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Background:Methylglyoxal is a reactive metabolite that modifies proteins and accumulates in diabetes and uremia.
Results: Methylglyoxal excites nociceptors and releases neuropeptides via activation of TRPA1 channels by modifying their
intracellular N-terminal cysteine and lysine residues.
Conclusion:Methylglyoxal acting through TRPA1 is a possible cause of painful metabolic neuropathies.
Significance:Methylglyoxal and its reaction with TRPA1 are promising targets for medicinal chemistry to fight neurotoxicity.

Neuropathic pain can develop as an agonizing sequela of dia-
betes mellitus and chronic uremia. A chemical link between
both conditions of altered metabolism is the highly reactive
compound methylglyoxal (MG), which accumulates in all cells,
in particular neurons, and leaks into plasma as an index of the
severity of the disorder. The electrophilic structure of this cyto-
toxic ketoaldehyde suggests TRPA1, a receptor channel deeply
involved in inflammatory and neuropathic pain, as a molecular
target. We demonstrate that extracellularly applied MG
accesses specific intracellular binding sites of TRPA1, activating
inward currents and calcium influx in transfected cells and sen-
sory neurons, slowing conduction velocity in unmyelinated
peripheral nerve fibers, and stimulating release of proinflamma-
tory neuropeptides from and action potential firing in cutane-
ous nociceptors. Using a model peptide of the N terminus of
human TRPA1, we demonstrate the formation of disulfide
bonds based on MG-induced modification of cysteines as a
novel mechanism. In conclusion, MG is proposed to be a candi-
date metabolite that causes neuropathic pain in metabolic dis-
orders and thus is a promising target for medicinal chemistry.

Methylglyoxal (MG)2 is a reactive intracellular metabolite
synthesized as a byproduct in several metabolic pathways but

mainly from triose phosphates in glycolysis or from lipid per-
oxidation (1, 2). MG levels mediate rapid non-enzymatic glyca-
tion of proteins and other substrates, promoting formation of
advanced glycation end products. MG also appears in the
plasma where it is increased in patients suffering from diabetes
as hyperglycemia strongly enhances MG accumulation (3). In
addition, experimental diabetesmodels suggest a down-regula-
tion of the MG detoxifying glyoxalase 1 system, leading to a
further rise ofMG levels (4). In diabetic patients, increasedMG
plasma levels exceeding 800 nM have been measured (5, 6),
implying that considerably higher concentrations should be
present intracellularly. The exaggerated glycolytic metabolism
resulting fromhyperglycemia is known to activate and sensitize
primary nociceptive neurons (7–9). Painful neuropathy also
occurs in patients suffering from chronic renal failure that also
involves elevated plasma levels of MG (6, 10). In this patholog-
ical condition, “carbonyl stress” such as by MG has been con-
sidered to be responsible for many concomitant complications
(11). This makes MG an important cytotoxic metabolite in dis-
eases affecting an increasing number of the aging population
and in pathophysiological conditions that are linked to neurop-
athy andpain. Chemically,MG is a highly reactive ketoaldehyde
that reacts with arginine and lysine residues of proteins to form
stable adducts and MG-derived lysine-arginine cross-linking
structures. MG has also been described to react reversibly with
cysteine residues to produce hemithioacetal products (12). Also
known as acetyl formaldehyde, MG shares chemical similarity
with established agonists of the transient receptor potential
(TRP) channel A1 (TRPA1) such as formaldehyde and acrolein.
TRPA1 was first described as an ion channel expressed in

sensory neurons that is activated by cold and noxious isothio-
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cyanate compounds (13, 14). Although the role of TRPA1 in
cold sensing is still discussed controversially with a growing
consensus regarding cold hyperalgesia, it has well been estab-
lished that many endogenous mediators and metabolites act
through TRPA1. As it is activated by hypoxia (15), CO2 (16),
lactic acid (17), and mediators of oxidative stress (18) and
inflammation (19, 20), TRPA1 has increasingly emerged as rel-
evant for nociception and pain in pathophysiological condi-
tions. Recent studies also indicate that TRPA1 may be a prom-
ising target for treatment of airway inflammation (21), colitis
(22), and diabetes (23, 24).
For activation bymany noxious compounds, certain cysteine

residues in the N-terminal intracellular domain of the receptor
channel are crucial. It has been shown that these cysteine resi-
dues are covalently bound andmodified by highly reactive elec-
trophilic compounds (25, 26). Recent findings on the structure
ofmouse TRPA1 reveal a close proximity of these cysteines (26,
27) that ismaintainedwhen functional tetramers are formed by
TRPA1. This proximity promotes chemical interactions of ago-
nists with the cysteines but also enables reactions of the cys-
teineswith each other, whichmaymodulate channel activation.
The aimof our studywas to scrutinize direct effects ofMGon

TRPA1 receptor channels expressed in primary sensory neu-
rons and transfected cells as well as in isolated tissue prepara-
tions. We propose a distinct activation mechanism of TRPA1
by MG. In the N terminus of the receptor, MG activation
involves a particular lysine residue andmodification of cysteine
residues by formation of disulfide bonds. The results suggest a
possible role of MG in TRPA1-mediated neuropathic pain that
results from severe metabolic disorders.

EXPERIMENTAL PROCEDURES

Mouse Models—TRPA1�/� mice were donated by Harvard
University (Drs. Kelvin Kwan and David Corey, Boston, MA)
and TRPV1�/� mice were a gift from Glaxo-Smith-Kline (Dr.
JohnDavis, Harlow, UK).Mice were housed under a 12-h light/
dark cycle and had free access to food and water. Mice were
sacrificed in a pure CO2 atmosphere before excision of tissues
for investigating stimulated CGRP release or culture of dorsal
root ganglion (DRG) neurons. All procedures of this study were
approved by the animal protection authorities (local district
government, Ansbach, Germany).
Isolation of DRGs, DRG Culture, HEK 293t Cell Culture, and

Transfection—DRGs of C57Bl/6, congenic TRPA1, or TRPV1
knock-out mice were excised and transferred into Dulbecco’s
modified Eagle’s medium (DMEM) solution containing 50
�g/ml gentamicin (Sigma-Aldrich). As described previously,
ganglia were treated with 1 mg/ml collagenase and 0.1 mg/ml
protease for 30 min (both from Sigma-Aldrich) and subse-
quently dissociated using a fire-polished silicone-coated Pas-
teur pipette (28). The cells were plated on poly-D-lysine-coated
(200 �g/ml; Sigma-Aldrich) coverslips and cultured in TNB
100 cell culture medium supplemented with TNB 100 lipid-
protein complex (Biochrom, Berlin, Germany), 100 �g/ml
streptomycin, penicillin (PAALaboratories, Pasching, Austria),
and 100 ng/ml mouse NGF (Alomone Labs, Tel Aviv, Israel) at
37 °C in 5% CO2. Calcium imaging experiments were per-
formed within 20–30 h of dissociation.

Human and rat TRPA1 cDNAand cDNAof amutant human
TRPA1 (hTRPA1) lacking lysine and/or cysteine residues in the
intracellular domain (C621S/C641S/C665S �/� K710R) were
a kind gift fromDr. Sven-Eric Jordt (Department of Pharmacol-
ogy, Yale University, New Haven, CT). Single mutations of
lysine 710 to arginine or glutamine and aC621S/C641S/C665S/
K710Q hTRPA1 mutant were generated by site-directed
mutagenesis using the QuikChange II XL kit (Agilent Technol-
ogies, Santa Clara, CA) with modified primer design (29) and
confirmed by sequencing. HEK 293t cells were transfected with
plasmids of hTRPA1, rat TRPA1, or mutant hTRPA1 (1 �g
each) using Nanofectin (PAA Laboratories, Pasching, Austria).
For patch clamp recordings, cells were co-transfected with 0.5
�g ofGFP cDNA.After incubation for 24 h, cells were plated on
coated coverslips and used for experiments the same day.
Assessment of IntracellularMG—For detection of intracellu-

lar MG, DRGs (20–24 each) of four C57Bl/6 mice were pre-
pared as described above and pooled. The freshly dissociated
neurons were split to give at least 4000 cells/ml for each sample
used for establishing standard curves and determining MG
contents with or without MG exposure. The suspended cells
were counted using an automated cell counter (Scepter, Milli-
pore), which also provides a readout of the approximate volume
of the counted cells, thus allowing calculation of concentration.
Cells were incubated with two different concentrations of MG
(1 �M and 3 mM) for 12 h or just 90 s, respectively, washed, and
then lysed by sonication. Intracellular MG measurement was
performed using 1,2-diaminobenzene as described previously
(30). An UltiMate 3000 (Dionex) UHPLC equipped with a pho-
todiode array detector was used. Samples were eluted on a
PLRP-S polymeric reversed phase column (250� 4.6mm, Zor-
bax, Poroshell) with a flow rate of 0.5 ml/min using 32% aceto-
nitrile and 68% 10mMNaH2PO4, pH 2.5 as amobile phase. This
method was shown tomeasure free, unboundMG and possibly
MG released from hemithioacetals but does not detect stable
MG adducts to lysine or arginine residues in proteins (30).
Whole-cell Voltage Clamp Recordings—Whole-cell voltage

clamp was performed on transfected HEK 293t cells. Mem-
brane currents were acquired with an EPC10 USB HEKA
amplifier (HEKAElektronik, Lamprecht, Germany), lowpassed
at 1 kHz, and sampled at 2 kHz. Electrodes were pulled from
borosilicate glass tubes (TW150F-3, World Precision Instru-
ments, Berlin, Germany) and heat-polished to give a resistance
of 1.5–3.0 megaohms. The standard external solution con-
tained 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM EGTA, 10
mM HEPES, and 10 mM glucose, pH 7.4 (adjusted with tetra-
methyl-ammonium hydroxide). In some experiments, EGTA
was replaced by 2 mM CaCl2 as noted. The internal solution
contained 140 mM KCl, 2 mM MgCl2, 5 mM EGTA, and 10 mM

HEPES, pH 7.4 (adjusted with KOH). If not otherwise noted,
cells were held at�60mV. For current-voltage curves with and
without methylglyoxal, currents were measured during 500-
ms-long voltage ramps from �100 to �100 mV. All experi-
ments were performed at room temperature. Solutions were
applied with a gravity-driven polytetrafluoroethylene-glass
multibarrel perfusion system. Patchmaster/Fitmaster software
(HEKA Elektronik, Lambrecht/Pfalz, Germany) was used for
acquisition and off-line analysis.
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Ratiometric [Ca2�]i Measurements—Cells were stained by 5
�M fura-2/AM and 0.02% Pluronic (both from Invitrogen) for
about 30 min. Following a 30-min washout period to allow for
fura-2/AM ester hydrolysis, coverslips were mounted on an
Olympus IX71 inverse microscope with a 10� (HEK 293t cells)
or 20� (DRGs) objective. Cellswere constantly superfusedwith
extracellular fluid (145 mM NaCl, 5 mM KCl, 1.25 mM CaCl2, 1
mM MgCl2, 10 mM glucose, and 10 mM HEPES) using a soft-
ware-controlled seven-channel gravity-driven common outlet
superfusion system. Fura-2 was excited at 340 and 380 nmwith
a Polychrome V monochromator (Till Photonics, Gräfelfing,
Germany). Images were exposed for 2ms and acquired at a rate
of 1 Hz with a 12-bit charge-coupled device camera (Imago
Sensicam QE, Till Photonics). Data were recorded and further
analyzed using TILLvisION 4.0.1.3 software (Till Photonics).
Background was subtracted before calculation of ratios. A 60
mMpotassium (DRGs) or 10�M ionomycin stimulus (HEK293t
cells) was applied as a control at the end of each experiment.
The area under the curve of F340/380 nm ratios was quantified
for regions of interest adapted to the neurons.
Biochemical Characterization of MG-induced Modification

of hTRPA1—A model peptide of the intracellular N-terminal
sequence of hTRPA1 comprising amino acids 607–670 (Uni-
Prot accession number O75762; Thermo Fisher Scientific,
Schwerte, Germany) was synthesized to evaluateMG effects on
cysteines, which have been described to be covalently modified
and crucial for TRPA1 activation (25). Ultrahigh resolution
ESI-TOF mass spectrometry was performed on a maXis mass
spectrometer (Bruker Daltonics, Bremen, Germany) on 50 �M

peptide in 20mM ammoniumbicarbonate buffer, pH 7.4, which
was treated with 500 �M methylglyoxal for 15 min and then
sprayed directly into the ion source. The instrumental para-
meters were as follows: injection rate, 180 �l/h; source temper-
ature, 320 °C; capillary voltage, 4.5 kV; collision voltage, 10 kV.
Measurement of CGRP Release—The skin from both hind

paws or sciatic and vagus nerves were harvested from adult
C57Bl/6, TRPA1, or TRPV1 knock-out mice after sacrificing
mice in a pure CO2 atmosphere. The skin flaps were subcuta-
neously excised below the knee and tied around acrylic glass
rods with the corium side exposed (28). The vagus nerves were
dissected after removing the submandibular gland and the ster-
nohyoid muscle, transected at the level of the carotid bifurca-
tion, and tracked caudally to the outlet of the recurrent laryn-
geal nerve where each vagus was excised, and its sheath was
removed under binocular control (31). Sciatic nerves were
excised from their origin at the lumbar plexus to their branch-
ing into tibial, sural, and peroneal nerves and desheathed (32).
The preparations were washed for 30 min in carbogen-gassed
(95% O2 and 5% CO2) synthetic interstitial fluid (SIF (33)) con-
taining 108 mM NaCl, 3.48 mM KCl, 3.5 mM MgSO4, 26 mM

NaHCO3, 1.7 mM NaH2PO4, 1.5 mM CaCl2, 9.6 mM sodium
gluconate, 5.5 mM glucose, and 7.6 mM sucrose. Experiments
were performed at 32 or 37 °C for paw skin or sciatic and vagus
nerves, respectively.
After washout, the preparations were first incubated twice

for 5 min in test tubes containing SIF to determine basal CGRP
release. This was followed by 5-min incubation in tubes con-
taining solutions of MG dissolved in SIF for chemical stimula-

tion and a final 5-min incubation period in SIF to assess revers-
ibility of stimulated CGRP release. Blockers or sensitizers of
TRPA1 receptors were added from the second to the fourth
incubation period. The used incubation fluid was recovered
and stored on ice, and the CGRP content of the incubation fluid
was measured using a commercial enzyme immunoassay kit
(Bertin Pharma,Montingy le Bretonneux, France) with a detec-
tion limit of 2 pg/ml. The antibodies used are directed against
human �/�-CGRP but are 100% cross-reactive against mouse
CGRP. The enzyme immunoassay plates were analyzed photo-
metrically using a microplate reader (Dynatech, Channel
Islands, UK). For column diagrams reflecting an increase in
stimulated CGRP, base-line levels were subtracted from CGRP
values obtained from 5-min stimulation periods.
Compound Action Potential (CAP) Recordings from C- and

A-fibers of Isolated Mouse Sciatic Nerves—CAP recordings
were made from C- and A-fibers of isolated mouse sciatic
nerves (34). Nerves from C57Bl/6 and TRPA1 knock-out mice
were prepared as described above andmounted in a three-com-
partment chamber where they were continuously superfused
with SIF at a rate of 5–7 ml/min at 37 °C. Each end of the nerve
was threaded into one of two side chambers sealed by a perfo-
rated rubber foil and filled with fluorocarbon oil FC-43 (3 M,
Neuss, Germany) and placed on a pair of gold wire electrodes.
One chamber contained the differential recording electrode,
whereas the other was used for electrical stimulation. To mon-
itor the entire population of sciatic nerve axons activated by
electrical stimulation, the CAP was evoked by 25% supramaxi-
mal electrical stimulation with constant voltage pulses (A395,
World Precision Instruments, Sarasota, FL) of 0.1-ms duration
at a rate of 0.2 Hz and recorded with a monopolar electrode.
After a 20-min control period in SIF, the effects of methylg-
lyoxal (10 mM) applied for 20 min on both latency and peak to
peak amplitude of C- and A-fiber CAPs were assessed. The
amplitude was taken between the maximum and minimum
excursions of the recorded waveform. Latency was assessed as
the delay afterwhich a trigger level in the lower third of theCAP
upstroke was exceeded. Data were acquired and analyzed using
a CED Micro1401 and Spike2 software (Cambridge Electronic
Design, UK).
Single Fiber Electrophysiology of the Skin Nerve Preparation—

Single fiber recordings of identified primary afferents from skin
of C57Bl/6 and TRPA1 knock-out mice were carried out using
the skin nerve preparation in vitro as has been described previ-
ously (28, 35). Briefly, after sacrificing mice by exposure to a
pure CO2 atmosphere, the saphenous nerve was dissected
downward from the upper thigh and excised together with the
hairy skin of the dorsal hind paw and lower leg containing its
receptive fields. The skin was pinned to the bottom of an organ
chamber with the corium side exposed, and the cut nerve was
pulled through a hole into a separate recording chamber where
it was placed on a small mirror. Under binocular control, fine
filaments were teased from the desheathed nerve until single
fiber activity could be recorded through a monopolar gold
wire electrode, which was isolated in a layer of paraffin oil. The
skin preparation was continuously superfused with carbogen-
saturated SIF, pH 7.4 at 30 °C.
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Receptive fields of single fibers were searched by probing the
corium side of the skin with a blunt glass rod. Conduction
velocity was determined using electrical stimulation of fibers in
their receptive field with a Teflon-coated steel microelectrode
(impedance, 1 megaohm). Mechanical (von Frey) thresholds
were determined by means of gravity-driven filaments with
uniform blunt 0.9-mm-diameter tips delivering forces in the
range of 1–256 mN. For determination of heat or cold respon-
siveness of the fibers or application of 10mMmethylglyoxal, the
receptive fields were isolated using a metal cylinder and petro-
leum jelly. Within the so-formed chamber, the receptive field
could be cooled down (8 °C for 60 s) or heated up (to 47 °C
within 20 s) with a separate superfusion system. The tempera-
ture was constantly recorded using a thermocouple. Data were
sampled and analyzed with the DAPSYS data acquisition sys-
tem 8.
Statistics—Data are displayed as mean � S.E. Within one

experimental group, data were compared by the Wilcoxon
matched pair test or between groups using the Mann-Whitney
U test. Multiple groups were compared by analysis of variance
followed by the Tukey post hoc test with Statistica 7 software
(StatSoft, Tulsa, OK). Differences were considered significant
at p � 0.05 (marked with *).

RESULTS

Methylglyoxal in Mouse DRG Neurons—To estimate the
potentially effective intracellular concentration achieved by
extracellular application of differentMGconcentrations aswell

as by different exposure periods in cultured mouse DRG neu-
rons, a method was used that detects unbound MG and MG
reversibly bound as hemithioacetal but not stable MG adducts
of lysine and arginine residues in proteins (see below and Ref.
30). In a sample of freshly dissociated native DRG neurons
(�3.5� 104 cells), an intracellularMG concentration of 1.5 �M

was detected. In samples exposed to MG, intracellular levels
were increased. Treatment for 90 s with 3 mM MG (as in cal-
cium microfluorometric experiments) resulted in about the
same intracellular increase to 2.2 �M as exposure to 1 �M for
12 h, implying that the apparent diffusion barrier can be over-
come with time possibly due to the fact that a large part of the
intracellular MG is at least loosely bound to proteins.
Methylglyoxal Activates Human TRPA1—To investigate

whether MG exhibits TRPA1 agonistic properties, HEK 293t
cells expressing wild type hTRPA1 were examined by standard
whole-cell voltage clamp. Whereas 1 mM MG induced only
small inward currents in these cells, activation at 10 mM MG
was immediate, leading to large inward currents (Fig. 1A; Vh �
�60 mV). MG also induced concentration-dependent inward
currents in HEK 293t cells transfected with rat TRPA1 (not
shown). MG was effective in 20% (n � 14) of these cells at a 1
mM concentration and activated 100% of cells at 3 and 10 mM

(n� 13 and 8, respectively).Measuring ramp currents by depo-
larization from�100 to�100mV, 1 and 10mMMG induced an
increase in conductance of hTRPA1 (Fig. 1B). Carvacrol (100
�M), which has been shown to activate TRPA1 (36), was used as

FIGURE 1. MG activates human TRPA1. A, representative inward currents in HEK 293t cells expressing hTRPA1 at 1 and 10 mM MG. Cells were held at �60 mV.
B, ramp currents through TRPA1 in calcium-free extracellular solution (control) and during application of 1 or 10 mM MG. Activation of TRPA1 by 100 �M

carvacrol is shown as a control. Cells were held at �60 mV, and currents were measured during voltage ramps from �100 to �100 mV within 500 ms. C, a typical
MG-induced inward current was highly increased by switching from calcium-free to external solution containing 2 mM calcium. D, the TRPA1 antagonist
HC030031 (100 �M) completely blocked MG-evoked inward currents. E, no changes in conductance were observed in rat TRPV1-expressing HEK 293t cells
under 3 mM MG in contrast to capsaicin (0.1 �M). Furthermore, MG did not induce inward currents in concentrations up to 10 mM in capsaicin-responsive cells
(E, inset).
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a control. Extracellular calcium at 2 mM strongly potentiated 1
mM MG-induced inward currents (Fig. 1C), which has been
described for other TRPA1 agonists (37, 38). Furthermore,
TRPA1 antagonist HC030031 (100 �M) completely blocked
inward currents evoked by 10 mM MG (Fig. 1D). To examine
whether TRPV1 may also be activated by MG as has been
described for other TRPA1 agonists at high concentrations
such as mustard oil (39), HEK 293t cells were transfected with
rat TRPV1. MG at 10 mM did not induce inward currents in
these cells (n � 5), whereas application of 0.1 �M capsaicin led
to their immediate activation (Fig. 1E, inset). In contrast to cap-
saicin, application of 10 mM MG also did not change the con-
ductance of rat TRPV1-expressing HEK 293t cells (Fig. 1E).
Activation of Sensory Neurons by MG Involves Modification

of Intracellular Cysteines of TRPA1—To extend the mechanis-
tic insight into the effects of MG, ratiometric calcium signals
were measured in native DRG neurons of C57Bl/6 mice. MG
applied at a concentration of 3 mM for 90 s evoked robust
increases of intracellular calcium as shown for the mean of 72
responding cells and in pseudocolored images from represent-
ative experiments (Fig. 2A, upper panel, and B). For control of
functional TRP receptor expression, the TRPA1 agonist mus-
tard oil (100 �M AITC for 20 s) and the TRPV1 agonist capsai-
cin (0.3 �M for 10 s) were applied at 7-min intervals after the
MG stimulus. Notably, AITC but not capsaicin activated
the same subpopulation of neurons as MG (Fig. 2B). The MG-
evoked increase in intracellular calcium could be completely
prevented by HC030031 (50 �M; Fig. 2, A and C) and by calci-
um-free external solution and was also absent in DRGs of
TRPA1 knock-outmice (Fig. 2A). Following application ofMG,
the area under the curve of intracellular calcium responses to
AITC was 0.03 � 0.01, which is significantly diminished com-
pared with the AITC-evoked responses after washout of MG
and HC030031 (area under the curve, 0.13 � 0.01) or MG in
calcium-free solution (area under the curve, 0.16 � 0.01; ana-
lysis of variance F(2,229)� 21.2; honestly significant difference
post hoc test, both p � 0.001). The percentage of DRGs
responding toAITC also decreased by 38% followingMGappli-
cation, which is in agreement with cross-desensitization of
TRPA1 following previous receptor activation byMG (40).MG
activated DRGs of C57Bl/6 and congenic TRPV1 but not
TRPA1 knock-out mice in a concentration-dependent manner
as shown by the area under the curve of calcium responses of all
MG-treated cells (Fig. 2D). Only 1.3% of the neurons responded
to a concentration of 300 �M MG, but 55% were activated by 3
mM MG.

To narrow down the binding site ofMG,HEK 293t cells were
transfected with hTRPA1. In a carvacrol (250 �M for 30 s)-
sensitive population,MG applied for 90 s (0.03–10mM) led to a
concentration-dependent increase in the number of activated
cells with an EC50 of 744 � 120 �M (Fig. 2E). Interestingly,
although higher concentrations of MG activated a larger per-
centage of hTRPA1-expressing cells, the magnitude of calcium
influx was about equal at low and high concentrations as shown
for such divergent concentrations as 1 �M and 3 mM MG in
supplemental Fig. 1A (p� 0.163, t test of independent samples).
However, the latency of the response was quite variable at 1 �M

and longer on average.

To isolate functional MG binding partners in hTRPA1, HEK
293t cells were transfected with the C621S/C641S/C665S
mutant (hTRPA1–3C), as theN-terminal cysteines ofmouse as
well as human TRPA1 have been shown to be essential for gat-
ing of the channel by electrophilic compounds (25, 26). In this
hTRPA1–3C mutant, the concentration-response curve was
shifted rightward to an EC50 of 1.8� 0.1 mM (Fig. 2E). Interest-
ingly, when MG was applied at 10 mM, a biphasic response
similar to that in the wild type occurred (not shown) with a
second peak of intracellular calcium shortly after the offset of
MG in the early washout period (supplemental Fig. 1B).
Besides cysteines,MGcan reactwith arginine and lysine (12);

the latter in position 710 also contributes to hTRPA1 activa-
tion. After a single mutation of this lysine residue to glutamine,
cells did not respond toMG at concentrations below 3mM, and
the early but not the second peak of MG (10 mM)-induced cal-
cium influx was abolished in these mutants (supplemental Fig.
1B, upper panel). At a lower concentration (1 mM), the MG-
evoked calcium transients in the hTRPA1–3C mutant resem-
bled that of the single lysine mutant at 10 mM MG, indicating
that MG modification of lysine is responsible for the first peak
of MG-evoked responses and accounts for the high concentra-
tion effects in the cellular model.
In hTRPA1–3C/K710Q, sensitivity forMGwas almost com-

pletely lost; only 4� 1.5% of cells responded at 10mMMG (Fig.
2E). MG at 10 mM did not activate untransfected HEK 293t
cells. All mutants responded to carvacrol, ensuring hTRPA1
expression and function.
From a biochemical point of view, the properties of lysine are

more conserved in arginine than in glutamine.Moreover, lysine
to arginine mutants have also been used to study the effects of
TRPA1 agonists (25). MG has been described to bind to argi-
nine as well as to lysine (12) but not to glutamine. Indeed, sub-
stitution of lysine 710 to arginine either in the single or quad-
ruple mutation resulted in a reduced responsiveness when
compared with wild type hTRPA1 (supplemental Fig. 1C).
However, substitution of lysine 710 by glutamine resulted in an
even stronger abrogation of MG responsiveness as compared
with the single or quadruple mutants containing arginine at
position 701. Although these data are indicative of a coopera-
tive binding site forMG to activate hTRPA1, the three cysteines
might determine the sensitivity of hTRPA1 to 1 mM or lower
concentrations of MG.
Biochemical Characterization of the MG-induced Modifica-

tion of Critical Cysteine Residues in hTRPA1—To further inves-
tigate the role of the N-terminal cysteines in the activation by
MG, a custom-made synthetic 607–670 peptide comprising
the critical cysteine residues but not lysine 710 (Fig. 3A) was
used as a model system to biochemically characterize the reac-
tion in more detail. The peptide was synthesized and analyzed
by ESI-TOF mass spectrometry. Deconvolution of the spec-
trum revealed amonoisotopic peak of the intact peptide to be at
m/z 7661.50 (calculated m/z, 7661.53) (supplemental Fig. 1A).
After incubationwith a 10-fold excess ofMG, the reactionmix-
ture was further analyzed by ESI-TOF mass spectrometry. The
intact peptide still remained the most abundant peak (supple-
mental Fig. 1B), but data analysis of the peptide fragments sug-
gested that up to three critical cysteine residues were covalently
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modified by the formation of hemithioacetals (Fig. 3B and sup-
plemental Table 1). The appearance of these modifications in
different fragments (supplemental Table 1) implies that the
three critical Cys residues essential for TRPA1 activation have
reacted. Surprisingly, peptide fragments containing disulfide
bonds were also detected (Fig. 3B and supplemental Table 1).
As an example, a comparison of the peak atm/z 3421.42 present
in the control with the peak after the treatment with MG (m/z

3419.40) reveals a shift resulting from the loss of two hydrogens
(supplemental Fig. 1C). Data analysis revealed the formation of
two peptide bonds, each containing one cysteine that wasmod-
ified with MG. Although proposed to be a possible mechanism
for mouse TRPA1 activation (15, 90), disulfide formation of
humanTRPA1by natural ligands has not been demonstrated to
date but it has recently been shown by structural modeling of
mouse TRPA1 binding the synthetic agonist N-methylmaleim-

FIGURE 2. Calcium influx evoked by MG involves modification of intracellular cysteines and lysine residues of TRPA1. A, MG (3 mM) applied for 90 s
evoked an increase in intracellular calcium ratiometrically measured in fura-2-stained DRG neurons (n � 72; 53.3%) of C57Bl/6 mice. Responses were blocked
by the TRPA1 antagonist HC030031 (50 �M; n � 161) and by calcium-free external solution (n � 169) and were absent in DRG neurons of TRPA1 knock-out mice
(n � 123; S.E. is displayed as dashed lines). MG-sensitive neurons were also mostly activated by AITC (100 �M for 20 s) and occasionally by capsaicin (0.3 �M for
10 s), which stimulated the largest subpopulation (B). HC030031 abolished MG-induced calcium transients in a population of neurons that comprised AITC-
and/or capsaicin-sensitive cells (C; scale bar, 100 �m). As shown by the area under the curve, MG-induced responses were concentration-dependent in DRG
neurons of C57Bl/6 and TRPV1 knock-out mice, whereas no increase in intracellular calcium was seen in TRPA1 knock-out DRGs (D; n � 60 each). E, concen-
tration-dependent activation of native hTRPA1 and of different mutants involving exchange of cysteine and/or lysine residues. Measurement of calcium signals
in transfected HEK 293t cells indicated that MG activated human TRPA1 receptors even at low (3 �M) concentration (black squares) with an EC50 of 0.7 � 0.1 mM.
All cells responding to MG also showed an increase in intracellular calcium upon stimulation with carvacrol (250 �M for 30 s), which served as an index for
sufficient transfection. In HEK 293t cells transfected with the human TRPA1 C621S/C641S/C665S mutant (hTRPA1–3C; yellow squares), the EC50 was shifted to
higher concentrations (EC50 � 1.8 � 0.1 mM). Single mutation of the lysine residue at position 710 to glutamine (hTRPA1-K710Q; blue squares), which cannot
be modified by MG, strongly reduced sensitivity to MG application. Residual responsive cells were only found at 3 and 10 mM concentration. The combination
of cysteine and lysine mutations hTRPA1–3C/K710Q (red square) almost completely abolished responsiveness to MG. Data are mean � S.E.
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ide (90). Accordingly, formation of disulfide bonds would lead
to a conformational change of the whole cytosolic N-terminal
domain. We propose that the neighboring cysteine residues
could form disulfide bonds with the modified critical cysteines
through nucleophilic attack with elimination of hydroxyac-
etone CH2(OH)C(O)CH3 (see “Discussion”), which we identi-
fied by ESI-TOF mass spectrometry as the main product in a
proof-of-concept experiment in which dithiothreitol (DTT) as
a model thiol was exposed to MG (supplemental Fig. 1D).
MG-induced Inward Currents and Calcium Transients Can

Be Modulated by DTT—Mass spectrometry was performed on
a reaction mixture of MG and lysine, and it was confirmed that
MG irreversibly binds to lysine (12). The strong reducing agent
DTT was unable to resolve this stable adduct (supplemental
Fig. 3, A–D). DTT, however, should be able to counteract the
hemithioacetal formation of MG with cysteines and the subse-
quent development of disulfide bonds. Using voltage clamp
recordings of hTRPA1 in HEK 293t cells, 3 mM MG-induced
inward currents were repeatedly reduced by DTT for the dura-
tion of application (Fig. 4A). Similar effectswere seen in sensory
neurons of mice (Fig. 4, B andC). Although application of DTT
10 min prior to 3 mM MG did not prevent calcium influx in
sensory neurons, the responses were significantly shortened
(Fig. 4, B and C). DTT loading also prevented the cross-desen-
sitization of subsequent AITC (100 �M for 20 s) responses, sug-
gesting that sustained covalent modification of TRPA1 cys-
teines was prevented. Thus, cysteine modifications byMGmay
also affect the kinetics of the MG responses, i.e. slow the deac-
tivation of TRPA1. Interestingly, when DTT was applied to
MG-evoked currents of the hTRPA1–3C mutant, this deacti-
vating effectwas still present (supplemental Fig. 3E). These data
suggest that MG at high concentrations interacts with N-ter-
minal cysteines other than those mutated and that these cys-
teines also contribute to channel activation and to the kinetic
properties of TRPA1 responses.

MG-stimulated CGRP Release from Skin, Sciatic, and Vagus
Nerves IsDependent onTRPA1—As amodel to investigatemass
activation of peptidergic nerve fibers byMG in vitro, stimulated
CGRP release was assessed in three different mouse prepara-
tions. CGRP release as such signifies neurogenic inflammation,
vasodilatation, and plasma extravasation. Axonal CGRP release
was studied in desheathed sciatic (Fig. 5, A and B) and vagus
nerves (Fig. 5C) upon stimulation with MG because we have
recently shown that axonal membranes exhibit vesicular exo-
cytosis of CGRP in a receptor-controlled and calcium-depen-
dent manner (31, 41). Additionally, isolated hairy skin flaps
(Fig. 5, D–F) were used to investigate CGRP release from
peripheral nerve endings. In the sciatic nerve,MGat 1 and 3mM

(both n � 10) concentrations significantly stimulated CGRP
release (both p � 0.01, Wilcoxon), whereas 100 and 300 �M

(both n� 2) were ineffective (Fig. 5A). The vagus nerve showed
a dose-dependent response toMGwith a threshold concentra-
tion of 300�M (Fig. 5C, inset). In the hind paw skin,MGat 1 and
3 mM increased CGRP release (both p � 0.02, Wilcoxon),
whereas 300 �M MG was ineffective (Fig. 5D).
For all three preparations, the dependence of MG-induced

CGRP release on the activation of TRPA1 receptors was tested
using TRPA1 knock-out mice (Fig. 5, B, C, and D), which did
not respond to MG at 1 and 3 mM as compared with congenic
C57Bl/6 mice (all p � 0.001 except for 1 mM in the vagus nerve
(p � 0.05), U tests). In addition, the TRPA1 antagonist
HC030031 (50 �M) reduced 1 mM MG-induced CGRP release
in both isolated nerve preparations (both p � 0.01, Wilcoxon;
Fig. 5, B andC). To exclude a contribution of TRPV1 receptors,
which are co-localized with TRPA1 in DRG neurons (13, 42)
and even more so in vagal afferents (43, 44), sciatic and vagus
nerves fromTRPV1knock-outmicewere stimulatedwith 1 and
3 mM MG; no difference to congenic wild type mice was
detected (Fig. 5, B and C).
To mimic pathophysiological conditions, we investigated

whether TRPA1-dependent release of CGRP by MG could be

FIGURE 3. Biochemical characterization of the methylglyoxal-induced modification of critical cysteine residues in hTRPA1. A, amino acid sequence of
the model peptide of hTRPA1 (intracellular domain; residues 607– 670) containing three cysteine residues essential for receptor activation. Gray cysteine
residues were found to be covalently modified by MG and subsequently formed disulfide bonds with cysteines in close proximity. B, deconvoluted mass
spectra of the peptide treated with MG obtained by an ultrahigh resolution ESI-TOF mass spectrometer. Figures represent selected mass ranges with the
corresponding peak assignments after treatment with MG for 15 min; fragments originating from the unmodified peptide are labeled in black; gray labels
indicate MG-modified fragments and fragments containing disulfide bonds.
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augmented in the skin by other known endogenous TRPA1
agonists. The unsaturated aldehyde 4-hydroxynonenal
(4-HNE), which accumulates under oxidative stress conditions,
was tested at 30 and 100 �M (both n � 8), but only 100 �M was
sufficient to stimulate CGRP release (p � 0.03, Wilcoxon; data
not shown). The inflammatory mediator and TRPA1 agonist
15deoxy-prostaglandin J2 concentration-dependently in-
creased CGRP release at 100 and 300 �M (both p � 0.01, n � 8
and n � 7, Wilcoxon, data not shown). When 100 �M 4-HNE
was combined with a subliminal MG concentration of 300 �M,
the resulting release was markedly enhanced compared with
the individual compounds (p � 0.001, U test; Fig. 5, E and F).
Also the combination of 300 �M 15deoxy-prostaglandin J2 and

300 �MMGwasmore effective than the individual compounds
(p � 0.001 and p � 0.02, U test; Fig. 5F).
Inflammatory mediators like bradykinin and prostaglandin

can functionally sensitize TRPA1 by activation of phospho-
lipase C (PLC) and protein kinase A (PKA) (38, 45). Therefore,
we used 10 �M forskolin to activate PKA, which alone did not
augment cutaneous CGRP release but sensitized the subliminal
effect of 300 �M MG (p � 0.0001, U test; Fig. 5F). The same
applied to 100 �M 2,4,6-trimethyl-N-[3-(trifluoromethyl)phe-
nyl]benzenesulfonamide, which is known to activate PLC and
sensitize TRPA1 (p � 0.01, U test). Co-application of forskolin
and 2,4,6-trimethyl-N-[3-(trifluoromethyl)phenyl]benzenesul-
fonamide did not further enhance CGRP release. Together, the
CGRP release experiments demonstrated selective activation of
TRPA1-expressing termini and nerve fibers by acutely applied
MG and a marked facilitation of MG by co-activators and sec-
ond messenger pathways.
MG-induced axonal CGRP release indicated the functional

expression of TRPA1 along peripheral nerve C-fibers, mediat-
ing an excitatory response. However, CGRP measurements
cover the peptidergic subpopulation of nociceptors but not the
IB4-binding subpopulation or non-nociceptive A-fibers. To
include them, the compound action potential of sciatic nerves
was adapted to in vitro experimentation.
MG Reduces Conduction Velocity and Amplitude of the Sci-

atic Nerve Compound Action Potential in Wild Type but Not
TRPA1 Knock-out Mice—Recording the electrically evoked
CAP from isolated sciatic nerve in a three-compartment dish
(34) and taking the decrease of amplitude as an index of activa-
tion by concomitant (chemical) stimulation (46), the CAP of
the fast conducting myelinated fibers was not altered in any
respect by superfusing the nerve for 20 min with 10 mM MG
(data not shown). However, the C-fiber CAP (Fig. 6A) showed a
progressive slowing of the conduction velocity with recovery
during washout of MG, that can be interpreted as a discharge
activity-dependent slowing, that is typical for chemosensitive
C-fibers (47, 48). The amplitude of the C-fiber CAP instantly
decreased with the onset of MG superfusion and then progres-
sively declined further. The latter MG response phase most
likely reflects desynchronization among fibers of the electri-
cally evoked action potentials due to differential activity-de-
pendent slowing (47). However, the sudden drop of the CAP
amplitude at the onset of MG does not correspond to the pro-
gressive slowing and may reflect an additional impairment by
MG of voltage-gated sodium channel functions, leading to a
block or reduction of the CAP amplitude (49). Essentially, how-
ever, both MG effects (slowing and amplitude reduction)
appear to be secondary to activation of TRPA1 because sciatic
nerves from the knock-outmice showed neither alteration (Fig.
6, B and C; p � 0.05 and p � 0.01, respectively; n � 6; U test).
PerhapsMG through TRPA1 activation causes sustained depo-
larization and inactivation of voltage-gated sodium channels in
the background of asynchronous ongoing discharge inC-fibers.
MG Differentially Activates Subtypes of Cutaneous Afferents

in Vitro—To evaluate the effects of MG on subtypes of nocice-
ptors and one representative myelinated low threshold mecha-
noreceptor, we used the skin saphenous nerve preparation to
record action potential discharge from cutaneous single C- and

FIGURE 4. Reducing agents modify MG-induced inward currents in
hTRPA1 and calcium transients of DRG neurons. A depicts a representative
inward current in HEK 293t cells expressing hTRPA1 induced by MG (3 mM).
Co-application of the permanent antioxidant DTT (Cleland’s reagent; 5 mM),
which impedes modification of cysteine residues and the formation of disul-
fide bonds, repeatedly deactivated the current. B, MG (3 mM) applied for 90 s
evoked an increase in intracellular calcium in DRG neurons. DTT at 5 mM

applied for 10 min prior to MG shortened the response to MG (B, lower trace;
p � 0.05). C, DTT loading also prevented the cross-desensitization of the sub-
sequent AITC responses, suggesting a sustained covalent modification of
TRPA1 cysteines (p � 0.001, both by t test of independent samples, n � 100/
145). Data are mean � S.E., *, p � 0.05.
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A�-fibers (n� 47) of C57Bl/6 and TRPA1 knock-outmice. The
sensory properties of the fibers and responses to MG applica-
tion are listed in supplemental Table 2. Each fiber underwent
the same experimental protocol (Fig. 7): conduction velocity,
von Frey threshold, noxious cold and heat stimulation; thereaf-
ter, the receptive field was isolated with a metal ring and super-
fused with 10 mM MG for at least 10 min while cold and heat
sensitivity were retested.
MG at 1 mM concentration did not induce any action poten-

tial discharge in C-fibers within 30 min of superfusion. How-
ever, 10 mM activated about 85% of the C-nociceptors and one

distinct subpopulation of A�-fibers. The sensitivity to 10 mM

MG varied. As in wild type mice, C-mechano-, heat-, and cold-
sensitive (C-MHC) fibers were frequently more responsive
thanC-MH fibers (one-way analysis of variance, F(1,18)� 11.0,
p� 0.01; Fig. 7,A andB). C-MHC fibers also exhibited stronger
initial and sustained responses to MG that often persisted with
irregular ongoing discharge throughout the application period
(Fig. 7D). The biphasic, dynamic-static response pattern indi-
cates that two different mechanisms are involved: first, activa-
tion of TRPA1 that desensitizes in 2–3 min and second, an
excitatory mechanism of yet unknown origin. This interpreta-

FIGURE 5. MG-stimulated CGRP release from sciatic and vagus nerves is dependent on TRPA1 receptors. The effects of MG on CGRP release from isolated
sciatic nerves, vagus nerves, and paw skin of C57Bl/6 mice are shown. MG concentration-dependently stimulated CGRP release from desheathed sciatic nerve
(A and B) and vagus nerve (C and inset). CGRP release was stimulated by 300 �M (vagus nerve only), 1 mM, and 3 mM MG. MG stimulated nearly the same amount
of CGRP release from sciatic and vagus nerves of TRPV1 knock-out mice; the response was absent in TRPA1 knock-out mice and was abolished by TRPA1
antagonist HC030031 (HC) at 50 �M. D, MG-stimulated CGRP release from paw skin was concentration-dependent in C57Bl/6 mice and absent in congenic
TRPA1 knock-out mice. E, MG at 300 �M was not sufficient to stimulate CGRP release alone but in combination (comb.) with an inefficient concentration of
4-HNE (100 �M) significantly stimulated (stim.) CGRP release from paw skin. F, MG effects were augmented by combination with other endogenous TRPA1
agonists as shown for 4-HNE (100 �M) and 15deoxy-prostaglandin J2 (PGJ2) (300 �M). Sensitizing TRPA1 receptors by co-activation of the adenylyl cyclase/
protein kinase A pathway (forskolin (FSK) at 10 �M), phospholipase C (2,4,6-trimethyl-N-[3-(trifluoromethyl)phenyl]benzenesulfonamide (3m3FBS) at 100 �M),
or both yielded significant increases in CGRP release upon 300 �M MG. Data are mean � S.E., *, p � 0.05. iCGRP, CGRP concentrations as measured by CGRP EIA.
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tion is derived from the recordings from TRPA1 knock-out
mice (Fig. 7E) that lacked the dynamic response at the onset of
MG superfusion but showed sustained ongoing discharge; at
least the C-MHC fibers did so, whereas themechano- and heat-
sensitive units hardly responded at all. The number of action
potentials elicited in the first 3 min of MG superfusion was
significantly reduced in the C-MHC fibers as well as in the
C-MH fibers recorded in TRPA1 knock-out mice compared
with control mice (p � 0.02 and p � 0.002, U test).
In total, 15 A�-fibers were tested with MG. Three high

threshold mechanoreceptive A�-fibers did not respond, and
the other 12 A�-units formed a homogenous subgroup defined
by von Frey thresholds below 1mNand rapid adaptation (down

hair receptors), four of which exhibited the most vigorous
responses to MG application. The representative example in
Fig. 6D shows such a strong, slowly adapting response to MG.
This initially cold-insensitive fiber was clearly sensitized to cold
stimulation during MG superfusion.
Heat responsiveness of C-MH andC-MHC fibers in C57Bl/6

mice was not changed during and after MG application (sup-
plemental Table 2). However, the data indicate a possibly
increased sensitivity to cold stimulation after MG treatment of
the receptive field. C-MHC fibers were activated at higher tem-
peratures (supplemental Table 2) and showed an increased
mean cold response after MG of 15 � 3 spikes/stimulus com-
pared with 9 � 3 spikes/stimulus before), but both parameters
were not significantly different. TheC-MHC fiber shown in Fig.
7B had only a sparse initial cold response but was sensitized to
cold stimulation during MG superfusion. Such cold sensitiza-
tion was observed in four of nine C-MHC fibers; these fibers
exhibited an elevation of their cold threshold bymore than 5 °C.
In addition, three of 11 C-MH fibers developed de novo cold
responsiveness after MG application and then showed a mean
cold threshold of 22.4 � 3 °C and amean cold response of 15 �
7.4 spikes/stimulus, which is similar to the cold responsiveness
of C-MHC fibers (15 � 3 spikes/stimulus). These conspicuous
findings on cold sensitivity may provide at least some circum-
stantial evidence forMG-induced hypersensitivity of skin nerve
termini to cooling thatwould correspond to the established role
of TRPA1 in various animal models of cold hyperalgesia (50).

DISCUSSION

MGactivatedTRPA1 receptor channels inDRGneurons and
transfected HEK 293t cells by modification of intracellular
N-terminal lysine and cysteine residues. MG-stimulated CGRP
release from peptidergic nerves was dependent on TRPA1 but
not TRPV1 receptors and could be sensitized by the endoge-
nous TRPA1 agonist 4-HNE and by activation of the PKA/PLC
pathways. Finally, MG led to activity-dependent slowing of
C-fiber conduction in peripheral nerves and activated A�- and
C-nociceptors in vitro which at least in part involved TRPA1.
MG ismainly derived from triose phosphates of glycolysis (2)

and can be measured in plasma of healthy subjects at concen-
trations of 200–500 nM (6). A minor source of MG is acetone
from ketone bodies (51) and aminoacetone metabolism (52),
which indicates enhanced production upon lipid peroxidation
as well as upon excessive lipid and protein catabolism. Exceed-
ing 800–900 nM in pathological conditions, MG plasma levels
are strongly dependent on renal function as they have been
shown to benegatively correlatedwith creatinine clearance (53)
and therefore to increase in a stage-dependent manner with
chronic renal failure independently of concomitant diabetes
(6). MG in plasma reflects the degree of hyperglycemia (54) in
diabetic patients due to enhanced production and impaired
enzymatic degradation by glyoxalase I (3). Neurons take up glu-
cose independently of insulin and more so under the condition
of hyperglycemia. In addition, glyoxalase I expression and activ-
ity are constitutively very low in the peripheral nervous system
(49) consistent with previous findings that MG concentrations
are high in sciatic nerve tissue comparedwith other organs such
as the liver and further elevated in diabetic rats (55). Thus, MG

FIGURE 6. MG reduces conduction velocity and amplitude of the sciatic
nerve compound action potential in wild type but not TRPA1 knock-out
mice. A, MG at 10 mM for 20 min reduced conduction velocity (cv) progres-
sively, whereas the amplitude decreased instantaneously and then declined
further. Upon washout, both effects recovered rapidly and largely. B, no
effects of MG in TRPA1 knock-out mice. C, MG decreased conduction velocity
and amplitude in wild type mice measured after 15-min superfusion but not
in TRPA1 knock-out mice. Data are mean � S.E., *, p � 0.05.
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concentrations are much higher intra- than extracellularly, in
particular in neurons; in addition, (reversible) binding to cell
proteins likely trapsMG intracellularly (1, 56). In fact, the intra-
cellular MG concentration in naïve mouse DRG neurons (1.5
�M) was much higher than the plasma levels (2). Concentra-
tions higher than pathological plasma concentrationswere thus
required to activate sensory neurons in culture or in isolated

preparations, although TRPA1-overexpressing HEK 293t cells
responded to a concentration as low as 1�MMGwith a calcium
influx that reached the same magnitude as with 3 mM MG as a
stimulus. MG is hydrophilic and in aqueous solution fully
hydrated, forming diols and tetrols (57, 58). MG readily passes
through neuronal plasmamembranes (56). Hence, the intracel-
lular generation and pathological accumulation ofMGcould be

FIGURE 7. MG differentially activates different types of cutaneous nociceptors in vitro. A and B, recordings from two C-fibers using the skin saphenous
nerve preparation of the mouse. MG (10 mM) was applied to the isolated receptive fields for about 20 min and caused a stronger and long lasting excitation of
C-MHC fibers (B). The fiber shown in B exhibited a clearly increased response to cold stimulation during MG application. C depicts the strong excitatory effect
of MG on a subgroup of low threshold mechanosensitive (mech.) A-fibers. The representative recording shows an A�-fiber that was activated by MG and
sensitized to cold stimulation applied during MG application. D and E, average MG response histograms (spikes/10 s) of C-MHC fibers (closed bars) and C-MH
fibers (open bars) in wild type (D) and TRPA1 knock-out mice (E). Obviously, the initial phasic response was lost. inst., instantaneous; mN, millinewtons. Data are
mean � S.E.
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mimicked by extracellular short term application (e.g. 90 s),
which achieved a rise from 1.5 to 2.2 �M in DRG neurons.

It is widely accepted that lysine and arginine are primary
targets for the glycation reaction withMG. Although they form
an irreversible, stable adduct, the cysteine modification is
reversible. Our calcium imaging studies on various hTRPA1
mutants indicate that the importance of lysine at position 710
for activation of TRPA1 increases at high MG concentrations,
leading to faster channel activation and an earlier rise of intra-
cellular calcium (supplemental Fig. 1B). However, it is remark-
able that none of the five lysines in the model peptide (607–
670) of N-terminal hTRPA1weremodified (Fig. 3A). Lysine (or
arginine) 710 might have an exceptional affinity for MG, mak-
ing it a cooperative binding site for TRPA1 activation. Besides
possible differences in accessibility of amino acids in the native
TRPA1 channel, it also has to be taken into account that MG
reacts several orders of magnitude faster with cysteine than
with any other amino acid (rate constant for cysteine, 4.1� 104
M�1 s�1, compared with 8.5 � 10�3 M�1 s�1 for arginine and
6.8 � 10�3 M�1 s�1 for lysine; Ref. 12). The binding of MG to
cysteine is reversible and leads to hemithioacetal and subse-
quent formation of disulfide bonds (Fig. 8), which would likely
result in a conformational change of the entire cytosolic
domain. Formation of disulfide bonds in the N terminus by a
synthetic cysteine modifying agent of mouse TRPA1 has
recently been demonstrated on a structural level (90). Indicated
by a rightward shift in the concentration-response curve of the
human triple cysteine mutant in calcium imaging and patch
clamp studies using DTT, these cysteine modifications likely
affect the activation as well as kinetics of channel opening and
deactivation. Depending on the position and number of the
critical cysteines modified, the number and location of the
disulfide bonds will vary. As deduced from reports that TRPA1
is also activated by iodoacetamide,which alkylates cysteines but
prevents disulfide bond formation (26), it can be assumed that
disulfide bond formation is secondary to channel gating likely
due to the prior step of hemithioacetal formation. Only the
cysteines have been reported to be essential for mouse TRPA1
activation by direct modification, and lysine-modifying agents
were without any effect (26). However, the strong reducing
agent DTT, which interferes with cysteine modification, could
not prevent activation of mouse sensory neurons by MG but
only shortened theMG-evoked calcium responses (Fig. 4,B and
C). On the other hand, human TRPA1 (in HEK 293t cells) was
clearly deactivated by DTT, which can prevent hemithioacetal

formation and resolve disulfide bonds between cysteines. Thus,
sustained TRPA1 activation byMG through cysteinemodifica-
tions remains a valid working hypothesis for both mouse and
human TRPA1. MG-induced inward currents in the C621S/
C641S/C665S hTRPA1–3C mutant could be influenced by
DTT, indicating that further cysteines might contribute to
modification of TRPA1 and responsiveness to MG at higher
concentrations.
Glycation and oxidative stress have been reported to be

responsible for MG-induced neurotoxicity (59–61). MG as
well as glyoxal mediate rapid non-enzymatic glycation of pro-
teins and other substrates, promoting the formation of
advanced glycation end products, which have been found to
foster the formation of reactive oxygen species; therefore, MG
is generally associated with high oxidative stress (3). Several
metabolic products of oxidative stress have been shown to acti-
vate TRPA1 such as H2O2, 4-HNE (44), and 15deoxy-prosta-
glandin J2 (18). Thus, MG accumulation coincides with ele-
vated levels of other endogenous TRPA1 agonists, and it is also
involved in the formation of reactive oxygen species. We dem-
onstrated cooperative effects of endogenous TRPA1 agonists in
MG-stimulated CGRP release from nerve endings. PKA and
PLC have been shown to be involved in sensitization of TRPA1
(e.g. by bradykinin), a mechanism that could account for sensi-
tization under inflammatory conditions (19). In the presence of
PKA and PLC activators, CGRP release could be stimulated
with concentrations of MG that were below threshold in oth-
erwise untreated paw skin preparations. Enhanced trafficking
of TRPA1 to the cell membrane has been described as a mech-
anism of sensitization by PKA and PLC (45). A mediator capa-
ble of PLC activation is endothelin (62), which also accounts for
cardiovascular complications accompanying diabetes (63) and
chronic renal failure (64). Endothelin receptors are expressed in
sensory neurons (65), and the endothelin 1 receptor has been
described to be involved in pain signaling as well as sensitizing
human C-nociceptors (66).
Recently, TRPA1 receptors were suggested to be involved in

mechanical hypersensitivity of nociceptors in a diabetes model
(23, 24); diabetes-induced formation of endogenous com-
pounds like 4-HNE (67, 68) was proposed to contribute.
Increased sensitivity and excitability of peripheral nociceptors
in painful diabetic neuropathy were attributed to altered
expression and functional properties of ion channels andmem-
brane receptors such as TRPV1 (69, 70), T-type calcium chan-
nels (71, 72), and diverse voltage-gated sodium channels (73,

FIGURE 8. Proposed reaction mechanism for methylglyoxal-induced modification of cysteine residues of TRPA1. MG (MeCOCHO) reversibly reacts with
one of the cysteine residues of the N-terminal intracellular part of TRPA1 to form hemithioacetals. This probably leads to conformational changes sufficient to
activate the channel. The hemithioacetal increases the reactivity of the sulfur, facilitating disulfide bond formation with an SH-cysteine residue in close
proximity. The reductive intracellular environment or DTT (see supplemental Fig. 2) restores the original state of TRPA1 and deactivates it.
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74). In our models, involvement of TRPV1 receptors in mem-
brane currents, MG-induced Ca2� influx, and CGRP release
could be excluded asMG did not activate cells transfected with
TRPV1 even at high concentrations, and effects in preparations
of TRPV1 knock-out animals were undistinguishable from
those observed in wild type animals. However, about 90% of the
C-fibers recorded from the skin nerve preparation expressing
TRPA1 receptors (42) were directly activated by MG superfu-
sion in wild type mice. C-fibers recorded from TRPA1 knock-
out mice still responded to MG application (Fig. 7F), but the
initial dynamic response was completely absent. If TRPA1 was
deleted, only a delayed tonic activation was retained to which a
second activation mechanism, perhaps a modification of
sodium channels, may contribute. Furthermore, MG caused a
fast and robust activity-dependent slowing of C-fiber conduc-
tion (Fig. 6) that was absent in peripheral nerves of TRPA1
knock-out mice. Such axons, at least the peptidergic axons, are
well equippedwith functional TRPA1 channels (31). Activation
by MG and resulting depolarization likely foster the proposed
biophysical mechanism of activity-dependent slowing, which is
a reduction of sodium channel availability by inactivation (48).
Together, these data substantiate the contribution of TRPA1
receptors to MG-induced excitation of primary sensory neu-
rons. Other effects of MG leading to increased excitability are
not ruled out and have been described earlier. For example, 300
�M MG induced a slowly developing depolarization in cortical
neurons (75), whereas a fast depolarization was observed by 1
mM MG in isolated rat pancreatic islet cells (76). However, in
human skin, MG is plainly a noxious and irritant compound;
intradermal injections caused burning pain for a few minutes
and a typical axon reflex flare response indicative of peptidergic
nociceptor activation (10 mM; 15 �l).3
In addition, results from the C-fiber recordings suggest an

increase of cold sensitivity after MG superfusion of the recep-
tive field. We observed increased responsiveness both of origi-
nally cold-sensitive fibers, which increased their responses to
cold, and of cold-insensitive fibers, which showed de novo
responsiveness. Cold sensitivity mediated by TRPA1 receptors
has been shown in differentmodels, and its contribution to cold
hypersensitivity under neuropathic and inflammatory condi-
tions has become a consensus (77, 78). Other cold-sensitive
transduction channels like TRPM8 may contribute to painful
cold sensations because naïve cold responsiveness was normal
in C-fibers recorded fromTRPA1 knock-outmice in an experi-
mental approach similar to ours (79). Painful diabetic neuro-
pathy is accompanied by deteriorated cold perception (80), and
these patients suffer from impaired thermoregulation (81).
Although unpleasant cold feet sensations are common in dia-
betic patients, painful cold sensations have not been reported.
Streptozotocin-induced diabetic animals develop behavioral
cold allodynia or hyperalgesia (82, 83). Unfortunately, nothing
is known about the cold responsiveness of C-fibers in diabetic
wild type versusTRPA1 knock-out mice or a possible contribu-
tion of TRPA1 to the cold feet sensations of diabetics, which
were beyond the scope of this study.

A�-fibers with lowmechanical thresholds are not considered
to express functional TRPA1 receptors (42, 79, 84). Conse-
quently, most of the recorded A�-fibers (11 of 15) did not
respond to MG application. The remaining four rapidly adapt-
ing A�-fibers (�1 mNwere vigorously excited uponMG appli-
cation (Fig. 7C). Fibers with similar mechanical responsiveness
and conduction velocity have been classified as down hair
receptors (85, 86). T-type calcium channels among DRG neu-
rons are almost exclusively expressed in these down hair recep-
tors and reported to control excitability and mechanosensory
transduction (85, 87). Interestingly, T-type calcium channels
are up-regulated in medium size rat DRG neurons and show
increased excitability in diabetic rats (71, 72). Whether post-
translational modification of T-type calcium channels by MG
(for 10 min) contributes to the massive MG responses of some
A�-fibers remains to be investigated. Sensitized A�- and A�-fi-
bers that exhibit burstlike discharge and lowered mechanical
thresholds in streptozotocin-induced diabetic rats have been
proposed to contribute to the development of tactile allodynia
in painful diabetic neuropathy (88). Whether TRPA1 like
TRPV1 is up-regulated in diabetic neuropathy is unknown, but
in a partial nerve injury model, mechano- as well as cold sensi-
tivity of A�-fibers was increased (84). In addition, the particular
MG sensitivity of some A�-fibers could also be explained by a
lack of glyoxalase I in these fibers and a resulting inability to
detoxify MG. In fact, it is interesting that the expression of
glyoxalase I has recently been reported to be restricted to small
unmyelinated peptidergic neurons excluding A�-units (89).

Distinct cysteine residues and for human TRPA1 one lysine
in the N terminus of nociceptive TRPA1 receptor channels are
required for activation by electrophilic compounds like MG
(25, 26). Here, we show that MG activates inward currents and
calcium influx in transfected cells and sensory neurons, slows
conduction velocity in unmyelinated peripheral nerve fibers,
and stimulates release of proinflammatory neuropeptides and
action potential firing in cutaneous nociceptors. We propose a
newmechanism of intramolecular disulfide bond formation by
MG-induced hemithioacetal as the intermediate. This chemi-
cal reaction seems to sustain the activation of TRPA1.
MG as a reactive cytotoxic metabolite is increased in differ-

ent pathophysiological conditions like uremia and diabetes;
activates TRPA1, the polymodal chemosensor of the nocicep-
tive neuron; and cooperates with other noxiousmetabolites. By
these actions, MG may contribute to neuropathic sequelae
accompanying those diseases that affect an increasing number
of people in our aging population. Therefore, blockade of
TRPA1, reduction ofMG formation, or scavengingmay emerge
as therapeutic options in these conditions.
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