-030031 (� 1 � M against 5� M AITC-induced
human TRPA1 currents).10However, the IC50values calculated
from intracellular Ca2+ in� ux measurements were higher: 9.5
and 7.5� M for compounds8 and9, respectively. Similarly, the
IC50 value of HC-030031 was higher in the Ca2+ measurement
assay (6.2� M) than in the patch clamp experiments.10 It is also
notable that IC50values of compounds8and9were increased at
positive membrane potentials in whole-cell patch clamp
experiments. This depolarization-induced reduction in the
blockade of TRPA1 by both compounds8 and9 may in part
explain the di� erence in IC50 values between Fluo 3-AM and
whole-cell patch clamp experiments. The activation of TRPA1
induces depolarization of TRPA1-expressing HEK293 cells in
the Fluo 3-AM experiments and thus may attenuate the blocking
e� cacy of compounds8 and9 against TRPA1. For comparison
to the identi� ed IC50 value of 0.3� M for betulin-derived
compounds8 and 9, the naturally occurring stilbenoids
pinosylvin and resveratrol have been shown to block TRPA1
activity with IC50values of 16.7 and 12.9� M in whole-cell patch
clamp recordings, respectively,29 and gallic acid with an IC50 of
11 � M.30 Recently described synthetically modi� ed quinazoli-
none-based purinone27 andN-isopropylglycine sulfonamide-
based compound20 have increased potencies, while the most
widely used traditional TRPA1 blockers are less potent than
compounds8 and9 identi� ed in this study.31,32

Laavola et al. have recently assessed the anti-in� ammatory
properties of compounds8and9.15A signi� cant decrease in the
level of inducible nitric oxide synthase (iNOS) expression was
observed in J774 macrophages treated with both compounds,
which is likely to result in the impaired production of nitric oxide
(NO) under in� ammatory conditions. As NO is a known
TRPA1 activator,11 compounds8 and 9 may downregulate
TRPA1-mediated responses in in� ammatory conditions both
directly by blocking the channel (as shown in this study) and
indirectly by reducing the level of synthesis of endogenous
TRPA1 activators such as NO. Moreover, the antagonistic
e� ects of compounds8 and9 on TRPA1 channels may at least
partially explain the previously reported attenuating e� ects of
these compounds on in� ammatory gene expression,15 because
TRPA1 activation has been shown to upregulate the expression
of pro-in� ammatory factors, like cyclo-oxygenase-2, and
interleukins 1, 6, and 8 in in� ammatory conditions.6,7,33Š35

Figure 5.Triterpenoids8 and9 inhibited allyl isothiocyanate (AITC,
50� M)-induced Ca2+ in� ux in HEK293 cells transfected with a plasmid
encoding mTRPA1. Fluo 3-AM-loaded cells were preincubated for 30
min with compound8(100� M), compound9(100� M), or the known
TRPA1 antagonist HC-030031 (100� M). In panels A and B, the areas
under the curve (AUC) of the response of the� uorescence to AITC
with or without treatment with8and9, respectively, are presented. The
background� uorescence was recorded for 15 s before addition of
AITC. The increase in� uorescence in response to AITC was measured
for 30 s. The results are normalized to background and expressed as
means + SEM (n = 5Š8). *p < 0.05.** p < 0.01.*** p < 0.001.
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These results have laid the foundation for a wider assessment
of the e� ects of pyrazine-fused triterpenoids in di� erent animal
models of diseases involving TRPA1 activation. If one considers
the positive e� ects of other TRPA1 blockers, treatment of
neuropathic pain has traveled the longest path; phase II clinical
trials of compound GRC 17536 have been conducted, with
favorable results.36 Some novel directions in TRPA1 research
have emerged. TRPA1 has a notable role in the pathogenesis of
allergic contact dermatitis, and therefore, TRPA1 blockers might
be useful in its treatment.37 Our recent studies have shown that
in primary human articular chondrocytes TRPA1 is expressed
and TRPA1 blockers and/or genetic deletion of TRPA1 can
alleviate pain and in� ammation in experimental models of
osteoarthritis and gout.7,8,33 Other in� ammatory conditions
such as colitis and asthma are also potential targets of TRPA1
blockers.38,39 The most widely used TRPA1 blocker in animal
experiments, HC-030031, was unfortunately discovered to
possess poor pharmacokinetic properties.40 Therefore, the
pharmacokinetic pro� le as well as the safety pro� le of
compounds8 and 9 should be characterized in the future,
although our preliminary data did not reveal any obvious
concerns.

In conclusion, this study discovered two pyrazine-fused
triterpenoids (compounds8 and9) which were found to block
the TRPA1 ion channel reversiblyin vitroand alleviate TRPA1-

mediated in� ammationin vivo. They could be useful lead
compounds when developing new drugs for alleviating TRPA1-
mediated adverse conditions.

� METHODS
Triterpenoid Synthesis. General Experimental Procedures.

Commercially available reagents were used without further puri� cation.
Crude betulin (UPM, Lappeenranta, Finland) was recrystallized from
2-propanol/H2O azeotrope to yield 99% pure betulin as a white solid.
All solvents were of high-performance liquid chromatography grade.
Anhydrous solvents were purchased from Sigma-Aldrich (St. Louis,
MO). All reactions in anhydrous solvents were performed in oven-dried
glassware under an inert atmosphere of anhydrous argon or nitrogen.
Thin-layer chromatography (TLC) was performed on E. Merck
(Darmstadt, Germany) silica gel 60 backed plates, with visualization
by ultraviolet illumination and staining with 5% H2SO4 in MeOH.
Melting points were obtained with a Sanyo Gallenkamp (Moriguchi,
Osaka, Japan) apparatus without correction. The Fourier transform
infrared (FTIR) spectra were recorded on a Nicolet (Waltham, MA)
iS50 FTIR instrument using a built-in diamond ATR. The1H and13C
nuclear magnetic resonance (NMR) spectra were measured on a Bruker
(Billerica, MA) Avance III 500 MHz NMR spectrometer.1H and13C
NMR spectra were recorded in solution, in CDCl3. HRMS spectra were
measured to determine the purity of all tested compounds on a Waters
Acquity UPLC system (Waters, Milford, MA) equipped with a Synapt
G2 HDMS mass spectrometer (Waters).

Figure 6.Triterpenoids8and9 inhibited allyl isothiocyanate (AITC)-induced membrane currents measured with whole-cell patch clamp recording in
HEK293 cells transfected with hTRPA1. In panels A and C, the current trace displays the change of inward currents atŠ50 mV that was evoked by
compounds8 (0.3, 3, and 30� M) and9 (0.3, 3, and 30� M), respectively, in the presence of 50� M AITC. To determine the zero current level of
TRPA1 components, 30� M HC-030031 (HC) was applied at the end of each experiment. In panels B and D, a currentŠvoltage (IŠV) relationship
was constructed to use a ramp waveform pulse fromŠ150 to 100 mV for 100 ms. SixIŠV relationships were illustrated before (cont) and after
application of AITC (50� M AITC) and during simultaneous application of 0.3, 3, or 30� M compound8 (+30� M 8) and 50� M AITC in panel B.
The experimental conditions for panel D were identical to those utilized for panel B except for application of compound9. In panels E and F, each
relative amplitude (relative) was calculated as a current size atŠ100,Š50, 50, and 100 mV between before and after application of8and9, respectively,
and summarized as a doseŠresponse relationship. Maximum and minimum amplitudes of the current were obtained in the presence of AITC (1.0) and
in the presence of both AITC and HC-030031 (0). The results in panels E and F are expressed as means± SEM.*p < 0.05 by two-way analysis of
variance. In panels E and F, the numbers of replicates are given in parentheses next to the markers.
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Triterpenoids.A novel method was developed to synthesize
betulonic and betulinic acid from betulin, as detailed below. The
other 11 betulin derivatives were prepared as described previously.20Š22

Betulonic Acid (2). Palladium(II) acetate (1.2 g, 6 wt %) and
pyridine (5 mL) were added to toluene (500 mL). The mixture was
heated to 80°C, and betulin (1) (20.0 g, 45.2 mmol) was added in small
portions under vigorous stirring and air bubbling (� ow rate of 1000
mL/min). After 7 h, the reaction was quenched (monitored by GC) by

addingN-acetyl-L-cysteine (8.0 g, 66.0 mmol) to scavenge Pd(II). The
reaction mixture was cooled to room temperature, and the residue was
� ltered and washed with toluene (3× 20 mL). The resulting� ltrate
containing betulonic aldehyde was used in the next reaction step in one
pot without further puri� cation.tert-Butanol (170 mL) and 2-methyl-2-
butene (30 mL) were added to the� ltrate (containing 20 g of betulonic
aldehyde, GC purity of 88%) under a N2 � ow. NaClO2 (80%, 17.0 g,
150 mmol) and NaH2PO4·H2O (25.2 g, 183 mmol) in water (200 mL)

Figure 7.Recovery of allyl isothiocyanate (AITC)-induced membrane currents after removal of compounds8 and9. In panels A and D, the trace
displays the change in inward currents atŠ50 mV that was evoked by application and removal of compounds8(0.3� M) and9(0.3� M), respectively,
in the presence of 10� M AITC. To determine the zero-current level of TRPA1 components, the known TRPA1 antagonist A-967079 (A96, 5� M) was
applied at the end of each experiment. The experimental conditions for panels B and E and panels C and F were identical to those utilized for panels A
and D except for the concentrations of compounds8 and9 of 3 and 30� M, respectively. In panels G and H, the relative amplitude was calculated as a
current size atŠ50 mV between the zero current and the current amplitude before and after application of each compound and after their removal but
in the presence of AITC. The results in panels G and H are expressed as means + SEM.*p< 0.05 against each� rst column, and#p< 0.05 against each
second column, tested by Tukey’s multiple-comparison test. In panels G and H, the numbers of replicates are given in parentheses above the columns.

Figure 8.Triterpenoids8 and9 inhibited TRPA1-mediated acute paw in� ammation in mice. Mice were pretreated with compound8 (10 mg/kg, ip),
compound9 (10 mg/kg, ip), the known TRPA1 blocker HC-030031 (300 mg/kg, ig), or the vehicle 1 h (8,9, and vehicle) or 2 h (HC-030031) prior
to the subcutaneous administration of the TRPA1 agonist allyl isothiocyanate (AITC) in the paw. The paw volume was measured with a
plethysmometer before and 3 and 6 h after AITC paw injection. The results are normalized to the control paw injected with the vehicle (means + SEM;
n = 6). *p < 0.05.** p < 0.01.*** p < 0.001.
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were added over 30 min, and stirring was continued at room
temperature under a N2 atmosphere for 15 h. The organic and aqueous
phases were separated, and a 1.7 M solution of NaOH in H2O (40 mL)
was added to the organic phase and stirred for 0.5 h. Half of the solvent
was evaporated o� in vacuo, and the formed precipitate was� ltered,
washed with toluene (4× 20 mL), and dried overnightin vacuoto yield
sodium betulonate (16.6 g, 36.0 mmol). Sodium betulonate was treated
with a 3% solution of HCl in H2O (200 mL), and the resulting mixture
was stirred for 2.5 h. The formed precipitate was� ltered, washed with
water (5× 30 mL), and driedin vacuoat 60°C overnight to give
betulonic acid (14.9 g, 32.8 mmol), in 73% yield from betulin. Its
spectral data were identical to those reported in the literature.21

Betulinic Acid (3).Betulonic acid (2) (13.0 g, 28.6 mmol) was added
to a mixture of water (130 mL), a 5% solution of NaOH in H2O (26
mL), and 2-propanol (120 mL). NaBH4 (1.20 g, 31.7 mmol) was
added, and the reaction mixture was stirred for 3 h in an ice bath. The
alkaline solution was acidi� ed by adding a 10% solution of HCl in H2O
(130 mL). The precipitated betulinic acid was� ltered, washed with
water (4× 50 mL), and driedin vacuoto yield crude betulinic acid (12.2
g, 94%). A batch of crude betulinic acid (5.0 g) was dissolved in
re� uxing ethanol (50 mL) and allowed to crystallize at 4°C overnight.
The formed crystals were� ltered and driedin vacuoto produce very
pure betulinic acid (4.1 g, 9.0 mmol) in 82% yield. Its spectral data were
identical to those reported in the literature.21

E� ects of Triterpenoids on TRPA1-Mediated Responses.
Reagents.Reagents (unless otherwise indicated) were provided by
Sigma Chemical Co. (St. Louis, MO).

Cell Culture.HEK293 human embryonic kidney cells (American
Type Culture Collection, Manassas, VA) were cultured at 37°C in 5%
CO2 in Eagle’s minimum essential medium (EMEM) supplemented
with fetal bovine serum (10%), sodium pyruvate (1 mM), sodium
bicarbonate (1.5%), non-essential amino acids (1 mM each, all from
Lonza, Verviers, Belgium), streptomycin (100 mg/mL), penicillin (100
units/mL), and amphotericin B (all from Invitrogen, Paisley, U.K.).
Cells were cultivated on a 96-well plate and transfected transiently with
hTRPA1 (0.2� g/well, pCMV6-XL4; Origene, Rockville, MD) or
mTRPA1 plasmid (0.2� g/well, Mm17807; Gene Copoeia Inc.). The
cells were transfected 20 h before the experiments were started with
Lipofectamine 2000 (Invitrogen, 0.5� L/well).

Intracellular Ca2+ Measurements.For intracellular Ca2+ measure-
ments, transiently transfected HEK293 cells were loaded with Fluo 3
acetoxymethyl (AM) ester [2.5� M Fluo 3-AM in Hanks’ Basic Salt
Solution (Lonza) (pH 7.45) with 25 mM HEPES, 1 mg/mL bovine
serum albumin, 2.5 mM probenecid, and 0.08% Pluronic F-127] for 40
min at room temperature. Thereafter, the cells were washed; a bu� er
solution containing the studied compounds was added to the wells, and
the cells were incubated for 30 min at 37°C. Free intracellular Ca2+

concentrations were measured with a Victor3 1420 multilabel counter
(PerkinElmer, Waltham, MA) at wavelengths of 485 nm (emission)
and 535 nm (excitation). The basal level of� uorescence was measured
for 15 s before adding the TRPA1 agonist allyl isothiocyanate (AITC,
50 � M), and thereafter, the measurements were continued for 30 s.
Finally, ionomycin (1� M), was applied to induce a robust Ca2+ in� ux.
The TRPA1 opening properties of the compounds were measured
using the same protocol with the exception of adding the compounds of
interest instead of AITC. In these measurements, AITC (50� M) was
used as a positive control, and the TRPA1 antagonist HC-030031
(100Š200� M) was utilized to estimate the TRPA1 mediation of Ca2+

in� ux.
The cytotoxic e� ects of all of the triterpenoids studied were

evaluated with the modi� ed XTT test (Cell Proliferation Kit II, Roche
Diagnostics, Mannheim, Germany).

Whole-Cell Patch Clamp Recordings.Whole-cell patch clamp
recordings were performed on HEK293 cells transiently transfected
with a plasmid encoding hTRPA1 (pIRES2-AcGFP1; Takara, Tokyo,
Japan). The cells successfully expressing TRPA1 were identi� ed using
green� uorescent protein. The resistance of electrodes was 3Š7 M�
when they were� lled with a solution mimicking intracellular conditions
[30 mM CsCl, 110 mM cesium aspartate, 1 mM MgCl2, 10 mM EGTA,
10 mM HEPES, 6.25 mM CaCl2, and 2 mM ATP disodium salt

(adjusted to pH 7.2 with CsOH)]. Membrane currents and voltage
signals were converted into a digital form using an analogŠdigital
converter (PCI6229; National Instruments Japan Corp., Tokyo,
Japan). Data acquisition and current imaging of whole-cell currents
were performed using WinEDR version 3.38 developed by J. Dempster
(University of Strathclyde). A ramp voltage protocol fromŠ150 to 100
mV over 100 ms was applied every 5 s from a holding potential ofŠ50
mV. A HEPES-bu� ered bathing solution [10 mM CsCl, 5.9 mM KCl,
137 mM NaCl, 14 mM glucose, 1.2 mM MgCl2, and 10 mM HEPES
(adjusted to pH 7.4 with NaOH)] was used. All experiments were
performed at 25± 1°C, and the studied drugs, AITC (10 and 50� M),
compound8(0.3Š100� M), compound9 (0.3Š100� M), HC-030031
(30 � M), and A-967079 (5� M), were dissolved in dimethyl sulfoxide
(� nal concentration of� 0.13%).

In Vivo Model of TRPA1-Mediated In� ammation.Male C57BL/
6N mice were obtained from Scanbur Research A/S (Karlslunde,
Denmark). The mice were housed at the Tampere University animal
facility (12 h:12 h light:dark cycle, temperature of 22± 1 °C, food and
water providedad libitum). Animal experiments were carried out in
accordance with the institutional, national, and European (Directive
2010/63/EU) legislation for the protection of animals used for
scienti� c purposes and approved by the National Animal Experiment
Board. Anesthesia was performed with ketamine (75 mg/kg, ip, Ketalar;
P� zer Oy Animal Health, Helsinki, Finland) and medetomidine (0.375
mg/kg, ip, Domitor; Orion Oyj, Espoo, Finland).

The speci� c TRPA1 agonist AITC was used to induce in� ammatory
paw edema by injecting 50� L of sterile endotoxin-free PBS containing
15 mM AITC into the hind paw of anesthetized mice. The contralateral
paw was injected with the corresponding volume of the vehicle. Prior to
the injection of AITC, the mice were dosed with either compound8 or
9 (both 10 mg/kg in PBS and 10% DMSO given intraperitoneally 1 h
before AITC) or with the vehicle or with the known TRPA1 antagonist
HC-030031 [300 mg/kg in 50% polyethylene glycol, 40% 1,2-
propanediol, and 10% Glucosteril (50 mg/mL) (Baxter Oy, Vantaa,
Finland) given intragastrically 2 h before AITC]. The paw volumes
were measured before and 3 and 6 h after the AITC injections with a
plethysmometer (Ugo Basile, Comerio, Italy). The volume change in
the vehicle-injected control paw was subtracted from the volume
change in the AITC-injected paw, and the results are given in
microliters.

Statistical Analysis.The statistical signi� cance of the results was
analyzed with GraphPad InStat 3.10 for Windows (GraphPad Software,
Inc., San Diego, CA) and with Origin9.1J (OriginLab, Northampton,
MA) using two-way or one-way analysis of variance with Dunnett’s,
Bonferroni’s, or Tukey’s multiple-comparison test. The results are
expressed as means± SEM (standard error of the mean) with*p< 0.05,
** p < 0.01, and*** p < 0.001.
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