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Abstract

The chemical warfare agent sulfur mustard (SM), which is also known as ‘mustard
gas’, exhibits a malodorant mustard- or garlic-like odor. Recognition of odors is part
of the physiological chemosensation, a process that describes the transduction of
chemical signals into biological perception. This process has been shown to rely on
Transient Receptor Potential cation-channels (TRP-channels). Especially TRPA1
channels have been found to respond to a plethora of reactive noxious compounds,
including pungent substances like allyl-isothiocyanate or mustard oil. Additionally,
pain and itch, two clinical symptoms in SM poisoning, are connected to TRPA1
activation. However, whether SM targets TRPA1-channels has not been investigated
so far and is the main subject of the presented thesis.
After establishment of a HEK cell line overexpressing functional human TRPA1 chan-
nels, intracellular Ca2+ ([Ca2+]i) was measured as indicator of TRPA1 activation.
However, SM interfered with conventional AM-esters (Fura-2). Thus, apoaequorine
was used to investigate changes in [Ca2+]i. Subsequently, we were able to prove
activation of TRPA1 by SM in a dose-dependent manner. Remarkably, SM cytotoxi-
city was found enhanced in cells overexpressing TRPA1, and use of specific TRPA1
blockers counteracted this effect.
The second part of the presented thesis focuses on the activation mechanism of
TRPA1 channels by alkylating compounds. Release of reactive oxygen species (ROS)
has been demonstrated to be a key event in SM cytotoxicity. As TRPA1 can be
activated by ROS, we investigated the impact of well-established ROS scavengers
(N -Acetyl-L-cysteine (NAC) and glutathione (GSH)) in regard to SM-induced TRPA1
activation. NAC prevented Ca2+ influx after SM-application whereas GSH did not. A
direct scavenging of SM by NAC could be ruled out by LC-ESI MS/MS analysis. This
suggests that NAC interacts with TRPA1 moieties not accessible to GSH, thereby
modulating channel function.

Our results demonstrated that TRPA1 channels are activated by alkylating com-
pounds. However, the cellular effects remain unclear and should be addressed in
future studies. Activation of MAP kinases, which has also been described after
SM exposure, is also a downstream target of TRPA1 activation and represents a
promising field of research. Moreover, the exact mechanism of SM-induced TRPA1
activation remains unresolved so far. TRPA1 mutants, lacking possible alkylation
sites, are to be established to identify the relevant residues in TRPA1 channels.
The role of TRPA1 in SM pathophysiology has to be further elucidated. After
SM exposure, patients frequently report tautness in combination with severe itch,
inflammation and wound healing disorders, which can be connected to TRPA1-
dependent signaling pathways. Thus, TRPA1-blockers may be of benefit to relief
some of the above-mentioned symptoms.
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Kurzfassung

Der chemische Kampfstoff Schwefel-Lost (S-Lost) weist einen stechenden, senf- oder
knoblauchartigen Geruch auf, was zum Synonym „Senfgas“ führte. Das Wahrnehmen
von Gerüchen ist Teil der physiologischen Chemosensorik - ein Prozess, der die Trans-
duktion von chemischen Signalen in eine biologische Antwort beschreibt. Transient
Receptor Potential (TRP) Kanäle wurden hier als wichtige Akteure identifiziert. Insbe-
sondere konnten TRPA1 Kanäle als entscheidend bei der Detektion von hochreaktiven
und giftigen Substanzen, einschließlich Reizstoffen wie z. B. Allylisothiozyanat oder
Senföl, nachgewiesen werden. Weiterhin wird TRPA1 eine wichtige Rolle bei Schmerz
und Juckreiz – beides Symptome, die auch nach einer S-Lost Exposition auftreten –
zugeschrieben. Ob auch alkylierende Substanzen TRPA1 Kanäle aktivieren können,
wurde bisher nicht untersucht und ist Gegenstand der vorgestellten Dissertation.
Nach der Etablierung einer hTRPA1-überexprimierenden HEK Zelllinie wurde die Ka-
nalaktivierung durch Messung der intrazellulären Ca2+ Konzentration bestimmt. Eine
Interaktion zwischen S-Lost und den für Ca2+ Messungen gebräuchlichen Fura-2 Farb-
stoff wurde nachgewiesen. Für die weiteren Versuche wurde daher eine Apoaequorin-
Methode genutzt. Mit dieser gelang der Nachweis einer TRPA1-Aktivierung durch
S-Lost. Zusätzlich zeigten sich diese Zellen signifikant empfindlicher gegenüber S-Lost.
TRPA1-Blocker konnten die Zytotoxizität deutlich abmildern. Im zweiten Teil der
Dissertation wurde der Mechanismus einer S-Lost-induzierten TRPA1-Aktivierung
genauer untersucht. Die Freisetzung reaktiver Sauerstoffspezies (ROS) ist essentieller
Bestandteil der Zytotoxizität von S-Lost. ROS können TRPA1 Kanäle aktivieren,
weshalb der Einfluss zweier etablierter ROS-scavenger (N -Acetyl-l-cysteine (NAC)
und Glutathion (GSH) auf die S-Lost-induzierte TRPA1-Aktivierung untersucht
wurde. NAC konnte den Ca2+-Einstrom wirkungsvoll verhindern, während GSH
keinen Effekt zeigte. Eine Bildung von Addukten zwischen S-Lost und NAC oder
GSH konnte mittels LC-ESI MS/MS ausgeschlossen werden. Dementsprechend wurde
eine Interaktion zwischen NAC und extrazellulären TRPA1-Anteilen postuliert, die
eine Modulation der Kanalfunktion zur Folge hat.

Unsere Ergebnisse belegen, dass alkylierende Substanzen TRPA1-Kanäle aktivieren
können. Jedoch sind die zellulären Konsequenzen noch unklar. Die Aktivierung von
MAP-Kinasen, die auch nach S-Lost Exposition beschrieben wurde, kann Folge
einer TRPA1-Aktivierung sein. Weitere Untersuchungen sind hier notwendig. Der
TRPA1-Aktivierungsmechanismus durch S-Lost ist nicht vollständig verstanden. Die-
ser könnte durch TRPA1-Mutanten, bei denen mögliche Bindestellen fehlen, weiter
aufgeklärt werden. Nach einer S-Lost Exposition klagen Patienten über Spannungsge-
fühl der Haut, starken Juckreiz, Entzündung und Wundheilungsstörungen. Für diese
Symptome wird ein Zusammenhang zu TRPA1-gesteuerten Signalkaskaden diskutiert.
Der Einsatz von TRPA1-Blockern könnte daher eine therapeutische Option nach
S-Lost Exposition darstellen.
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1 Introduction 1

1 Introduction

1.1 Sulfur Mustard - Historical Background
The exact date of the initial sulfur mustard (SM, bis(2-chlorethyl)sulfide, CAS-
Nr. 505-60-2) synthesis is unknown. A number of reports mention the preparation
of an oily liquid, which should later be named SM, by the Belgian-French scientist
César-Mansuète Despretz in 1822 [1]. Some 100 years after this event, Fritz Haber
suggested the use of chemicals – initially chlorine and phosgene – as warfare agents in
World War I (WWI). Willhelm Lommel, employee of the Bayer Chemical Works in
Leverkusen, and Wilhelm Steinkopf, head of the Chemical Weapons Research Unit at
the Kaiser Wilhelm Institute of Physical Chemistry and Electrochemistry in Berlin,
were both co-workers of Fritz Haber. They developed a large-scale SM production
process that allowed synthesis of the agent. This circumstance accomodated for the
acronym ‘S-Lost’ that resembles the initials of both chemists [1]. Whereas the use of
chemical weapons, e.g. in the Middle East, is presently regarded with abhorrence,
chemical warfare had many supporters during WWI [2]. Convential warfare, killing
thousands of soldiers by artillery or hand-to-hand combat, for example during the
battle of Verdun in which more than 700.000 soldiers were either wounded or killed,
was regarded as inhumane [3]. Moreover, supply with conventional ammunition ran
short. All these were reasons for the initiation of chemical warfare. Chlorine gas was
the first chemical that was deployed during the 2nd battle of Ypres on April 22nd 1915
and, thereby, historically marked the beginning chemical warfare. Two years later,
almost at the end of WWI, SM was the last chemical agent to be introduced into war,
again in Ypres [4]. Over a 10 day period about one million shells containing more
than 2,000 tons of SM were delivered by the Germans [2]. In total, some 9 million
SM-containing artillery shells were fired by all warring parties during WWI resulting
in a total of around 400,000 casualties [2, 5]. Not being lethal in first line, SM led
to injuries of multiple organs including the respiratory tract. It was considered as
potent warfare agent and, thus, became known as the ‘king of battle gases’ [2, 6].
In the wake of WWI chemical warfare agents, including SM, were forbidden by the
Geneva Protocol [7]. However, violations of that agreement were reported, and SM
was used in several conflicts including the Rif War in Morocco in the early 1920s,
during the Soviet invasion of Xinjiang in 1934, or by Italian soldiers in Lybia in
the aftermath of the Italo-Turkish war in 1930 [8, 9, 10]. Fortunately, SM was not
– or only in some very rare events – used in World War II (WWII). However, there
is some evidence underlining the awareness of its occasional use: during the Bari
incident on December 2nd 1943, the US Navy ship SS John Harvey, carrying some
hundred tons of SM, was sunk by the German Air Force. During this incident the
toxic substance was released and about 650 people were exposed [5].
More recently, severe deployment of SM took place in the Kurdish city Halabdscha in
Iraq in 1988 when Ali Hasan al-Madschid al-Tikriti, cousin of the former Iraqi dictator
Sadam Hussein, issued the order to deploy nerve agents, cyanids and SM on Kurdish
civilians. In 2010, so-called ‘Chemical-Ali’ was sentenced to four times death for
that crime [11, 12]. The latest use of SM, most probably by ISIS or other terroristic
groups, was reported in connection with the ongoing Syria conflict. Photographs of
grenades revealing leakage of a black liquid and casualties that were close to the spot
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at Cobane exhibiting typical clinical symptoms of SM poisoning can be found on the
internet (Figure 1.1). Meanwhile the Organisation for the Prohibition of Chemical
Weapons (OPCW) confirmed the use of SM in Syria from 2013 until present [13].

Figure 1.1: SM-containung artillery shell and SM-exposed patient. (A) Photograph
showing an artillery shell with leakage of an oily liquid, most likely SM,
taken on September 1st 2015 near Cobane (Syria) [14]. (B) Photograph
of an in-patient, exhibiting typical clinical symptoms of SM poisoning,
recorded on September 3rd 2015 near Aleppo [14].

1.2 Clinical Picture of Sulfur Mustard Poisoning
SM causes severe damage to every exposed organ and tissue. Most common are
acute adverse health effects of the dermal, respiratory and ocular systems [5, 15,
16, 17]. Systemic symptoms may also develop. The perfidious characteristics of SM
had already been recognized by Albert Niemann in 1860: ‘They are represented by
the fact that even traces when brought into contact with the skin, while painless at
first, result in a reddening of the skin after several hours, and in subsequent days
form blisters which fester and heal slowly and with great difficulty, leaving behind
significant scarring’ [18]. Unnoticed at first, skin irritations including tautness, itch,
erythema will develop usually within 2 - 3 hours after contact with the agent, but
may also take up to 24 h [5, 16, 17]. On affected skin areas blisters develop leading
to extensive ulceration. These SM-induced skin wounds are characterized by wound
healing disorders, which frequently necessitate skin transplantation.

Unprotected eyes are the most sensitive organ with regard to airborne SM exposures.
Symptoms will develop within 1 - 2 h, depending on the SM exposure dose. Pain,
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photophobia and blepharospasms are common [15, 17]. Corneal damage, which may
even occur decades after a single exposure event, is feared [19].
Pulmonary exposure with SM-aerosols may be life-threatening. SM is able to reach
lower lung compartments, i.e. the alveolar region, due to its poor water solubility [20].
In principle, a toxic reaction comparable to the skin lesions can be observed: lung
epithelial cells detach, mix with mucus and exsudate therby forming diphtheria-like
pseudomembranes that clot and obstruct the airways [17, 21]. This, unless imme-
diately treated by broncho-alveolar lavage and intensive care measures, results in
asphyxia in most cases.

Unfortunately, neither a specific antidote nor specific therapeutic measures are
available. One reason is the largely unkown cytotoxicity of SM. Early decontamination,
at least of affected areas, is of utmost importance to prevent further uptake of the
agent. Sodium or calcium hypochlorite solutions or powders may be used to accelerate
SM hydrolysis or oxidation to harmless products. [5]. More recently, RSDL (reactive
skin decontamination solution) was introduced for decontamination purposes [22].
Malignancies of the lung, skin and blood marrow are examples of long-term health
effects after SM exposures and have been frequently reported [16, 23, 24]. Despite all
the adverse effects that SM has caused while being abused as CWA, physicians have
also recognized its toxic potential to fight malignant cells and tissue. During WWI
scientists realized that SM has antiproliferative effects [25]. After WWII, Nitrogen
Mustards were developed. These were less toxic but had similar effects regarding
the inhibition of proliferation, leading to the first cytostatic agents and the start
of the era of alkylation chemotherapy. A plethora of alkylating compounds were
synthesized including chlorambucil, melphalan, or bendamustine [26]. Some of these
early cytostatic agents are still in use in current cancer therapy.

1.3 Molecular Toxicology
The highly reactive SM is able to alkylate a plethora of biomacromolecules including
DNA. SM-DNA-adducts, especially interstrand crosslinks, have long been regarded as
the main reason for toxicity. However, these damages can be repaired by nucleotide
excision repair (NER) or base excision repair (BER) processes [27, 28]. Thus,
other mechanisms are most likely to be involved in the molecular toxicology. The
chemical reaction mechanism has been precisely explored: intramolecular nucleophilic
substitution leads to the elimination of a chloride ion resulting in the formation of a
cyclic sulfonium ion. This highly reactive intermediate cause covalent modifications
of different biomolecules including DNA (Figure 1.2, p. 4).
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Figure 1.2: SM induced DNA alkylation at guanine residues. First, in aqueous
environments SM forms a sulfonium ion which is then transformed into a
carbenium ion. This highly reactive intermediate binds to N7 residues of
guanine bases resulting in N7-HETE-G. ‘C’ represents cytosine, and ‘G’
respresents guanine residues.

Different mono- and bi-functional DNA-adducts at guanine and adenine residues
have been described [29, 30]. Some of these adducts can be excised by different DNA
repair mechanisms, like BER or NER, whereas O6-[2-[(2-hydroxyethyl)thio]ethyl]-
guanine cannot be repaired and, therefore promotes mutagenesis. Altough the
alkylation of DNA is the most common lesion, the carbenium ion can also react
with many nucleophils such as O, S, or N, which are part of amino acids, enzymes,
co-enzymes, structural proteins, or earlier mentioned nucleic acids. During both
hydrolysis and alkylation reactions of SM, different chemical byproducts, such as
e.g. H+, emerge. These may also contribute to toxicity. SM is well known to
cause oxidative (ROS) and nitrosative (RNS) stress. ROS play a crucial role in cell
signaling and homeostasis, although increasing amounts can override cellular defense
systems and thus cause pathological states [31, 32]. The formation of ROS, especially
superoxide and hydroxyl radicals, can be counteracted by antioxidative compounds
like GSH [33]. GSH has been shown to act as SM scavenger in vitro, however, by
depleting antioxidants [34]. Furthermore, it has been reported that antioxidative
enzymes are inhibited by SM, thereby elevating ROS and aggravating cell damage
[35]. Both, excessive DNA alkylation in combination with increased alkylation and
loss of essential cellular cofactors (i.e. NAD+, ATP) may trigger cell death. Various
modes of cell death have been described: uncontrolled necrosis, a more or less
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uncontrolled disintegration of cells, and programmed cell death, called apoptosis.
Additionally variations of programmed cell death are necroptosis and authopagy.
In case of necroptosis, different death receptors are activated and thereby promote
cell death. Although being triggered by the cell itself, proteins are not cleaved in
a controlled manner, instead necrotic disintegration is the case [36]. Autophagy
describes a controlled degradation of malfunctioning proteins and cellular parts. The
resulting morphology can be differentiated from apoptosis [37]. Apoptosis is executed
by the sequential activation of different caspases. Activated effector caspases, e.g.
caspase-3, will finally cleave different substantial proteins. Degradation products
become embedded in apoptotic bodies which are cleared by efferocytosis, thereby
preventing any release of cytoplasmic matter into the extracellular environment [38,
39]. In contrast to apoptosis, necrosis results in inflammation because of uncontrolled
release of cytoplasmic contents from disrupted cells [40, 41]. For SM both necrosis
and apoptosis have been described [42, 43, 44, 45]. Necrosis is observed after high
doses of SM, whereas apoptosis takes place at lower doses of SM. Erythema and
inflammation, most probably due to necrosis but also linked to the release of pro-
inflammatory cytokines, have been frequently observed after SM exposures. Along
with the release of pro-inflammatory IL6, IL8, or TNFα, leukocytes increase in
number [44, 46]. Furthermore, an upregulation of pro-inflammatory proteins, like
cyclooxygenase, inducible nitric oxide synthase, or myeloperoxidase was found after
SM exposure [47]. Based on decades of research, it has to be assumed that the
toxicity of SM is not attributed to a single but rather to a plethora of different
toxicological mechanisms. Obviously, SM can be sensed. A malodorant, pungent,
mustard- or garlic-like odor was already noticed by Despretz. This typical smell was
eponymous for the term ‘mustard gas’, although misleading as SM is not gaseous at
room temperature. Whether pure SM, its hydrolysis products or impurities during
the synthesis process all exhibit this characteristic is a matter of controversial debate.
However, the specific odor was used as an indicator of SM deployment as illustrated
on many warning and information notices (Figure 1.3).
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Figure 1.3: SM warning and information notices from World War II. Posters served
to warn soldiers and civilians about the feared use of chemical warfare
agents. Here, the characteristic odor of SM is addressed [48, 49].

1.4 Chemosensation
Chemosensation, also known as chemoreception, is the ability to perceive chemicals.
Beside, some authors also include the perception of (noxious) cold or heat in the
definition of chemoreception. Chemoreceptors were initially discovered in the nasal
mucosa and in the oral taste bulbs. They were found to be essential for distinguishing
different flavors. The receptor for bitter-tasting ‘chemicals’ is the G protein-coupled
receptor TAS2Rn [50]. Interestingly, these receptors are also expressed in the motile
cilia of the airway epithelium [50]. Another example of peripheral chemoreceptors are
carotid bodies that sense e.g. oxygen levels in the blood and translate the information
to a neuronal output with subsequent adaptation of respiration [51]. More recently,
nasal trigeminal nerve endings were described to be also particularly sensitive to
highly toxic chemicals, i.e. chlorine [52]. A plethora of proteins were identified being
involved in the physiological process of chemosensation. However, immediate changes
of intracellular ion levels, i.e. increase of intracellular calcium levels ([Ca2+]i), seem
to be key events. Likely candidates involved in this Ca2+ influx phenomenon are
members of the transient receptor potential channel (TRP channels) family.

1.4.1 Transient Receptor Potential Ion Channels
TRP channels are a heterogenous group of ion channels. Depending on the species,
up to about 30 TRP channels have been described which share several structural
similarities. The superfamily of TRP-channels consists of seven subfamilies: canonical
TRP channels (TRPC), vanilloid TRP channels (TRPV), melastatin TRP channels
(TRPM), mucolipin TRP channels (TRPML), polycystin TRP channels (TRPP),



1 Introduction 7

no-mechanoreceptor potential channels (NOMPC = TRPN), and TRPA channels
with the sole member ANKTM1 (Figure 1.4).

Figure 1.4: Phylogenetic tree of the TRP-channel superfamily [53].

In general, all TRP channels are composed of 6 transmembrane domains [54]. Both
N- and C-termini are located inside the cytosol. Numerous protein modifications
including phosphorylation, ubiquitination or protein-protein interaction, e.g. G
protein receptor coupling or ligand gating, have been described. A cation-permeable
pore region is located between the transmembrane domains 5 and 6 (Figure 1.5) [54].
It is suggested that a functional unit is formed by 4 TRP channels. Heteromeric,
as well as homomeric tetramers have been described, depending on the type of the
TRP channel.
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Figure 1.5: Structure and constitution of TRP channels. (A) Transmembrane topol-
ogy of the ion channel subunits. TRP channels consist of six trans-
membrane domains. A pore region is formed between S5 and S6 [55].
(B) Crystal structure of the human TRPA1 tetramer [56].

Many of these channels mediate a variety of sensations like the sensations of pain
and hotness, sensitivity to warmth or cold, different kinds of tastes, pressure, and
vision [52, 54, 57, 58, 59, 60, 61]. Specific activators of certain TRP channels were
identified: some channels are activated by the garlic ingredient allicin (TRPA1 &
TRPV1), capsaicin (TRPV1), or the wasabi ingredient allylisothiocyanate (TRPA1),
others are activated by menthol, camphor, peppermint, etc. Some TRP channels
respond to mechanical stimuli like osmotic pressure, volume, stretch, and vibration.

1.4.2 Transient Receptor Potential A1
TRPA1, also referred to as ANKTM1, exhibits several cytoplasmic ankyrin repeats at
the N -terminus which is a major distinction between TRPA1 and other TRP channels.
Transient receptor potential A1 expression was initially demonstrated in dorsal root
ganglia, often co-expressed with TRPV1, that responded with a distinct calcium influx
after cold stimuli [62, 63, 64]. In 2005, the channel got interest from pharmaceutical
companies leading to the development of specific TRPA1 blockers as painkillers.
TRPA1 represents a polymodal ion channel as it can be activated by various stimuli,
including electrophilic chemicals, oxygen, temperature, and mechanical force [65]. It
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was already shown – or at least postulated – that various toxic compounds are able
to directly activate TRPA1 channels [50, 66, 67]. Later on, TRPA1 expression in
non-neuronal tissues, including skin, lung and digestive organs, was described (Figure
1.6) [52, 59, 64, 68]. However, the biological relevance of TRPA1 in non-neuronal
tissue remains unclear.

Figure 1.6: TRPA1 expression in human lung tissue. Alveolar (A) and bronchial
(B) sections of the human lung were immunostained using a specified
anti-TRPA1 antibody. Triple-IHC-stainings (TRPA1: red, arrows; epithe-
lial pan-cytokeratin: green; neuronal βIII tubulin: yellow, arrowheads)
revealed a distinct expression of TRPA1 in non-neuronal tissue, as well as
in neuronal structures. Especially bronchial epithelium (B) exhibited a
pronounced expression of TRPA1 directed towards the lumen. Asterisks
indicate DAPI-stained cell nuclei, bar = 20 µm [68].



2 Objectives of the Presented Thesis 10

2 Objectives of the Presented Thesis

Transient Receptor Potential (TRP) ion channels in sensory neurons were shown
to respond to a wide range of noxious chemical stimuli, initiating pain, respiratory
depression, cough, glandular secretions, and other responses [50]. Especially TRPA1
is activated by a plethora of oxidizing and electrophilic chemicals, most probably
by covalent modification of cysteine residues within the ankyrin repeats [50, 66].
SM represents a highly reactive, electrophilic compound that can form adducts
with various bio-macromolecules, predominantly at free cysteine residues [69, 70,
71]. Direct activation of TRPA1 channels by SM appears likely but has not been
investigated so far.

Thus, the following questions have been addressed and the results are presented in
this thesis:

• Do alkylating agents activate TRPA1 channels?

• What are the biological consequences thereof?

• Can TRPA1-blockers prevent SM-induced channel activation?

• Will similar effects be obtained in cells endogenously expressing TRPA1?

• Does SM-induced formation of ROS contribute to TRPA1 activation?
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3.1 Activation of the Chemosensing Transient Receptor
Potential Channel A1 (TRPA1) by Alkylating Agents

Bernhard Stenger, Franziska Zehfuß, Harald Mückter, Annette Schmidt, Frank Bal-
szuweit, Eva Schäfer, Thomas Büch, Thomas Gudermann, Horst Thiermann, Dirk
Steinritz. Archives of Toxicology 2015, 89, 1631-1643.

In the first study we investigated whether hTRPA1 channels respond to alky-
lating agents. To answer this question, a hTRPA1 overexpressing cell line was
established and exposed to the monofunctional alkylating compound CEES (2-
chloroethylethylsulfide), a frequently used model substance for SM. Initially TRPA1
activation was to be revealed by measuring Ca2+-influx using Fura-2 AM. While the
specific TRPA1 activator AITC led to the expected increase of [Ca2+]i, findings after
CEES exposure were inexplicable at first glance: CEES affected Fura-2 fluorescence
to some degree, however, no concentration-response relationship was observed and
signal kinetics were faster than those of the positive control AITC (Supplement Figure
1 A,B, p. 25). Results from further experiments led to the assumption that there is
a direct interaction between CEES and Fura-2. As expected, measuring of Fura-2
emission at the isosbestic point (360 nm) – here fluorescence should be independent of
Ca2+ concentrations – revealed no change for AITC (Supplement Figure 1 C, p. 25).
However, in the case of CEES, a significant decrease of fluorescence was evident point-
ing to a direct interaction between CEES and Fura-2. We concluded that Fura-2 was
inappropriate in our experimental setup. Thus, we changed our Ca2+-measurement
over to the apoaequorine-assay. Apoaequorine, a protein extracted from the jellyfish
Aquorea victoria by Shimomura in 1962, changes its conformation upon binding Ca2+

in the presence of the substrate coelenterazine, thereby emitting light [72, 73]. Using
this setup, no intereference between CEES and apoaequorine was detectable allowing
reliable Ca2+ measurements. Indeed, our result proved a CEES-induced elevation
of [Ca2+]i through TRPA1 channels (Figure 2, p. 17). Moreover, as TRPA1 was
also reported to be activated by protons [74, 75], and H+ are released during CEES
hydrolysis and alkylation reactions, we investigated whether protons were responsible
for our results. As expected, pH decreased significantly after having diluted CEES
in aqueous media (Supplement Figure 2, p. 26), and some minor channel activation
was observed (Figure 3, p. 18). Nevertheless, CEES-induced TRPA1 activation ex-
ceeded this effect, thereby demonstrating direct effect of CEES. Remarkably, TRPA1
overexpression was associated with an increased cytotoxicity of CEES that could
be counteracted by using specific TRPA1 blockers (Figure 5, p. 19). All findings
could be confirmed in A549 lung epithelial cells which endogenously express TRPA1,
thereby underlining the biological relevance of the results (Supplement Figure 3C,
p. 27). Thus, a direct link between ion channel activation and enhanced cytotoxicity
could be established.
In summary, the key findings of this work were: (i) alkylating compounds activate
TRPA1 channels, and (ii) TRPA1 is directly involved in the cytotoxicity of alkylating
compounds.
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TRPA1 were more sensitive toward cytotoxic effects of 
CEES compared with wild-type cells. At low CEES con-
centrations, CEES-induced cytotoxicity was prevented by 
AP18. Proof-of-concept experiments using SM resulted in 
a pronounced increase in [Ca2+]i in HEK293-A1-E cells. 
Human A549 lung epithelial cells, which express TRPA1 
endogenously, reacted with a transient calcium influx in 
response to CEES exposure. The CEES-dependent calcium 
response was diminished by AP18. In summary, our results 
demonstrate that alkylating agents are able to activate 
TRPA1. Inhibition of TRPA1 counteracted cellular toxic-
ity and could thus represent a feasible approach to mitigate 
SM-induced cell damage.

Keywords  TRPA1 · CEES · Sulfur mustard · Calcium 
signaling · A549

Abbreviations
AITC	� Allyl isothiocyanate
AP18	� 4-(4-Chlorophenyl)-3-methylbut-3-

en-2-oxime
AQ	� Distilled water

Abstract  The transient receptor potential ankyrin 1 
(TRPA1) cation channel is expressed in different tissues 
including skin, lung and neuronal tissue. Recent reports 
identified TRPA1 as a sensor for noxious substances, 
implicating a functional role in the molecular toxicology. 
TRPA1 is activated by various potentially harmful electro-
philic substances. The chemical warfare agent sulfur mus-
tard (SM) is a highly reactive alkylating agent that binds 
to numerous biological targets. Although SM is known for 
almost 200 years, detailed knowledge about the pathophys-
iology resulting from exposure is lacking. A specific ther-
apy is not available. In this study, we investigated whether 
the alkylating agent 2-chloroethyl-ethylsulfide (CEES, 
a model substance for SM-promoted effects) and SM are 
able to activate TRPA1 channels. CEES induced a marked 
increase in the intracellular calcium concentration ([Ca2+]i) 
in TRPA1-expressing but not in TRPA1-negative cells. The 
TRP-channel blocker AP18 diminished the CEES-induced 
calcium influx. HEK293 cells permanently expressing 
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[Ca2+]i	� Intracellular calcium concentration
CEES	� 2-Chloroethyl-ethylsulfide
DMEM	� Dulbecco’s modified eagle medium
DMSO	� Dimethyl sulfoxide
ECL	� Enhanced chemiluminescence
EtOH	� Ethanol
FBS	� Fetal bovine serum
h	� Hours
HEK-A1-E; HEKA1	� HEK293 cells, stable transfected 

with hTRPA1, clone E
HEK-WT; HEKWT	� HEK293 wild-type cells
hTRPA1	� Human transient receptor potential 

ankyrin 1
LC50	� Lethal concentration, resulting in 

50 % decreased cell viability in 
vitro

mA	� Milliampere
mM	� Millimolar
µM	� Micromolar
min	� Minutes
PBS	� Phosphate-buffered saline
P/S	� Penicillin–streptomycin
RIPA-buffer	� Radio-immuno-precipitation-assay 

buffer
RR	� Ruthenium red
s	� Seconds
SD	� Standard deviation
SDS-PAGE	� Sodium dodecyl sulfate polyacryla-

mide gel electrophoresis
SEM	� Standard error of the mean
SM	� Sulfur mustard
TIH	� Toxic inhalation hazard
TRPA1	� Transient receptor potential ankyrin 1
V	� Volt
WW	� World War

Introduction

Inhalation of noxious chemical substances also known as 
toxic inhalation hazards (TIHs) causes significant damage 
to the respiratory system. Toxic lung injury, which is linked 
to a significant mortality, occurs in severe cases (Büch et al. 
2013; Centers for Disease Control and Prevention 2003; 
Finkelman 2014). Exposure toward TIHs is usually a result 
of an accidental release of these substances. However, TIHs 
were also used as chemical warfare agents (e.g., phosgene, 
sulfur mustard, chlorine) or in terroristic attacks (Dons 
2013; McManus and Huebner 2005). The intensive use of 
TIHs for chemical warfare purposes can be dated back to 
World War I. However, use of TIHs in armed conflicts has 
been reported just recently (Hoenig 2002; Thiermann et al. 
2013). Sulfur mustard was one of the most frequently used 

chemical warfare agents in WW I and also later on in the 
twentieth century (Dons 2013; Rürup et al. 2000; Schmaltz 
2005). Despite intense efforts toward chemical disarma-
ment, large stockpiles of this agent still exist. Moreover, 
SM is comparatively easy to synthesize and thus represents 
a threat even today (Pechura and Rall 1993; Stewart 2006).

SM is an oily liquid with volatile properties (Centers for 
Disease Control and Prevention 2003). Reports from WW 
I revealed that SM can affect a number of organ system 
including skin, eyes and the respiratory system. The clini-
cal picture of a dermal SM exposure includes erythema, 
accompanied with almost unbearable pruritus, vesication 
and wound-healing disorder (Kehe et  al. 2009). However, 
inhalative exposure accounted for almost all fatal cases 
(Pechura and Rall 1993; Sidell et al. 1997). Similar to skin 
exposure, sulfur mustard causes vesication of the pulmo-
nary epithelium after inhalation. Due to its poor water solu-
bility, SM is able to reach deep lung compartments (Cent-
ers for Disease Control and Prevention 2003; Sidell et  al. 
1997). Detached epithelium mixes with exsudative fluids, 
resulting in pseudomembrane formation as a life-threaten-
ing event and immediately demands intensive care meas-
ures including broncho-alveolar lavage, intubation and 
PEEP respiration (Ghanei et al. 2011).

Unfortunately, a specific antidote does not exist, and 
thus, therapy is limited to symptomatic measures (Pohanka 
2012; Riccardi 2003; Tewari-Singh et al. 2014). Although 
sulfur mustard is known for almost 200 years (first synthe-
sis by Depretz in 1822), knowledge about the exact molec-
ular pathology is still limited. The alkylating properties of 
SM have been intensively investigated: After internal cycli-
zation, one of the chlorine atoms is cleaved off, resulting in 
the formation of highly reactive intermediates (Kehe et al. 
2009). These highly electrophilic intermediates are capable 
to react with a variety of biological components. Probably, 
best investigated are the alkylation reactions with nucleic 
acids (i.e., guanine, adenine), resulting in mono- and 
bifunctional DNA-adducts (Kehe et al. 2009). In addition, 
covalent modifications of proteins (e.g., albumin, hemo-
globin) have been described (Noort et al. 2008). It is very 
likely that numerous additional proteins may undergo such 
modifications.

Recently, it has been reported that oxidizing TIHs such 
as ozone, acrolein or methylisocyanate can activate che-
mosensing transient receptor potential (TRP) channels: 
TRP-channels in sensory neurons were shown to respond 
to a wide range of noxious chemical stimuli (Bandell et al. 
2004; Büch et  al. 2013; Jordt et  al. 2004; Macpherson 
et al. 2007; Ramsey et al. 2006), initiating pain, respiratory 
depression, cough, glandular secretions and other protective 
responses (Bessac and Jordt 2010; Kinnamon 2012; Ram-
sey et al. 2006). TRP-channels are regarded to play a piv-
otal role in the detection of TIHs, in the control of adaptive 
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responses, and in the initiation of detrimental signaling cas-
cades (Banner et al. 2011; Bessac et al. 2008; Büch et al. 
2013). Specifically, TRPA1 is activated by a plethora of 
electrophilic chemicals, resulting in covalent protein modi-
fications (Bessac and Jordt 2010; Macpherson et al. 2007). 
In addition to the well-established neuronal expression of 
TRPA1 (Nilius et  al. 2012; Shigetomi et  al. 2013), non-
neuronal TRPA1 expression (including keratinocytes and 
lung epithelial cells) is also documented (Büch et al. 2013; 
Fernandes et al. 2012; Nassini et al. 2012; Schaefer et al. 
2013; Simon and Liedtke 2008), suggesting that in these 
cells TRPA1-mediated effects can occur.

Intermediates of sulfur mustard (e.g., sulfonium/car-
benium ion) represent highly electrophilic compounds 
(Kehe et al. 2009) and thus might directly activate TRPA1 
as reported for other reactive compounds (Macpherson 
et  al. 2007). To test this hypothesis, a TRPA1-expressing 
HEK293 cell line and the alkylating agent 2-chloroethyl-
ethylsulfide (CEES) were used. The monoalkylating agent 
CEES was used as a well-established surrogate for SM 
(Veress et  al. 2010), while proof-of-concept experiments 
using SM and lung epithelial cells were also conducted. 
Our results provide first hints that TRPA1 is directly 
involved in CEES-mediated cytotoxicity.

Materials and methods

Materials

Pure sulfur mustard (purity >99  %, determined by NMR) 
was purchased from TNO (The Hague, The Netherlands). 
Minimal essential medium, fetal bovine serum (FBS), 
phosphate-buffered saline (PBS) and Trypsin–EDTA were 
obtained from Life Technologies (Gibco, Karlsruhe, Ger-
many). AITC, AP18, CEES and P/S were obtained from 
Sigma-Aldrich (Steinheim, Germany). AITC is a well-
known specific activator of TRPA1 and was used as positive 
control (Büch et al. 2013). AP18 was shown to specifically 
block TRPA1 channels (Defalco et al. 2010; Hinman et al. 
2006). Cell Proliferation Kit II XTT was purchased from 
Roche Applied Life Science (Mannheim, Germany). Pro-
moFectin Transfection Reagent was from PromoCell GmbH 
(Heidelberg, Germany). Coelenterazine was obtained from 
Biaffin (Kassel, Germany). Ethanol and DMSO were pur-
chased from Carl Roth (Karlsruhe, Germany).

Cell lines

The generation of transfected HEK293 cells (stably 
expressing TRPA1, further referred to as HEK293-A1-E) 
has been described previously (Schaefer et  al. 2013). 
HEK293 wild-type (HEK-WT) cells were kindly donated 

by Vladimir Chubanov, Walther-Straub-Institute, Munich, 
Germany. Both cell lines were cultured in minimal essen-
tial medium, containing l-glutamine and Earle’s salts, sup-
plemented with 10  % FBS and 1  % P/S in a humidified 
atmosphere at 5 % CO2. A549 cells (CCL-815, LGC Stand-
ards GmbH, Germany) with properties of type II alveolar 
epithelial cells and endogenously expressing TRPA1 were 
cultured in DMEM containing 10 % FBS and 1 % P/S at 
a humidified atmosphere at 5  % CO2 (Büch et  al. 2013; 
Gazdar et  al. 1990). All cells were trypsinized for 2  min 
and resuspended in the respective medium every 2–3 days.

PCR

For PCR analysis of TRPA1 mRNA, a HotStarTaq Plus 
DNA polymerase was used (Qiagen, Hilden, Germany). 
PCR was conducted according to the manufacturer’s proto-
col using a BioRad C1000 Touch thermal cycler (BioRad, 
Heidelberg, Germany). Following an initial activation step 
at 95 °C for 5 min, 25 cycles were run with 30-s denatura-
tion at 94 °C, 30-s annealing at 56 °C and 1-min elongation 
at 72 °C. The last step included a final elongation at 72 °C 
for 10  min to ensure complete DNA strand replication. 
Primer sequences used for hTRPA1 mRNA detection were 
designed as Forward 5′-TGTTTCTCAGTGACCACAAT-3′ 
and Reverse 5′-CTGTGAAGCATGGTCTCATGA-3′ and 
ordered from Metabion (München, Germany). The PCR 
product was finally separated in a 1 % agarose electropho-
resis (120 V constant for 45 min). DNA was visualized by 
ethidium bromide staining.

Western blot

For analysis of TRPA1 protein expression, Western blot 
experiments were performed. For protein isolation, a RIPA-
buffer protocol was used. A protease inhibitor (Roche 
Applied Life Science, Mannheim, Germany) was added to 
the RIPA-buffer according to the manufacturer’s protocol. 
Cells in a T25 flask were lysed in 0.5 ml RIPA-buffer. Cell 
lysates were centrifuged at 14,000g and 4  °C for 15 min. 
Supernatants were transferred to a new vial. 15–30  µg 
whole cell extracts were loaded on a 10  % polyacryla-
mide gel. SDS-PAGE was run at constant 100  mA using 
a Bio Rad Mini-PROTEAN Tetra Cell chamber (Bio-Rad, 
Heidelberg, Germany). After 1D separation, proteins were 
transferred to a 0.2-µm nitrocellulose membrane using a 
Bio Rad Mini Trans-Blot Cell (Bio-Rad, Heidelberg, Ger-
many). Wet-Blotting was conducted with constant 125 V 
for 1 h. Blocking was done by 5 % skimmed milk powder 
and 0.1  % Tween 20 dissolved in PBS. As primary anti-
body, a rabbit polyclonal antihuman TRPA1 antibody (PAB 
11992, Abnova, Taipei City, Taiwan) at 2 µg/ml concentra-
tion was used. Detection was done by a goat anti-rabbit 
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peroxidase antibody (1706515, BioRad, Heidelberg, Ger-
many) diluted 1:7,500 and subsequent enhanced chemilu-
minescence detection (ECL).

Functional measurement of Ca2+ influx using Fura‑2 AM

Activation of TRPA1 was initially explored by measur-
ing intracellular Ca2+-influx using Fura-2 AM ester as 
described earlier (Almers and Neher 1985). In brief, cells 
were harvested using 0.05  % EDTA-Trypsin, loaded with 
1  µM Fura-2 AM and incubated at room temperature for 
30  min. Afterward, cells were washed once with MEM. 
Subsequently, 1.2  ×  106  cells/ml were transferred into a 
Greiner 96-well flat microplate (Greiner Bio-One, Frick-
enhausen, Germany). Changes in Fura-2 AM fluorescence 
were detected using a Tecan infinite m200Pro plate reader 
(equipped with a gas control module to maintain 37 °C and 
5  % CO2 within the plate reader). To ensure homogenous 
cell suspension, a 30-s orbital shake with 5-mm amplitude 
was implemented before each measurement. Fluorescence 
emission was detected at 510  nm according to the manu-
facturer’s protocol. Excitation wavelength was adjusted to 
340 nm for detecting high calcium concentrations, to 360 nm 
where Fura-2 AM is insensitive to calcium (isosbestic point) 
and to 380 nm to detect low calcium concentrations, respec-
tively. Fluorescence was recorded over time and CEES 
(10,000–3,333–123 µM), HCl (1,000 µM) or AITC (15 µM) 
were injected. The ratio of 340 and 380 nm was calculated 
to assess changes in the intracellular calcium concentration.

Transient transfection of Ca2+‑sensitive aequorin plasmid

The aequorin-coding plasmid was kindly provided by 
Andreas Breit, Walther-Straub-Institute Munich, Germany. 
10  µg of the DNA-construct was diluted in 500  µl MEM 
without any additional supplements. 12  µl PromoFectin 
were diluted in 500  µl MEM without any further supple-
ments. Both solutions were thoroughly mixed by vortexing 
and incubated for 30 min at room temperature. The DNA-
PromoFectin solution was then transferred into a T25 cell 
culture flask before 4  ml of cell suspension containing a 
total of 5 × 106 cells were seeded on top. Cells were cul-
tured for up to 4 days.

Functional measurement of Ca2+ influx using an aequorin 
assay

Activation of TRPA1 primarily results in a calcium influx. 
Thus, we measured changes in intracellular calcium concen-
trations using the calcium-sensitive photoprotein aequorin 
as described earlier (Kendall and Badminton 1998; Shi-
momura et  al. 1974). Prior to the measurement, aequorin-
transfected cells were loaded with 5 µM of the apoaequorin 

chromophore coelenterazine for 15  min at 37  °C and a 
humidified atmosphere with 5 % CO2. Afterward, cells were 
washed with PBS once, harvested with trypsin, and trans-
ferred to 5  ml MEM without phenol red, but containing 
10 % FCS and 1 % P/S. Cell suspensions were centrifuged 
at 500g for 5 min. The supernatants were removed. Cell pel-
lets were resuspended to a concentration of 1.2 × 106 cells/
ml in MEM (without phenol red and without any additional 
supplements). 200 µl of the cell suspension were transferred 
to a Greiner 96-well Lumitrac 200 Plate (Greiner Bio-One, 
Frickenhausen, Germany). Measurements were performed 
using a Tecan infinite m200Pro plate reader (equipped with 
a gas control module to maintain 37 °C and 5 % CO2 within 
the plate reader). To ensure homogenous cell suspension, a 
30-s orbital shake step (amplitude of 5 mm) was performed 
before each measurement. Luminescence was recorded with 
an integration time of 1,000  ms over at least 2  min. 10  µl 
injections of the respective chemicals [CEES, SM, AITC 
(positive control) or EtOH (solvent control)] was done after 
20-s baseline recording. To avoid rapid hydrolysis of CEES 
and SM, both chemicals were first dissolved in EtOH at a 
concentration of 400  mM. Solutions were then adjusted 
to the 20-fold of the concentration intended for exposure. 
Immediately before the measurements, 10 µl CEES- or SM-
solution was injected into the well containing 190 µl MEM 
without phenol red. CEES or SM was thereby diluted by the 
factor 20 to the intended final concentration (CEES 30,000–
500 µM; SM 500 µM). The TRP-channel inhibitor AP18 was 
injected 15 s before exposure as described earlier (Nakatsuka 
et  al. 2013). Normalization was done by dividing raw val-
ues by the mean of the baseline values, resulting in a relative 
increase in luminescence normalized to baseline levels.

Determination of pH changes by CEES hydrolysis in MEM 
or distilled water

During CEES hydrolysis, equimolar amounts of protons 
are generated. To assess their influence on pH values, 
10  mM CEES were added to either MEM (supplemented 
with 10 % FCS) or to distilled water, respectively. pH val-
ues were determined prior to CEES addition, immediately 
after and after 30 or 60 min using a WTW inolab ph7310 
pH meter (WTW, Weilheim, Germany).

Cell viability assay XTT

CEES toxicity was assessed by using a XTT cell viability 
assay. Cells were seeded at a density of 4 × 104 cells per 
well (96-well format) for HEK293 cells in a total of 75 µl 
MEM (containing phenol red, 10  % FBS and 1  % P/S). 
Cells were grown to approximately 90  % confluence for 
24 h. After 24 h, cells were exposed to CEES in different 
concentrations. To avoid rapid hydrolysis, CEES was first 
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dissolved in 100 % EtOH. Afterward, a dilution (2× final 
concentration) in MEM (containing phenol red, 10 % FBS 
and 1 % P/S) was done just before exposure. 75 µl of this 
CEES solution was pipetted on top of the seeded cells, 
resulting in a total of 150 µl medium (1:2 dilution), contain-
ing the defined final concentration of CEES per well. Final 
concentrations of CEES ranged from 10,000 to 0.508 µM. 
EtOH (0.125 %) was used as solvent control. Cell viability 
was measured after 24 h without a prior medium change. 
Following the manufacturer’s protocol, 75 µl of XTT rea-
gent was pipetted on top of the cells and the plate was incu-
bated for 60 min (humidified atmosphere, 37 °C and 5 % 
CO2). Absorption was measured at a wavelength of 450 nm 
and 650  nm (reference) using a Tecan infinite m200Pro 
plate reader.

Statistics

Statistical analysis was processed using GraphPad prism 
v6.0 software. For statistical comparison of the maximal 
response, one-way ANOVA with Tukey correction for 
multiple comparisons was performed. p values <0.05 were 
regarded significant.

Results

Expression of TRPA1 in HEK293‑A1‑E cells

Expression of functional TRPA1 in HEK293-A1-E cells 
was confirmed by PCR, Western blot analysis and AITC-
induced calcium influx. Both PCR and Western blot anal-
ysis revealed a distinct positive signal for TRPA1 mRNA 
(Fig.  1a) or TRPA1 protein expression (Fig.  1b). As 
expected, WT cells did not show TRPA1 mRNA or protein 
expression (Fig. 1a, b). 15 µM AITC (positive control) ini-
tiated a pronounced transient of the intracellular calcium 
concentration ([Ca2+]i) in HEK293-A1 cells with a slow 
decay over a period of about 90 s, while HEK293-WT cells 
did not show an AITC-induced change in [Ca2+]i (Fig. 1c). 
EtOH (0.5 % v/v, solvent control) did not affect [Ca2+]i in 
HEK293-A1-E or HEK293-WT cells (Fig. 1c).

Fura‑2 AM is inappropriate to detect CEES‑induced 
increase in [Ca2+]i

Fura-2 AM is as a sensitive indicator dye for measur-
ing changes in intracellular calcium concentrations. As 
expected, AITC led to a distinct increase in intracellular 
calcium in Fura-2 AM experiments (Suppl. Figure  1A). 
However, we have not been able to detect a reliable increase 
in Fura-2 AM fluorescence after exposure of HEK293-
A1-E cells to CEES. Interestingly, there was a very small 

increase in fluorescence immediately after CEES exposure. 
However, the Fura-2 AM signal did not increase over time 
and occurred faster compared with the positive control 
AITC (Suppl. Figure 1A, B). Moreover, no obvious CEES 
concentration dependency was observed. Fluorescence at 

Fig. 1   a Representative PCR detection of hTRPA1 mRNA expres-
sion in HEK293-WT, transfected HEK293-A1-E and basal expres-
sion in A549 cells. HEK293-WT cells did not show hTRPA1 mRNA 
expression, whereas the other investigated cell types revealed a 
distinct expression of hTRPA1 mRNA. HEK293-A1-E showed 
higher levels of hTRPA1 mRNA expression compared with A549 
cells. b Representative Western blot analysis of HEK293-A1-E and 
HEK293-WT cell lysates using antihuman TRPA1 antibody. Two dif-
ferent total protein amounts (15 and 30 µg) were analyzed for trans-
fected HEK293-A1-E, and 30 µg of total protein were analyzed for 
HEK293-WT cells. In accordance with the manufacturer’s informa-
tion, the antibody detects a specific protein slightly above 100 kDa. 
WT cells did not show a specific band, whereas HEK293-A1-E cells 
did show a distinct protein band. c HEK293-A1-E (white circles, 
gray triangles) as well as HEK293-WT cells (black squares) were 
transfected with aequorin and stimulated with 15 µM AITC (circles, 
squares) or to ethanol (EtOH) (triangles) as solvent control. The ver-
tical dotted line indicates the time of injection. HEK293-A1-E cells 
responded with a distinct increase in aequorin luminescence, indi-
cating a calcium influx. HEK293-WT cells did not show a specific 
response. EtOH stimulation of HEK293-A1-E cells did not evoke a 
specific signal. All experiments were conducted with n =  3. Mean 
values ± SEM are given
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the isosbestic point (360 nm) was decreased even after low 
CEES exposures, indicating a direct interaction between 
Fura-2 AM and CEES (Suppl. Figure  1C). HCl (i.e., 
released during CEES hydrolysis) did not affect Fura-2 AM 
fluorescence at the isosbestic point (Suppl. Figure 1C).

CEES‑induced calcium influx in HEK293‑A1‑E compared 
with HEK293 WT

Exposure of HEK293-A1-E cells to CEES resulted in a 
distinct increase in the intracellular calcium concentration 
([Ca2+]i) as determined by aequorin luminescence (Fig. 2a). 
Exposure of HEK293-WT cells to CEES or exposure of 
HEK293-A1-E to EtOH (solvent control) did not affect 
[Ca2+]i.

The CEES-induced calcium response in HEK293-A1-E 
cells followed a concentration–response relationship with 
an EC50 value of 7,392 µM when comparing relative ampli-
tudes elicited by different CEES concentrations (Fig. 2b).

Proton release during CEES hydrolysis

Protons (i.e., H3O
+, further referred to as protons) are gen-

erated by the rapid hydrolysis of CEES in aqueous media. 
Notably, stimulation of human TRPA1 by protons has been 
described (de la Roche et al. 2013; Wang et al. 2011) and 
could contribute to CEES-induced effects on this channel. 
To assess the influence of these protons on TRPA1 activa-
tion, we determined the acidification during CEES hydroly-
sis in MEM and PCR-grade AQ using a pH meter (Suppl. 
Figure 2). As expected, in distilled water, an instantaneous 
acidification was detectable. In MEM, only a minor acidi-
fication was determined most probably due to the buffer-
ing capacity of the cell culture medium. The decrease in 
pH was highly significant in both groups (MEM and AQ). 
However, despite the statistical significance, initially only 
minor acidification (Δ pH 0.246) in MEM occurred.

Influence of protons on TRPA1 activation and proton effect 
corrected CEES‑induced TRPA1 activation

Although only marginal CEES-induced pH changes were 
detectable in MEM, we investigated whether protons 
derived from CEES hydrolysis had any effect on TRPA1 
activation as measured by aequorin luminescence. We 
exposed HEK293-A1-E cells to different HCl concentra-
tions corresponding to the proton concentration generated 
by a complete hydrolysis of the respective CEES concentra-
tion. Injection of HCl indeed activated TRPA1 channels to 
a minor extent (Fig. 3a), in line with recent findings about 
proton-sensing properties of TRPA1 (de la Roche et  al. 
2013; Wang et al. 2011). To differentiate between TRPA1 
activation by protons derived from CEES hydrolysis or 

by CEES itself, we performed additional experiments 
that allowed a direct comparison of these effects (experi-
ments were performed with batches of cells derived from 
the same transfection procedure). Our results clearly dem-
onstrate a distinct increase in [Ca2+]i after CEES exposure 
that exceeds proton-induced TRPA1 activation and thus can 
be specifically attributed to CEES (Fig. 3b–d). The kinetics 
of the respective Ca2+ transients also differed: CEES expo-
sures resulted in a significantly longer transient compared 
with proton-induced TRPA1 activation.

Fig. 2   a HEK293-A1-E (circles) and HEK293-WT (black squares) 
were exposed to CEES, and [Ca2+]i was determined by aequorin 
luminescence. The vertical dotted line indicates the CEES injection. 
HEK293-A1-E showed a distinct calcium influx after CEES exposure 
following a concentration–response relationship. Ethanol (solvent 
control, diamonds) injections had no effect in HEK293-A1-E cells. 
HEK293-WT cells did not respond to CEES injections. Data points 
from HEK293-WT cells disappear behind the solvent control data. 
All experiments were conducted with n = 3. Mean values ± SEM are 
given. b Concentration–response relationship displaying peak lumi-
nescence values (shown in a). The CEES-induced calcium response 
in HEK293-A1-E cells followed a concentration–response relation-
ship with an EC50 value of 7,392 µM (dotted line). All experiments 
were conducted with n = 3. Mean values ± SEM are given
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Effect of the TRP‑channel blocker AP18 on CEES‑induced 
calcium influx in HEK293‑A1‑E cells

As CEES was shown to activate TRPA1-channels, we 
next investigated whether a TRP-channel blocker was able 
to prevent CEES-induced calcium responses. HEK293-
A1-E cells were pre-incubated with AP18 and exposed to 
7,500  µM CEES, closely approximating the EC50 deter-
mined before, and changes in [Ca2+]i were determined by 
aequorin luminescence. HEK293-A1-E cells without AP18 
pre-incubation were used as controls. Negative controls 
were conducted by pre-incubation of HEK293-A1-E with 
AP18 followed by injection of 5 % EtOH.

We observed a reduction of CEES-induced calcium influx 
in the presence of AP18 compared with non-pre-incubated 
cells (Fig. 4a). Blocking of TRPA1 by AP18 and the decrease 
in calcium influx followed a concentration–response relation-
ship (Fig. 4b). The IC50 was determined at 0.62 µM AP18.

CEES toxicity in HEK293‑A1‑E and HEK293‑WT cells

Effects of CEES on cell viability were measured using the 
XTT assay. HEK293-A1-E and HEK293-WT cells were 
exposed to different concentrations of CEES. Cell viabil-
ity was assessed 24-h post-exposure. HEK293-A1-E cells 
were more sensitive to the alkylating agent with a calcu-
lated LC50 value of 380  µM compared with a LC50 of 
904 µM in WT cells (Fig. 5). The 95 % confidence intervals 
did not overlap, indicating a significant difference between 
the two investigated cell lines with regard to CEES toxicity.

Influence of the TRP‑channel blocker AP18 
on CEES‑induced cytotoxicity

Pre-incubation of HEK293-A1-E cells with 50  µM AP18 
diminished CEES-induced cytotoxicity 24-h post-exposure, 

Fig. 3   Hydrolysis of CEES in aqueous solutions results in the for-
mation of protons and highly reactive intermediates. a The influ-
ence of protons on TRPA1 activation was assessed by the exposure 
of HEK293-A1-E cells to HCl in increasing concentrations (500–
10,000  µM HCl) and detection of aequorin luminescence. Although 
the increase in pH in MEM after HCl injection was only minor (Suppl. 
Figure 2), a distinct but small proton-induced increase in [Ca2+]i was 
detectable that followed a concentration–response relationship. The 
insert represents a zoom of the relevant data. All experiments were 
conducted with n =  3. Mean values ± SEM are given. b–d Increase 
in [Ca2+]i over time determined by aequorin luminescence, following 
injections of defined concentrations of CEES or corresponding HCl 
concentrations. A distinct increase in [Ca2+]i after CEES exposure that 
exceeded the proton-induced TRPA1 activation was observed, which is 
indicated with the gray areas between the curves. All experiments were 
conducted with n = 3. Mean values ± SEM are given

▸
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especially at CEES concentrations up to 675 µM (Fig. 5). 
Within that range, cell viability (measured by XTT assay) 
resembled that of HEK293-WT cells, demonstrating pro-
tective properties of AP18. At higher CEES concentrations, 
results were inconsistent, although reproducible. Interfer-
ence of AP18 with the XTT assay was intensively checked 
but was not found. CEES concentrations of 1,111  µM 
resulted in a complete loss of cell viability also in the pres-
ence of AP18. XTT responses suggesting strong meta-
bolic activity after CEES exposure of 3,333 µM and above 
in the presence of AP18 had to be considered erratic and 
were not taken into account for curve fitting. The param-
eters of the fitting curve (i.e., range, bottom) were adjusted 
accordingly. The LC50 was then determined at 646  µM 

CEES, which is clearly different from the LC50 of 380 µM 
in HEK293-A1-E cells. Confidence intervals of the LC50 in 
HEK293-A1-E cells with or without AP18 pre-treatment 
did not overlap, indicating a significant benefit of AP18 
regarding CEES toxicity in HEK293-A1-E cells.

Calcium influx in HEK293‑A1‑E cells after SM exposure

So far, we investigated the effect of CEES, which repre-
sents a model substance for the chemical warfare agent 
sulfur mustard on TRPA1 activation. In a proof-of-concept 
experiment, HEK293-A1-E cells were exposed to 500 µM 
SM in order to evaluate whether SM had similar effects on 
TRPA1. After SM exposure, a rapid and distinct increase in 
calcium influx determined by aequorin luminescence was 
observed in HEK293-A1-E cells (Fig.  6), underlining the 
results obtained after CEES exposure. WT cells which did 
not respond to CEES exhibited a weak increase in [Ca2+]i 
after exposure to 500 µM SM.

Calcium influx in A549 lung epithelial cells after CEES 
exposure and effects of the TRP‑channel blocker AP18

HEK293-A1-E cells overexpressing TRPA1 channels were 
used to study the effects of alkylating agents on TRPA1 

Fig. 4   a HEK293-A1-E cells were pre-incubated with different con-
centrations AP18 and exposed to 7,500 µM CEES, closely approxi-
mating the EC50. The vertical dotted line indicates the CEES injec-
tion. AP18 was able to prevent the CEES-induced calcium influx 
measured by aequorin luminescence in a concentration-dependent 
manner. b Concentration–response relationship displaying peak lumi-
nescence values (shown in a) determined 0.62 µM AP18 as IC50 (dot-
ted line) with regard to CEES-induced TRPA1 activation. All experi-
ments were conducted with n = 3. Mean values ± SEM are given

Fig. 5   Cell viability of HEK293-A1-E (white circles, triangles) 
and HEK293-WT (black squares) cells after exposure to CEES was 
assessed 1d post-exposure by XTT assays according to the manu-
facturer’s protocol. HEK293-A1-E cells were found more sensitive 
toward CEES (LC50 380 µM, dashed line). HEK293-WT cells were 
found more resistant toward CEES exposure (LC50 904  µM, solid 
line). Pre-incubation of HEK293-A1-E cells with AP18 (upward tri-
angles) diminished cytotoxicity (LC50 646  µM, dashed/dotted line) 
up to a CEES concentration of 675  µM. CEES concentrations of 
1,111 µM resulted in a complete loss of cell viability also in the pres-
ence of AP18. XTT responses suggesting strong metabolic activity 
after CEES exposure of 3,333 µM and above in the presence of AP18 
had to be considered erratic and were not taken into account for curve 
fitting. All experiments were conducted with at least n = 3. Mean val-
ues ± SEM are given
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in general. A549 cells (an established human lung epithe-
lial cell line endogenously expressing TRPA1 (Büch et al. 
2013; Mukhopadhyay et al. 2011) were used for additional 
experiments in order to investigate the effect of alkylating 
agents on lung epithelial cells. A549 cells were transfected 
with aequorin and exposed to 2,500  µM CEES. A small 
but distinct increase in relative aequorin luminescence was 
detectable, providing evidence that TRPA1-expressing 
lung epithelial cells respond to alkylating agents with a 
calcium influx (Suppl. Figure 3A). As expected, the maxi-
mum response was lower compared with HEK293-A1-E 
cells that overexpress TRPA1. Pre-incubation of A549 with 
AP18 followed by a 2,500 µM CEES exposure resulted in 
a significant decrease in CEES-induced calcium influx that 
followed a concentration–response relationship (Suppl. 
Figure 3B, C). However, a complete inhibition of calcium 
influx could not be achieved.

Discussion

TRP-channels are supposed to function as sensors for 
toxic chemicals (Bessac et  al. 2008). It has been postu-
lated that TRPA1 is activated by electrophilic substances, 
but up to now, it has not been investigated whether alkylat-
ing substances including CEES and SM are able to activate 
TRPA1. Therefore, we investigated the effect of CEES and 
SM on TRPA1 channels.

Initially, we used Fura-2 AM to detect changes in 
[Ca2+]i. AITC which is a well-established activator of 
TRPA1 led to a distinct increase in intracellular calcium 
in Fura-2 AM experiments, as expected. However, results 

from CEES exposure experiments were inconsistent. We 
assumed that the Fura-2 AM results might be incorrect and 
misleading. A closer look at the results revealed that the 
fluorescence at the isosbestic point (360 nm) was decreased 
even after low CEES exposures, indicating a direct interac-
tion between Fura-2 AM and CEES. This hypothesis was 
supported by the finding that HCl (i.e., released during 
CEES hydrolysis) did not affect Fura-2 AM fluorescence at 
the isosbestic point. As a conclusion, Fura-2 AM measure-
ments in the presence of alkylating substances are flawed 
and inappropriate. Therefore, we changed to aequorin-
based calcium measurements, which were not influenced 
by alkylating agents.

Using aequorin-based calcium measurements, we 
were able to demonstrate that the alkylating agent CEES 
increased intracellular calcium in TRPA1-overexpressing 
cells in a concentration-dependent manner. The EC50 was 
determined at approximately 7,500  µM CEES, which 
at a first glance indicates a low affinity of CEES toward 
TRPA1. However, it is important to note that the nominal 
concentration of CEES in the medium is not necessarily 
identical with the CEES concentration present at TRPA1-
channels: Hydrolysis of CEES will immediately occur after 
injection of CEES into aqueous solutions, thus decreasing 
the amount of CEES. Moreover, CEES is known to inter-
act with macromolecules (e.g., albumin), which are present 
in the medium, thus decreasing the amount of unbound 
CEES even more. As hydrolysis and covalent interactions 
of CEES with other proteins cannot be prevented, the EC50 
determined in our experiments might be over-estimated to 
some extent. However, pre-incubation with the TRP-chan-
nel inhibitor AP18 was able to diminish or even prevent the 
CEES-induced calcium influx, indicating a direct activation 
of TRPA1 by CEES.

Overexpression of TRPA1 in HEK293-A1-E cells 
aggravated CEES toxicity compared with HEK293-WT 
cells. Pre-incubation with AP18 showed distinct protective 
effects in the lower dosage range of CEES exposure. At 
higher CEES concentrations, AP18 was unable to counter-
act CEES-induced cytotoxicity. This is in line with results 
described by Sawyer et  al. who postulated that perturba-
tions of [Ca2+]i do not play a major role in SM-induced 
cytotoxicity in keratinocytes (Sawyer and Hamilton 2000). 
DNA alkylation is predominantly responsible for cytotoxic-
ity at high CEES concentrations. It is unlikely that inhibi-
tion of ion channels (e.g., TRP-channels) can have an effect 
in the means of preventing DNA alkylation and thus pre-
venting cell death. This hypothesis can explain our results 
at high CEES concentrations. However, after exposure 
to low concentrations of CEES (when DNA alkylation is 
reversible), a distinct protective effect was obvious, indi-
cating that additional pathways are involved in mediating 
CEES cytotoxicity. Thus, our results provide reliable hints 

Fig. 6   HEK293-A1-E (white circles) or HEK293-WT cells (black 
squares) were exposed to 500  µM SM. The vertical dotted line 
indicates the SM injection. HEK293-A1-E cells revealed a distinct 
increase in [Ca2+]i calcium influx after SM exposure as measured 
by aequorin luminescence. WT cells showed some minor effects. All 
experiments were conducted with n =  3. Mean values ±  SEM are 
given
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that TRP-channels are directly involved in the molecular 
toxicology.

SM exposure led to a more pronounced increase in 
[Ca2+]i compared with CEES exposures. As known from 
other studies, CEES is less toxic than SM (Gautam et  al. 
2006). Thus, a higher calcium influx after SM and the 
weaker response to CEES exposure are in line with those 
results. With regard to the chemical structure, we speculate 
that SM as a bifunctional alkylating agent shows a higher 
alkylation activity than the monofunctional CEES. Never-
theless, both agents induced a distinct calcium influx with 
a maximum relative response at a comparable time after 
exposure, indicating that alkylating agents as substance 
class are able to activate TRPA1 channels.

Compared with AITC-induced TRPA1 activation, the 
calcium influx induced by alkylating agents reached peak 
intensity within a similar time when either high CEES con-
centrations (30,000  µM) or SM were used. However, the 
absolute peak intensity induced by AITC was not reached 
by CEES or SM in our experiments. CEES concentrations 
of 10,000 µM and below also activated TRPA1, but effect 
was both weaker and slower, i.e., requiring more time to 
reach its peak intensity. The aequorin luminescence sig-
nal declined within approximately 60  s after AITC and 
SM-induced TRPA1 activation, but could be detected for 
approximately 90 s after CEES exposure.

It was demonstrated that AITC activates TRPA1 through 
a mechanism involving direct covalent (but reversible) 
modification of specific intracellular cysteine residues 
within the channel protein (Hinman et  al. 2006). Moreo-
ver, it was discussed that TRPA1 activation through vari-
ous agonists relied on the agonists’ reactivity. The calcium 
influx through irreversible TRPA1 modification was shown 
as long lasting and could be blocked by the TRP-channel 
inhibitors (Hinman et  al. 2006). CEES- and SM-induced 
protein modifications are considered as highly stable. 
An irreversible modification of TRPA1 is therefore most 
likely to occur, although it has not been demonstrated yet. 
Our aequorin-based experiment revealed an immediate 
increase in luminescence after CEES/SM exposure. The 
signal declined within minutes to basal levels, which is at 
a glance not in line with the findings of Himan et al. (2006) 
that suggested a long-lasting TRPA1 activation after irre-
versible modifications. However, it has to be noted that this 
was found with Fura-2 AM-based calcium measurements 
that turned out inappropriate in our particular experimental 
settings. Remarkably, also the AITC-induced luminescence 
signal differed significantly from that in Fura-2 AM-based 
experiments (Fig. 1c and Fig. Suppl. 3A). It can be specu-
lated that aequorin-based calcium measurements indicate 
changes in calcium fluxes in first line rather than providing 
stable signals at constant calcium fluxes. At the moment, 
we cannot give a definite answer whether CEES/SM causes 

irreversible modifications of TRPA1 and causes a long-last-
ing calcium influx.

TRPA1 was found to be sensitive for protons (de la 
Roche et  al. 2013). During hydrolysis of CEES (and also 
SM), a stoichiometric quantity of protons is generated in 
equimolar concentrations (with regard to SM in a twofold 
quantity). We investigated the effect of these protons on 
TRPA1 activation. Indeed, HCl exposure activated TRPA1, 
resulting in a minor but distinct increase in intracellular 
calcium. However, this effect was of short duration. CEES 
exposure resulted in a significant additional increase in cal-
cium, underlining a direct interaction of CEES and TRPA1.

Neuronal TRPA1 expression is well established (Nilius 
et al. 2012; Shigetomi et al. 2013). Recently, non-neuronal 
TRPA1 expression including keratinocytes and lung epithe-
lial cells was described (Büch et al. 2013; Fernandes et al. 
2012; Nassini et  al. 2012; Simon and Liedtke 2008). The 
A549 human lung epithelial cell line is one example for 
an endogenous, non-neuronal expression of TRPA1 (Büch 
et  al. 2013; Mukhopadhyay et  al. 2011). A549 responded 
with a calcium influx after AITC stimulation that could 
be inhibited by the TRP-channel blocker RR (Büch et  al. 
2013). It is feasible that TRPA1 functions as a chemo-
sensing receptor in these cells. Therefore, we investigated 
whether the results obtained in our model cell line were 
transferable to lung epithelial cells. In line with our results 
so far, CEES exposure of A549 cells resulted in a signifi-
cant calcium influx. However, the response was weaker 
compared with HEK293-A1-E cells. This was expected as 
A549 cells do not overexpress TRPA1 but express TRPA1 
endogenously. AP18 diminished the CEES-induced cal-
cium influx, but in contrast to HEK293-A1-E cells, the cal-
cium influx could not be completely prevented. AP18 was 
shown to block TRPA1 with a high affinity, whereas other 
TRP-channels were not or only partially blocked (Petrus 
et al. 2007). It can be speculated that in A549 cells, addi-
tional calcium-gating channels are involved in the CEES-
induced calcium influx.

Patients that have been exposed to sulfur mustard report 
an almost unbearable pruritus that does not respond to 
antihistamines. TRPA1 was shown to be required for his-
tamine-independent itch. TPRA1-deficient mice displayed 
almost no scratching when exposed to pruritogens that act 
independently of histamine (Wilson et  al. 2011). There-
fore, blocking of TRPA1 channels is a highly promising 
approach to treat this specific aspect of SM poisoning.

In summary (Fig. 7), we have demonstrated for the first 
time that TRPA1 is directly activated by alkylating agents 
(CEES and SM). Protons that are generated during CEES 
hydrolysis also contribute to TRPA1 activation, but CEES 
does have significant additional effects. The exact mecha-
nism, by which CEES or CEES intermediates provoke the 
activation of TRPA1 channels, will be examined in further 
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studies. As shown in Fig.  7, it is plausible that covalent 
modifications of cysteine residues by reactive intermediates 
could be responsible for the observed activation of TRPA1. 
This has been described for other reactive chemicals 
(Macpherson et al. 2007), but has to be proven for alkylat-
ing substances. Whether targets other than cysteine resi-
dues are covalently modified is currently unknown and will 
be investigated in future studies. Moreover, non-covalent 
TRPA1 modifications are also possible and have to be taken 
into account. Again, this has to be explored in future studies.

TRPA1 overexpression led to an increase in CEES tox-
icity. The TRPA1-channel blocker AP18 diminished or 
even prevented the CEES-induced and TRPA1-mediated 
calcium influx. A protective effect of AP18 with regard to 
CEES toxicity could be found at lower CEES concentra-
tions. A549 lung epithelial cells, endogenously expressing 

TRPA1, revealed a distinct CEES-induced calcium influx 
that could be diminished by AP18.

Future studies will be conducted to assess whether 
CEES and other alkylating agents covalently modify 
TRPA1 at thiol moieties of cysteine amino acid residues 
and thus activate TRPA1 or if other binding sites of TRPA1 
are required for the activation by alkylating agents. More-
over, the biological effects of alkylating agents-induced 
TRPA1 activation have to be investigated. Regulation of 
cell death, inflammation, pain and pruritus might be prom-
ising subjects for further studies.
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Fig. 7   Potential mechanisms 
of CEES-induced and TRPA1-
mediated calcium influx. 
Intracellular cysteine residues 
have been discussed as targets 
for covalent modifications, 
including alkylation, resulting 
in TRPA1 activation. Alkylat-
ing properties of CEES with 
regard to DNA and proteins are 
well known. Thus, alkylation 
of nucleophilic amino acid 
residues, including intracellular 
cysteine residues of TRPA1, is 
likely to occur. Proton-induced 
activation of TRPA1, associ-
ated with the transmembrane 
domains 5 and 6, has also been 
discussed. Thus, proton release 
during CEES hydrolysis may 
contribute to a direct TRPA1-
mediated calcium influx. How-
ever, the calcium influx induced 
by CEES is more intense and 
sustained than the HCl induced 
increase in [Ca2+]i. Thus, our 
experiments revealed a distinct 
TRPA1 activation that can be 
attributed solely to CEES
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Suppl. Figure 1: HEK293-A1-E cells were loaded with Fura-2 AM and stimulated with AITC or expo-
sed to CEES. (A) As expected, 15 µM AITC stimulation (black squares) resulted in a distinct increase 
of 340/380 nm fluorescence ratio, indicating a pronounced calcium influx. Exposure of HEK293-A1-E 
cells to 10,000 µM (white triangles) or 3,333 µM CEES (gray circles) initially increased the 340/380 
nm fluorescence ratio without concentration–response relationships or changes over time. (B) Zoom 
of (A): Moreover, the CEES-induced increase in Fura-2 AM fluorescence occurred even faster than in 
AITC-positive controls, suggesting chemical interference of CEES and Fura-2 AM. (C) 15 µM AITC 
stimulation had no influence on fluorescence emission at the isosbestic wavelength (360 nm), whereas 
even low concentrations of CEES (1,111-µm white triangles and 123-µM gray circles) showed a concen-
tration-dependent decrease in fluorescence. This indicates a chemical interference of CEES with Fura-2 
AM. HCl (1,000 µM, white diamonds) did not affect Fura-2 AM fluorescence at 360 nm, underlining our 
hypothesis of a CEES-induced Fura-2 AM modification.
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Suppl. Figure 2: Acidification, i.e., decrease in pH values, following the hydrolysis of 10,000 µM CEES in 
MEM or distilled water (AQ). In AQ, almost immediate hydrolysis occurs, lowering the pH from 4.7 to 
2.7. This corresponds to a 100x increase in proton concentration. After 30 min, the pH value decreased 
to 2.4 and remained almost unchanged afterward. In MEM, pH values decreased only slightly from 7.7 
to 7.5 immediately after adding 10,000 µM CEES and to 7.0 after 30 or 60 min. The low concentration of 
free protons, present in MEM, was not even doubled, due to the buffer capacity of supplemented MEM. 
Horizontal bars represent significant changes (p < 0.05) between the groups. All experiments were con-
ducted with n=3. Mean values ± S.D. are given.
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Suppl. Figure 3: (A) Human lung epithelial cells (A549) were exposed to 2,500 µM CEES (white circles) 
or ethanol (solvent control, gray triangles), and increase in [Ca2+]i was assessed by aequorin lumine-
scence. A549 cells showed a distinct calcium influx after CEES exposure. Ethanol had only negligible 
effects. All experiments were conducted with n=3. Mean values ± S.E.M. are given. (B) Pre-incubation of 
A549 with AP18 at various concentrations followed by a 2,500 µM CEES exposure resulted in a signifi-
cant decrease in CEES-induced calcium influx. All experiments were conducted with n=3. Mean values ± 
S.E.M. are given. (C) Concentration–response relationship displaying peak luminescence values (shown 
in Suppl. Fig. 3B) revealed a concentration-dependent effect of AP18 on CEES-induced calcium influx in 
A549 cells. Although a distinct decrease in calcium influx was observed, a complete inhibition could not 
be achieved. All experiments were conducted with n=3. Mean values ± S.E.M. are given.
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3.2 N-Acetyl-L-Cysteine Inhibits Sulfur Mustard-Induced
and TRPA1-Dependent Calcium Influx

Bernhard Stenger, Tanja Popp, Harald John, Markus Siegert, Amelie Tsoutsoulopou-
los, Annette Schmidt, Harald Mückter, Thomas Gudermann, Dirk Steinritz. Archives
of Toxicology 2016.

The second study focused on the activation mechanism of TRPA1 channels by alky-
lating compounds. ROS are discussed to play a pivotal role in the cytotoxicity of
SM [33, 76, 77, 78, 79]. Furthermore, TRPA1 was demonstrated to be activated by
ROS [64, 80, 81, 82]. Thus, we assumed that SM-induced ROS may activate TRPA1
channels. To address that question, cells were pre-incubated with two well-established
ROS scavengers, namely N -Acetyl-l-cysteine (NAC) and glutathione (GSH) [83, 84],
prior to SM challenge. First, SM was more potent with regard to TRPA1 activation
than CEES (EC50 (CEES)=7392µM; EC50 (SM)=575µM) (Figure 2, p. 17; Figure
1, p. 33). EC50 values differed from each other by a factor of 15. Remarkably,
cytotoxicity in human keratinocytes exposed to CEES or SM also differed by a factor
of 12 (LC50 (CEES)=1443µM; LC50 (SM)=96µM) [85]. Pre-incubation with NAC
prevented SM-induced TRPA1 activation and followed a dose-response relationship
(Figure 3, p. 34). Interestingly, GSH pretreatment did not affect SM-induced TRPA1
activation (Figure 5, p. 35). Based on these results, we excluded a significant impact
of ROS on TRPA1 activation in our experiments but assumed SM-scavenging effects
especially by NAC. However, FACS-analysis revealed no difference with regard to
SM-DNA-adduct formation after both NAC or GSH pre-treatment (Figure 7, p. 36).
To verify our results, LC-ESI MS/MS analysis of cell lysates was performed (Figure
8, p. 37; Figure 9, p. 39). Cells contained considerable levels of GSH a priori but no
detectable NAC. Moreover, GSH or NAC levels remained unchanged despite anti-
oxidant pretreatment. NAC-SM adducts (NAC-HETE) were not detected in lysates,
however, some minor amounts of GSH-SM adducts (GSH-HETE) were identified.
Nevertheless, SM scavenging did not affect DNA-SM adduct levels, as mentioned
above. Obviously, NAC and GSH exhibit different properties in our experiments.
Based on the mass spectrometry data that did not suggest intracellular effects of
GSH or NAC, we assumed extracellular effects especially of NAC on TRPA1. Indeed,
pre-incubation with NAC also prevented AITC-induced TRPA1 activation while
GSH had no effect (Figure 4, p. 34; Figure 6, p. 35). Thus, we hypothesized a direct
interaction between NAC and TRPA1 at reactive extracellular moieties, thereby
inactivating the channel.

In summary, the key findings of this work were: (i) SM is more potent in activating
TRPA1 channels compared to CEES, (ii) NAC-pre-treatment can prevent SM-induced
channel activiation while GSH-pre-treatment cannot, and (iii) a direct influence of
NAC on extracellular TRPA1 protein residues is assumed.
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SM) activates the human TRPA1 (hTRPA1) in a dose-
dependent manner measured by the increase in intracellu-
lar Ca2+ concentration ([Ca2+]i). Besides that, SM-induced 
toxicity was attenuated by antioxidants. However, very lit-
tle is known about the underlying mechanisms. Here, we 
demonstrate that N-acetyl-l-cysteine (NAC) prevents SM-
induced hTRPA1-activation. HEK293-A1-E cells, over-
expressing hTRPA1, show a distinct increase in [Ca2+]i 
immediately after SM exposure, whereas this increase is 
reduced in cells pretreated with NAC in a dose-dependent 
manner. Interestingly, glutathione, although being highly 
related to NAC, did not show an effect on hTRPA1 channel 
activity. Taken together, our results provide evidence that 
SM-dependent activation of hTRPA1 can be diminished by 
NAC treatment, suggesting a direct interaction of NAC and 
the hTRPA1 cation channel. Our previous studies already 
showed a correlation of hTRPA1-activation with cell dam-
age after exposure to alkylating agents. Therefore, NAC 
might be a feasible approach mitigating hTRPA1-related 
dysregulations after exposure to SM.

Keywords  TRPA1 · Sulfur mustard · NAC · GSH · 
Calcium signaling · HEK293
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AITC	� Allylisothiocyanate
AP18	� 4-(4-Chlorophenyl)-3-methylbut-3-en-
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DMEM	� Dulbecco’s modified Eagle medium
EDTA	� Ethylenediaminetetraacetic acid
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FA	� Formic acid
FACS	� Fluorescence-activated cell sorting
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Abstract  Transient receptor potential family channels 
(TRPs) have been identified as relevant targets in many 
pharmacological as well as toxicological studies. TRP 
channels are ubiquitously expressed in different tissues and 
act among others as sensors for different external stimuli, 
such as mechanical stress or noxious impacts. Recent stud-
ies suggest that one member of this family, the transient 
receptor potential ankyrin 1 cation channel (TRPA1), is 
involved in pain, itch, and various diseases, suggesting 
TRPA1 as a potential therapeutic target. As a nocicep-
tor, TRPA1 is mainly activated by noxious or electrophilic 
compounds, including alkylating substances. Previous 
studies already revealed an impact of 2-chloroethyl-ethyl 
sulfide on the ion channel TRPA1. In this study, we dem-
onstrate that sulfur mustard (bis-(2-chloroethyl) sulfide, 
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GSH	� Glutathione
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hTRPA1, Clone E
HEK293-WT	� HEK293 wild-type cells
HETE	� Hydroxyethylthioethyl
(h)TRPA1	� (human) Transient receptor potential 

cation channel A1
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MRM	� Multiple reaction monitoring
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Introduction

Sulfur mustard (SM) is a chemical warfare agent that was 
discovered in 1822. It was extensively used in World War 
I before being ostracized by the Geneva Protocol in 1925 
(Hoenig 2002). Nevertheless, it was used in other military 
conflicts in the past, e.g., Gulf War I (Iraq–Iran 1980–1988) 
(Abolghasemi et  al. 2010). Recent findings in Syria and 
current news from Iraq have documented or at least sug-
gested that a terroristic use of SM cannot be ruled out. 
Thus, an imminent risk does exist (Thiermann et al. 2013; 
Dons 2013).

Although SM-induced skin injuries may be severe, 
lethality is comparably low (Maynard and Chilcott 2009). 
In contrast, SM-induced lung injuries may result in dev-
astating acute health effects with fatal outcome. Blister-
ing of lung tissue with accompanying detachment of lung 
epithelia can result in the formation of pseudo-membranes 
that may clog the airways and provoke a life-threatening 
situation (Kehe et  al. 2009). Despite decades of medical 
research, neither an antidote nor a specific therapy does 
exist. Therapy targets primarily symptom relief (Thier-
mann et al. 2013). One reason for this shortcoming is the 
largely unknown molecular toxicology of SM and related 
compounds.

Recently, it was demonstrated that alkylating substances 
including 2-chloroethyl-ethyl sulfide (CEES), a mono-
functional analog of SM, and also SM itself are able to 
activate transient receptor potential ankyrin 1 cation chan-
nels (TRPA1) located in the plasma membrane (Stenger 
et  al. 2014). TRPA1 channels are part of the superfamily 
of transient receptor potential (TRP) ion channels and rep-
resent the only member of this subfamily (Ramsey et  al. 
2006). TRPA1 is ubiquitously expressed in different tis-
sues including lung and skin, but was first found in sensory 
neurons (Büch et al. 2013; Atoyan et al. 2009; Story et al. 
2003). Previous studies revealed that contact with pungent 
substances results in the activation of TRPA1 (Bandell 
et al. 2004). Furthermore, the cytotoxic effects of alkylating 
agents are related to TRPA1-activity, as a protective effect 
could be achieved by the inhibition of TRPA1 (Stenger 
et al. 2014).

Antioxidants have been reported to effectively coun-
teract TRPA1-mediated itch and are considered beneficial 
in SM poisoning (Pohanka 2012; Balszuweit et al. 2015). 
However, the exact underlying mechanisms have not been 
elucidated so far. With regard to SM, direct scavenging 
effects as well as reactive oxygen species (ROS)-scaveng-
ing ability of N-acetyl-l-cysteine (NAC) or glutathione 
(GSH) are discussed. Whether NAC or GSH exhibit addi-
tional direct effects on TRPA1 channels has not been inves-
tigated so far. In the current study, we examined the activa-
tion of hTRPA1 channels by SM in the presence of both 
antioxidants NAC or GSH.

Materials and methods

Chemicals

Sulfur mustard was made available by the German minis-
try of Defense and tested for integrity and purity (at least 
99 %) in-house by NMR. The 2F8 antibody used for FACS 
analysis was purchased from TNO (The Hague, The Neth-
erlands). Dulbecco’s minimal Eagle medium (DMEM), 
minimum essential medium (MEM), fetal bovine serum 
(FBS), phosphate-buffered saline (PBS), and trypsin–
EDTA were purchased from Life Technologies (Gibco, 
Karlsruhe, Germany). N-Acetyl-l-cysteine (NAC), allyli-
sothiocyanate (AITC), 2-chloroethyl-ethyl sulfide (CEES), 
and penicillin/streptomycin (P/S) were obtained from 
Sigma-Aldrich (Steinheim, Germany). PromoFectin trans-
fection reagent was delivered from PromoCell GmbH (Hei-
delberg, Germany). Coelenterazine was purchased from pjk 
GmbH (Kleinblittersdorf, Germany). AP18 was obtained 
from Bio-Techne (Wiesbaden-Nordenstadt, Germany). 
Acetonitrile (ACN, gradient grade), iso-propanol (iPrOH, 
gradient grade), and water (HPLC grade) were purchased 
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from Merck (Darmstadt, Germany). Formic acid (FA, 
≥98 % p.a. ACS) and ethanol (EtOH) were obtained from 
Carl Roth (Karlsruhe, Germany).

Cell lines

The generation of transfected HEK293 cells, stably 
expressing hTRPA1 (HEK293-A1-E), has been described 
previously (Schäfer et  al. 2013). HEK293 wild-type 
(HEK293-WT) cells were kindly donated by Vladimir 
Chubanov (Walther-Straub-Institute, Munich, Germany). 
Both cell lines were cultured in DMEM, containing 4.5 g/l 
glucose, l-glutamine, and Earle’s salts, supplemented with 
10 % FBS and 1 % P/S in a humidified atmosphere at 5 % 
(v/v) CO2. All cells were trypsinized for 2 min and resus-
pended in the respective medium every 2–3 days.

Transient transfection of Ca2+‑sensitive 
aequorin‑plasmid

The aequorin-coding plasmid was kindly provided by 
Andreas Breit (Walther-Straub-Institute, Munich, Ger-
many). The DNA construct (12 µg) was diluted in 500 µl 
minimum essential medium (MEM) without any addi-
tional supplements. PromoFectin (12  µl) was diluted 
in 500 µl MEM without any further supplements. Both 
solutions were thoroughly mixed by vortexing and incu-
bated for 30 min at room temperature (RT). This transfec-
tion mix was then transferred into a T25 cell culture flask 
before 4 ml of cell suspension containing a total of 4 × 106 
HEK293-A1-E cells were seeded on top. Cells were cul-
tured for up to 4 days.

Functional measurement of Ca2+ influx using an 
aequorin‑assay

Changes of [Ca2+]i were measured using the calcium-
sensitive photoprotein aequorin as described earlier (Shi-
momura et  al. 1974; Kendall and Badminton 1998). In 
brief, a T25 flask containing aequorin-transfected cells was 
trypsinized and diluted in 3-ml DMEM without FBS and 
P/S. Afterward, HEK293-A1-E were loaded with 5 µM of 
the apoaequorin chromophore coelenterazine for 15  min 
at RT. Per well of a Greiner 96-well Lumitrac 200 Plate 
(Greiner Bio-One, Frickenhausen, Germany), 200 µl of the 
cell suspension was transferred. Chemiluminescence was 
recorded with an integration time of 1000 ms over 2 min 
using a Tecan infinite m200Pro plate reader (Tecan Group 
AG, Männedorf, Switzerland) equipped with a gas control 
module to maintain 37  °C and 5  % (v/v) CO2 within the 
plate reader. Injections of 10 µl of the respective chemicals 
[SM, AITC (positive control), CEES or EtOH (solvent con-
trol)] were done after 15 cycles of baseline recording. To 

minimize hydrolysis of SM, the agent was first dissolved in 
EtOH at a concentration of 400 mM. Dilution in MEM just 
prior to the experiment resulted in the final concentrations 
needed in the different experiments.

Cells were incubated with the non-covalent TRP channel 
inhibitor AP18 for 5 min prior to SM injection. For NAC 
and GSH experiments, cells were pre-incubated with the 
antioxidants for 15  min, washed with PBS and harvested 
using 0.5  ml 0.25  % trypsin–EDTA. Cells were resus-
pended with 2.5 ml MEM resulting in a total of 3 ml cell 
suspension. Ca2+ measurements of AP18 experiments were 
performed in the presence of extracellular AP18.

Normalization was done by dividing raw values by the 
mean of the baseline resulting in a relative increase in 
chemiluminescence normalized to the baseline.

FACS analysis

Cells were pretreated with GSH, NAC, or PBS as a con-
trol for 20 min. Subsequently, washed cells were exposed 
to different concentrations of SM for 15  min. After three 
washing steps with PBS, cells were fixed with 0.5  % 
(w/v) paraformaldehyde, permeabilized and finally treated 
with formamide. Samples were stained with the mono-
clonal antibody 2F8 against N7-hydroxyethylthioethyl-
2′-deoxyguanosine (N7-HETE-dG). Flow cytometry was 
carried out with FACS Canto II (BD Biosciences, San 
Jose, USA), and results were analyzed using the software 
FACSDiva. Specifically, stained cells but SM-untreated 
were used as a reference. Herein, the mean fluorescence of 
each sample was calculated in relation with the untreated 
reference.

Preparation of NAC–HETE and GSH–HETE 
references

NAC solution in saline (500  µl, 10  µg/ml, 61  µM) was 
mixed with 25 µl of SM diluted in iPrOH (12 mM) result-
ing in a molar ratio NAC/SM of 1:10. After reaction for 2 h 
at 37 °C under gentle shaking and subsequent 12 h at 4 °C, 
the mixture was diluted 1:10 in 0.5 % v/v FA for LC-ESI 
MS/MS analysis. GSH was also dissolved in 1  ml saline 
yielding 1 mg/ml (3 mM) and mixed with 4 µl SM resulting 
in a concentration of 32 mM (molar ratio GSH/SM 1:11). 
After 2 h reaction at 37 °C under gentle shaking, another 
12 h at 4 °C followed prior to a 1:1000 dilution with 0.5 % 
v/v FA ready for LC-ESI MS/MS analysis in product ion 
scan mode (see below).

Sample preparation for LC‑ESI MS/MS analysis

For analysis of NAC and GSH as well as their alkylated 
SM products, cell lysates were prepared according to the 
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following procedure. Cell suspensions were treated with 
100 µM NAC or GSH for 15 min at 37 °C and 5 % (v/v) 
CO2. After thorough washing with PBS, cells were exposed 
to 500 µM SM or the corresponding amount of EtOH as a 
solvent control and were allowed to incubate for 30 min at 
37 °C and 5 % (v/v) CO2. Cells were extensively washed 
(5×) with PBS followed by 5  ×  freeze/thaw cycles for 
cell lysis. Prior to LC-ESI MS/MS analysis, cell culture 
medium (blank) and lysates (100  µl each) were mixed 
with acetonitrile (200  µl) to precipitate any protein con-
tent. After centrifugation (5 min at 10,000 g), 200 µl of the 
supernatant was evaporated to dryness in glass vials under 
a gentle stream of nitrogen. Residues were reconstituted 
in 300 µl 0.5 % v/v FA. Re-dissolved lysate samples were 
centrifuged again to separate any particulate matter. Liquid 
phases were ready for LC-ESI MS/MS analysis in multiple 
reaction monitoring (MRM) mode.

LC‑ESI MS/MS analysis

LC equipment consisted of an UltiMate 3000 Standard LC 
System (Dionex, Sunnyvale, CA, USA) including an Ulti-
Mate 3000 pump with an autosampler kept at 15  °C and 
a column compartment adjusted to 30 °C. The LC system 
was connected with an API 4000 QTrap mass spectrom-
eter (AB SCIEX, Darmstadt, Germany). Using an Atlan-
tis T3 column (150 × 2.1 mm i.d., 3 µm, 100 A, Waters, 
Eschborn, Germany) connected with a precolumn (secu-
rity guard cartridges, widepore C18 4 ×  2 mm i.d., Phe-
nomenex, Aschaffenburg, Germany), samples (30 µl) were 
separated at a flow of 200 µl/min. The mobile phase con-
sisted of solvent A (0.1 % v/v FA) and solvent B (ACN/
H2O 80:20 v/v, 0.1 % v/v FA) applied in gradient mode: 
t[min]/B[%]: 0/0; 3/0; 25/70; 28/70; 29/0; 30/0 with an 
initial 3-min equilibration period under starting conditions. 
MS data analysis and control of the mass spectrometer 
were done with the Analyst 1.6 software (AB SCIEX) and 
a Dionex chromatography MS link (version 2.12.0.3414).

Analysis of NAC and NAC–HETE

MS parameters were set to: curtain gas (CUR) 35 psi 
(2.42 × 105 Pa), ionization voltage (IS) 3500 V, tempera-
ture 500  °C, declustering potential (DP) 51  V, entrance 
potential (EP) 10 V, heater gas (GS1) and turbo ion spray 
gas (GS2) both 60 psi (4.14  ×  105  Pa), and dwell time 
80 ms. LC-ESI MS/MS runs in MRM mode were recorded 
after collision-induced dissociation (CID) with individ-
ual values of collision energy (CE) and cell exit potential 
(CXP) given in parenthesis below. Protonated NAC was 
monitored with transitions from m/z 164.0 to m/z 76.0 (CE 

25 V, CXP 10 V), m/z 58.9 (CE 45 V, CXP 12 V), and m/z 
43.0 (CE 45 V, CXP 12 V). NAC–HETE was detected as 
protonated ion with transitions from m/z 268.0 to m/z 162.0 
(CE 35 V, CXP 10 V) and m/z 105.0 (CE 35 V, CXP 10 V). 
Detection of all fragments produced by CID from synthetic 
references was done in product ion scan mode of either m/z 
164.0 for NAC or m/z 268.0 for NAC–HETE recording 
ions from m/z 50 to m/z 300 with a CE of 25 V.

Analysis of GSH and GSH–HETE

The following MS parameters were adjusted for GSH and 
GSH–HETE detection: CUR 35 psi (2.42 ×  105  Pa), IS 
3500 V, temperature 500 °C, EP 10 V, GS1 and GS2 both 
60 psi (4.14 × 105 Pa), and dwell time 70 ms. Transitions 
resulting from CID of protonated GSH were measured in 
MRM mode from m/z 308.2 to m/z 179.0 (DP 51 V, CE 
17 V, CXP 10 V), m/z 162.9 (DP 51 V, CE 25 V, CXP 10 V), 
and m/z 76.1 (DP 71.0 V, CE 45 V, CXP 6 V). GSH–HETE 
was monitored from m/z 412.0 to m/z 137.0 (DP 60 V, CE 
25 V, CXP 10 V) and m/z 105.0 (DP 60 V, CE 25 V, CXP 
10  V). Initial detection of the entire fragmentation spec-
trum of synthetic references was done in product ion scan 
mode from m/z 50 to m/z 450 with a CE of 25 V.

Statistics

Statistical analysis of all cell-associated experiments was 
performed using GraphPad prism version 6.02 software. 
For statistical comparison of the maximal response, one-
way ANOVA with Bonferroni correction for multiple 
comparisons was chosen. P values <0.05 were regarded as 
significant.

Results

SM activates ion channel hTRPA1 in a dose‑dependent 
manner

HEK293-A1-E cells were exposed to different concentra-
tions of SM (12.5–5000  µM). Ca2+ influx was measured 
using a luminescence-based apoaequorin assay. SM stim-
ulation led to an increase in the intracellular Ca2+ con-
centration ([Ca2+]i) following a dose–response relation-
ship (Fig.  1a). The maximum luminescence signal was 
obtained at 2000 µM SM and reached a plateau without an 
additional increase at 3000  µM (Fig.  1a) or above (up to 
5000 µM SM; data not shown). The EC50 was calculated at 
575 µM SM (Fig. 1b) which was finally used in subsequent 
experiments.
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AP18 blocks SM‑induced increase of [Ca2+]i

HEK293-A1-E cells were pretreated for 5  min with dif-
ferent concentrations of the TRPA1-specific blocker. 
AP18 concentration dependently prevented SM-induced 
hTRPA1-activation. For complete abolishment of SM-
induced TRPA1-activation, 25  µM AP18 was required 
(Fig.  2a). However, already, 0.78  µM AP18 could reduce 
SM-induced TRPA1-activation. The IC50 of AP18 with 
regard to exposure with 575 µM SM was calculated to be 
1.22 µM (Fig. 2b).

NAC has antagonistic effects on TRPA1‑dependent 
Ca2+ influx

HEK293-A1-E cells were pre-incubated with NAC (100, 
500, or 1000 µM) for 15 min. After wash out, the cells were 
challenged with SM (100, 500 or 1000 µM). Pre-treatment 
with NAC effectively blocked the SM-induced elevation of 
[Ca2+]i in a concentration-dependent manner (Fig.  3a, b). 
Strikingly, the approach with 1000 µM NAC almost com-
pletely abolished the SM-induced Ca2+ influx induced by 
all SM doses (Fig. 3a, b). Interestingly, NAC also affected 

Fig. 1   a HEK293-A1-E cells were transfected with aequorin and 
loaded with 5 µM coelenterazine. Baseline luminescence was meas-
ured for 14  s subsequently. Cells were stimulated with different 
concentrations of SM. The vertical dotted line indicates the time of 
injection. The cells responded with an enhanced Ca2+ influx with 
increasing SM concentration. All experiments were conducted with 
n  =  3. Mean values  ±  SEM are given. b Concentration–response 
relationship displaying peak luminescence values (shown in a). The 
EC50 value for SM was determined at 575 µM SM, visualized with a 
dotted line

Fig. 2   a HEK293-A1-E cells were transfected with aequorin and 
loaded with 5  µM coelenterazine. Cells were then pretreated with 
different concentrations of the TRPA1-antagonist AP18 before being 
stimulated with 575 µM SM. Subsequently, luminescence was meas-
ured. The vertical dotted line indicates the time of injection. AP18 
prevented SM-induced and TRPA1-mediated Ca2+ influx in a dose-
dependent manner. All experiments were conducted with n  =  3. 
Mean values ±  SEM are given. b Concentration–response relation-
ship displaying peak luminescence values (shown in a). The IC50 
value was calculated at 1.22 µM AP18, visualized with a dotted line
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the AITC-induced [Ca2+]i response (Fig. 4a, b). The effect 
was again dependent on the NAC concentration compara-
ble to SM-treated cells. Nevertheless, even with 1000 µM 
NAC, the Ca2+ influx could not be fully blocked prob-
ably due to the potency of AITC to activate TRPA1 chan-
nels. The comparison of the maximal Ca2+-response levels 
clearly revealed a significant impact of NAC on [Ca2+]i in 
SM- and AITC-treated cells (Figs. 3b, 4b). The same pro-
tective effect of NAC was shown for CEES-exposed cells 
(data not shown). 

GSH has no effect on hTRPA1‑dependent Ca2+ influx

In analogy to the NAC experiment, we investigated the 
influence of GSH on SM-induced hTRPA1-activation and 

subsequent elevation of [Ca2+]i. Surprisingly, preincuba-
tion with GSH followed by GSH wash out did not result in 
inhibition of Ca2+ influx in HEK293-A1-E cells after SM 
challenge (Fig.  5a, b). GSH had also no effect on AITC-
induced hTRPA1-activation (Fig. 6a, b).

NAC and GSH do not prevent DNA‑alkylation

Both NAC and GSH have been discussed as direct SM 
scavengers (Black et  al. 1992). To test, whether this also 

Fig. 3   a HEK293-A1-E cells were transfected with aequorin and 
loaded with 5 µM coelenterazine. Cells were pre-incubated with dif-
ferent NAC concentrations before challenged with 1000  µM SM. 
Subsequently, luminescence was measured. The vertical dotted line 
marks the time of injection. NAC was able to reduce Ca2+ influx in a 
dose-dependent manner. Ca2+ influx was completely inhibited by pre-
treating cells with 1000  µM NAC. All experiments were conducted 
with n =  3. Mean values ±  SEM are given. b Comparison of the 
luminescence maxima (shown in a) of NAC-pretreated cells after SM 
exposure. Results are given as mean values ± SEM with **P < 0.01 
and ****P < 0.0001 relative to the control (set as 100 %)

Fig. 4   a HEK293-A1-E cells were transfected with aequorin and 
loaded with 5  µM coelenterazine. The cells were incubated with 
increasing NAC concentrations before stimulated with 25 µM AITC. 
Subsequently, luminescence was measured. The vertical dotted line 
marks the time of injection. NAC was able to reduce the AITC-
induced Ca2+ influx in a concentration-dependent manner. All experi-
ments were conducted with n =  3. Mean values ±  SEM are given. 
b Comparison of the luminescence maxima (shown in Fig.  8a) of 
NAC-pretreated cells after stimulation with 25 µM AITC. Results are 
given as mean values ±  SEM with **P  <  0.01, ***P  <  0.001 and 
****P < 0.0001 relative to the control (set as 100 %)
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holds true in our experiments and thus might explain the 
prevention of hTRPA1-activation by SM, we analyzed SM-
DNA adduct formation by FACS analysis. HEK293-A1-E 
cells were again pre-incubated with either NAC or GSH for 
15 min prior to a 15 min SM exposure. SM-DNA adducts 
were visualized by antibody staining and FACS analysis. 
The presence of NAC or GSH had no effect on SM-adduct 
formation (Fig.  7a, b). These data strongly suggest that 
both antioxidants do not act as SM scavengers within the 
cells in our experiments.

LC‑ESI MS/MS analysis of intracellular GSH‑ 
and NAC–SM adducts

To further elucidate the scavenging potential of NAC or 
GSH, LC-ESI MS/MS analysis was performed. Both, 

NAC and GSH contain cysteine residues that might react 
with SM, thus preventing other reactions of SM. HEK293-
A1-E cells were pre-incubated with 100 µM NAC or GSH 
prior to 500 µM SM challenge. As expected, cells exhibited 
distinct levels of GSH under basal conditions (Fig. 8b). In 
contrast, NAC was not detectable in these cells (Fig. 9b). 
Cell lysates did not reveal an increase in the amount of 
both antioxidants inside the pretreated cells, suggest-
ing no excessive uptake (Figs.  8c, 9c). After SM chal-
lenge, some SM-GSH adducts (GSH–HETE) were detect-
able in cell lysates (Fig. 8e), whereas no SM-NAC adducts 
(NAC–HETE) were present (Fig. 9e). Although cells were 

Fig. 5   a HEK293-A1-E cells were transfected with aequorin and 
loaded with 5  µM coelenterazine. Cells were pre-incubated with 
1  mM GSH before exposed with different SM concentrations. Sub-
sequently, luminescence was measured. The vertical dotted line 
marks the time of injection. GSH was not able to reduce SM-induced 
Ca2+ influx. All experiments were conducted with n = 3. Mean val-
ues ±  SEM are given. b Comparison of the luminescence maxima 
(shown in Fig.  4a) of NAC-pretreated cells after SM exposure. No 
significant differences were found

Fig. 6   a HEK293-A1-E cells were transfected with aequorin and 
loaded with 5  µM coelenterazine. The cells were incubated with 
1 mM GSH before stimulated with 25 µM AITC. Subsequently, lumi-
nescence was measured. The vertical dotted line marks the time of 
injection. GSH was not able to reduce the AITC-induced Ca2+ influx. 
All experiments were conducted with n =  3. Mean values ±  SEM 
are given. b Comparison of the luminescence maxima (shown in a) 
of GSH-pretreated cells after stimulation with 25 µM AITC. Results 
are given as mean values ± SEM with **P < 0.01, ***P < 0.001 and 
****P < 0.0001 relative to the control (set as 100 %)
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repeatedly washed after antioxidant pre-treatment, both 
GSH–HETE and to some minor extent NAC–HETE were 
measured in the wash fraction (Figs. 8f, 9f).

Discussion

Previous studies have demonstrated that the monofunc-
tional alkylating agent CEES, a model substance for SM, 
was capable of activating hTRPA1. Moreover, hTRPA1-
overexpression was associated with increased sensitivity 
toward CEES. Cytotoxicity was significantly attenuated by 
the use of specific TRPA1-blockers (Stenger et  al. 2014). 
In this study, we investigated effects of the bifunctional 
alkylating agent SM on hTRPA1 channels. In line with 
our previous results, SM also activated hTRPA1 channels. 
SM turned out to be more potent compared to CEES which 
is reflected by an EC50 of 575  µM for SM compared to 

7400  µM for CEES. An elevation of [Ca2+]i in HEK293-
A1-E cells was already observed after exposure to 50 µM 
SM, whereas a 10-fold higher CEES concentration 
(500 µM CEES) was needed for a comparable effect. Simi-
lar findings were found for the maximal Ca2+ influx. A pla-
teau was reached at around 1000 µM SM, whereas CEES 
concentrations between 10,000 and 30,000 µM CEES were 
required. Although we did not investigate SM toxicity in 
the presented study, we demonstrated in own studies that 
SM is about 10-fold more toxic than CEES which corre-
lates with the TRPA1 channel activation potential (Shakar-
jian et al. 2010; Sayer et al. 2010; Mangerich et al. 2016).

As reported previously, inhibition of hTRPA1 by the 
highly specific blocker AP18 diminished CEES-induced 
elevation of [Ca2+]i (Stenger et al. 2014). The IC50 was cal-
culated to be 0.6 µM AP18 for CEES and 1.2 µM AP18 for 
SM when both agents were used at their respective EC50 
concentrations of 7400 µM CEES and 575 µM SM. These 
results indicate that AP18 represents a potent TRPA1-
inhibitor for both CEES and SM.

The exact mechanism of TRPA1-activation by alkylat-
ing agents is still unclear. Covalent modifications of free 
cysteine residues, ROS-dependent mechanisms, or other 
interactions are conceivable. It is generally accepted, 
although not fully investigated, that SM exposure results 
in enhanced ROS production. ROS are known to activate 
TRPA1; therefore, they have to be considered as possible 
activators in the experiment (Naghii 2002; Sullivan et  al. 
2015). Antioxidants like NAC or GSH are well established 
ROS scavengers (Sies 1997; Vertuani et  al. 2004). There-
fore, some authors suggested the use of thiol compounds 
such as NAC as an antidote for treatment of SM poison-
ing (Bobb et al. 2005; Laskin et al. 2010; Balszuweit et al. 
2015). We investigated in our experiments whether the 
antioxidants NAC or GSH had any effects on SM-induced 
Ca2+ influx. Cells pretreated with 1000  µM NAC did not 
respond with a Ca2+ influx even after a 1000 µM SM chal-
lenge. Prior to SM administration, NAC had been washed 
out to prevent sequestration of SM in supernatants. How-
ever, some very little amount of SM-NAC adducts were 
still found in the last washing fraction. NAC, attached to 
the outer cell membrane or associated with TRPA1, might 
be responsible for that finding. Nevertheless, based on our 
MS data, a significant scavenger effect of NAC is highly 
unlikely. Lower NAC concentrations (500 or 100 µM) were 
also found to be very effective in significantly attenuating 
the elevation of the [Ca2+]i. Remarkably, 100  µM NAC 
completely diminished the effect of 100 µM SM, represent-
ing a severe challenge, in this context.

Surprisingly, GSH at any concentration used had no 
effect on SM-induced and hTRPA1-mediated changes of 
[Ca2+]i. Although other studies have shown that GSH effi-
ciently protects keratinocytes from CEES-toxicity which 

Fig. 7   a Cells were pre-incubated with given concentrations NAC for 
15 min before exposed to different SM concentrations. Subsequently, 
cells were stained with 2F8 antibody against N7-HETE-dG and ana-
lyzed by flow cytometry. Relative fluorescence units are shown on the 
Y-axis. The dotted line indicates basal values. No difference between 
NAC-pre-treatment and control. Only SM challenge was detected, 
indicating no change in SM nucleotoxicity. b The cells were stained 
as described in a, only pre-incubation was performed using GSH 
instead of NAC. Again no difference between GSH-pre-treatment and 
control, but SM challenge could be observed
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was attributed to ROS-scavenging properties of GSH (Paro-
mov et al. 2008, 2011), we presume that ROS are not the 
main mediators of hTRPA1-activation after SM challenge.

Moreover, our results demonstrated that pre-treatment of 
our cells seems not to enhance intracellular NAC- or GSH-
levels beyond endogenous levels. For the very first time, 
the spectra of HETE-adducts of both antioxidants were 
analyzed by mass spectrometry revealing at least a minor 
scavenging function of GSH in the cell. However, since the 
content of SM-DNA adducts remains unchanged despite 
NAC- or GSH-treatment, we can exclude a direct intracel-
lular scavenging reaction between SM and the antioxidants. 
Thus, the observed effects in our experiments cannot be 
explained by a decreased bioavailability of SM.

The covalent modification of cysteine and lysine resi-
dues within the cytosolic N-terminal domain of hTRPA1 
has been identified to result in channel activation (Paulsen 
et  al. 2015). Moreover, disulfide-bridges formed by these 
cysteine residues are important for the stabilization of 
the TRPA1 conformational state and the accessibility of 
TRPA1 for known activators in  vivo (Wang et  al. 2012). 
Since GSH and NAC carry a reducing thiol group, it can 
be speculated that both may interact with cysteine or lysine 
moieties, e.g., by disrupting N-terminal disulfide, thus 
modulating TRPA1 structure and function. However, in 
our LC-ESI MS/MS experiment, we were unable to detect 
a significant increase in intracellular concentration of NAC 
or GSH after pre-treatment. It may be conceivable that 
minute amounts, which would be below the lower limit 
of detection in mass spectrometry analysis, are sufficient 
to interfere with intracellular cysteine or lysine residues. 
However, this assumption is not very compelling.

Nevertheless, we observed a striking reduction in Ca2+ 
influx in cells pretreated with NAC also after stimulation 
with AITC. Since AITC is well described in the literature 
as an agonist with high specificity for the hTRPA1, we 
suppose an additional, more direct mechanism of NAC 
with regard to hTRPA1 ion channel function (Jordt et  al. 

2004). In accordance with this hypothesis, others previ-
ously showed that NAC can lower the affinity of the TNF 
receptor to its ligand TNFα independently of its antioxidant 
function (Hayakawa et al. 2003). Consequently, NAC might 
also interact with the hTRPA1 channel at extracellular or 
intra-membrane sites, thus, e.g., blocking the pore region 
or changing channel conformation. The resolved structure 
of TRPA1 revealed a short S1-S2 linker with solvent-acces-
sible sites that extend into the extracellular space display-
ing a possible binding site (Paulsen et  al. 2015). Beyond 
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Fig. 8   GSH and GSH–HETE were detected in multiple reaction 
mode monitoring transitions from m/z 308.2 to m/z 179.0, m/z 162.9, 
and m/z 76.1 for GSH and from m/z 412.0 to m/z 137.0 and m/z 105.0 
for NAC–HETE. For reasons of clarity, only one trace each is shown 
(GSH > m/z 179.0; GSH–HETE > m/z 137.0). Separations were car-
ried out by gradient reversed-phase chromatography using an Atlan-
tis T3 column (150 × 1.0 mm i.d., 3 µm, 100 A) at 30 °C (200 µ6/
min) resulting in retention times of 3.2  min for GSH and 10.9  min 
for GSH–HETE. a GSH reference dissolved in 0.5 % v/v FA (1 µM, 
307  ng/ml). b Blank cell lysate from cells not treated with GSH. c 
Cell lysate from cells treated with 100 µM GSH. d GSH–HETE ref-
erence obtained from direct reaction of GSH and SM. e Cell lysate 
from cells treated with 100 µM GSH and 500 µM SM. f Last wash 
solution of cells treated with 100 µM GSH and 500 µM SM. g MS/
MS spectrum of GSH–HETE extracted from a LC-ESI MS/MS run in 
product ion scan mode of m/z 412.0. Sites of fragmentation (a–d) are 
marked and assigned to signals
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that, a connection of this extracellular part to the intracel-
lular ankyrin binding motifs (well-described binding sites 
for AITC and other agonists) was discovered which could 
allow a crosstalk between extra- and intracellular parts 
of the channel (Paulsen et  al. 2015; Hinman et  al. 2006) 
thereby influencing the reactivity of the channel. This com-
plex question cannot be answered at this point but will be 
addressed in future studies.

In conclusion, using the hTRPA1-overexpressing cell 
line HEK293-A1-E, we have demonstrated in the present 

study that SM triggers the Ca2+ influx specifically through 
hTRPA1 ion channels. Ca2+ signals were effectively inhib-
ited by pre-treatment with NAC. GSH, albeit derived from 
NAC, does not mimic this effect pointing to distinct differ-
ences between the antioxidants. Although the exact mode 
of action of NAC on hTRPA1 has to be evaluated in future 
studies, our findings emphasize that NAC may have addi-
tional effects beyond its well-characterized role in oxida-
tive stress scenarios. Overall, our results indicate new ther-
apeutic approaches to protect cells against SM.
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4 Summary and Outlook

Our results demonstrated that TRPA1 channels are activated by the alkylating
compounds CEES and SM. Moreover, TRPA1 seems to be substantially linked to
the cytotoxicity of these compounds. However, further research on the direct cellular
effects of SM-induced and TRPA1-mediated increase of [Ca2+]i is needed. It is rea-
sonable to assume that Ca2+-dependent signaling pathways are triggered. Previous
studies have already connected MAP kinase pathways to TRPA1 activation [68].
CEES exposure has also resulted in a very fast TRPA1-mediated phosphorylation
of ERK1/2 that could be prevented by using a specific TRPA1 blocker (Figure 4.1).
CEES-induced and presumably TRPA1-mediated cell signaling even results in acti-
vation of proteinbiosynthesis as demonstrated by ERK-dependent serum response
element (SRE) translocation with subsequent transcription of SRE-regulated genes
(Figure 4.1).

Figure 4.1: Phosphorylation of ERK1/2 and SRE translocation after CEES-exposure.
(A) pERK1/2-levels in hTRPA1-overexpressing HEK cells after CEES
exposure. A very fast (2.5 min) increase of phosporylated ERK1/2 was
detectable. MAPK activation was prevented by inhibiting TRPA1 with
the specific blocker AP18. (B) SRE-dependent genes are increased in the
same cells 4 h after 2000µM CEES exposure.

Our findings are supported by other studies that reported MAPK-activation after
exposure to alkylating compounds [86, 87, 88]. Ongoing studies using proteomic ap-
proaches aim at exploring the cellular sequelae of SM-induced and TRPA1-mediated
increase of [Ca2+]i in more detail.

As stated before, we have proven the capability of alkyating compounds to activate
TRPA1 channels. However, the exact mechanism remains unresolved so far. We
were able to exclude H+ and ROS as the major player. TRPA1 can be activated
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by covalent modification of intracellular cysteine residues primarily located in the
ankyrin repeats. Moreover, channel-modulating properties were described for other
cysteine or lysine residues in the TRPA1 protein [59]. Based on our results we assume
that extracellular moieties are targeted by SM. This aspect will be investigated in
future studies addressing possible covalent modifications of TRPA1 by alkylating
compounds. Another study also revealed that not only cysteines within the ankyrin
repeat section are important modulators of TRPA1 [89]. TRPA1 mutants, lacking
single alkylation sites, are to be established to identify the relevant residues in
TRPA1 channels. However, activation of TRPA1 by alkylating compounds may be a
combination of different mechanisms, i.e. activation by H+, ROS, and alkylation of
reactive residues (Figure 4.2).
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Figure 4.2: Proposed TRPA1 activation by SM.

The role of TRPA1 in SM pathophysiology has to be elucidated. One of the first
symptoms patients complain about after SM exposure is tautness in combination with
severe itch. Especially, the latter is often resistant to therapy with antihistamines,
which are routinely used in histamine-induced pruritus. Histamine-independent itch
has also been linked to TRPA1 [90]. Additional symptoms reported after SM exposure
include pain, increased inflammation as well as impaired cell proliferation, all of
which can be connected to TRPA1-dependent signaling pathways. Thus, TRPA1
blockers – although most likely not a panacea against SM poisoning – may be of
benefit to relieve some of the above mentioned symptoms.
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