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Abstract The proper function of the skeletal muscle is essen-
tial for the survival of most animals. Thus, efficient and rapid
repair of muscular damage following injury is crucial. In re-
cent years, satellite cells have emerged as key players of mus-
cle repair, capable of undergoing extensive proliferation after
injury, fusing into myotubes and restoring muscle function.
Furthermore, it has been shown that Ca2+/calmodulin-depen-
dent generation of nitric oxide (NO) is an important regulator
of muscle repair. Here, we demonstrate the functional expres-
sion of transient receptor potential, subfamily A1 (TRPA1)
channel in human primary myoblasts. Stimulation of these
cells with well-known TRPA1 ligands led to robust intracel-
lular Ca2+ rises which could be inhibited by specific TRPA1
antagonists. Moreover, we show that TRPA1 activation en-
hances important aspects of skeletal muscle repair such as cell
migration and myoblast fusion in vitro. Interestingly, TRPA1
levels and inducible Ca2+ transients decline with ongoing
myoblast differentiation. We suggest that TRPA1 might serve
as a physiological mediator for inflammatory signals and ap-
pears to have a functional role in promoting myoblast migra-
tion, fusion, and potentially also in activating satellite cells in
humans.
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Introduction

Skeletal muscle is essential for mobility and therefore for sur-
vival of most animals. It is capable of restoring functionality
after injuries and also of responding to exercise with hyper-
trophy. Key elements ensuring these abilities are satellite cells
(SCs), which are mononuclear progenitor cells residing in a
quiescent state between the basement membrane and the sar-
colemma of muscle fibers [36, 42]. Upon traumatic or disease-
induced muscle injury, satellite cells are activated, reenter the
cell cycle, and proliferate as myoblasts, which are crucial for
muscle repair [36, 56]. Activation, proliferation, and differen-
tiation of satellite cells are precisely regulated processes,
whose exact modulation is still not fully understood. Different
stimuli can initiate and influence muscle repair, comprising
cellular stretch, several cytokines and growth factors as well
as other inflammatory mediators such as nitric oxide (NO)
which has emerged as a key regulator of skeletal muscle repair
[18, 22, 23, 51, 60, 62, 67]. Intracellular Ca2+ elevations acti-
vate nitric oxide synthases (NOS), which, in turn, stimulates
matrix metallopeptidase 2 (MMP-2) via generation of NO,
causing the liberation of ECM-bound hepatocyte growth fac-
tor (HGF) [19, 62, 67]. HGF potently induces activation of
quiescent satellite cells and further promotes proliferation and
migration of activated SCs [2, 57, 60]. In addition, the inflam-
matory response following muscle injury [49] also plays a
major role in the activation of satellite cells. Rigamonti et al.
could demonstrate that NO originating from invading macro-
phages is essential for muscle repair, further emphasizing the
importance of NO [53]. As the precise signaling mechanisms
orchestrating the process of muscle repair, especially in re-
sponse to inflammatory stimuli, are still not fully clarified,
we aimed at finding other chemoreceptors involved in adult
myogenesis. Therefore, we focused on members of the tran-
sient receptor potential (TRP) channel family as some
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members are known to be involved in inflammatory processes
throughout the body.We found strong expression of the cation
channel TRPA1, which is widely expressed in a variety of
neuronal and non-neuronal cell types. It is activated by nox-
ious cold [6, 30, 64], a great number of chemical irritants [40,
43, 45] and also by peptides and compounds usually associ-
ated with inflammation such as prostaglandins, other phos-
pholipid derivatives, reactive oxygen species, and nitric oxide
[8, 59, 63]. Moreover, mechanosensitivity has been demon-
strated for TRPA1, thus making it a highly versatile receptor
[12, 35, 65]. In this study, we show that TRPA1 is not only
present in human primary myoblasts but also downregulated
in the course of differentiation. Stimulation with known
TRPA1 agonists (thymol, allyl isothiocyanate, nitric oxide)
led to a strong Ca2+ influx in human myoblasts, which was
diminished in later stages of differentiation. In addition, we
demonstrate important physiological effects of TRPA1 activa-
tion on cell migration and fusion, thereby giving evidence for
a potential role of TRPA1 in the repair of skeletal muscle
injury. Finally, we were also able to in part elucidate the sig-
naling pathway following TRPA1 activation with MMP-2 up-
regulation and subsequent putative liberation of HGF. We
conclude that TRPA1 is potentially involved in adult
myogenesis which may boost migration and fusion during
muscle repair in a self-promoting manner and is downregulat-
ed during differentiation when excessive migration is not fur-
ther required. As TRPA1 can be targeted with pharmaceutical
modulators, this study might lead to novel treatments for mus-
cle injury or muscle-related disease.

Material and methods

Muscle satellite cell culture and differentiation

Primary humanmyoblast cultures were donated from theMuscle
Tissue Culture Collection, Friedrich-Baur-Institut Munich. Myo-
blasts were maintained at 37 °C and 6 % CO2 in a humidified
incubator. To induce differentiation, skeletal muscle growth me-
dium (Promocell, Heidelberg, Germany) was completely re-
moved (cells were briefly washedwith phosphate-buffered saline
(PBS)) and replaced by skeletal muscle differentiation medium
(Promocell). Differentiation medium was replaced every 2–
3 days till the experiments were carried out.

Gene expression analysis

RNA isolation was performed on freshly harvested cells (3×106)
by usingRNeasyKit (QIAGEN,Hilden,Germany). Subsequent-
ly, RNA was DNAase treated, transcribed in cDNA, amplified
with TRPA1 primers (fw: CCGCTTACAGCCCTCAACG; rv:
AGCTCTAAATCCATAAGCCAACC) (Eurofins MWG Oper-
on, Ebersberg, Germany) and analyzed with Mastercycler® ep

realplex (Epperdorf, Hamburg, Germany). Tata box binding pro-
t e in ( fw: TCCAGCGCAAGGGTTTCTGGT; rv :
GGCCAAGCCCTGAGCGTAAGG) amount was used as a
normalization control [58]. We used the PCR efficiency-
correctedΔΔCTmethod [50] to quantify target gene expression.

Immunohistochemistry and Western blotting

To perform immunofluorescent stainings of cultured myo-
blasts, cells were plated on 20-mm2 glass cover slips and
allowed to grow over night. Cells were fixed in 4 % ice-cold
paraformaldehyde (PFA) and permeabilized with 0.1 % PBS/
Triton X. Unspecific binding sites were blocked with 1 % fish
gelatine in PBS with 0.05% Tween 20 (PBST) for 1 h at room
temperature (RT). Incubation with primary antibodies for
TRPA1 (ANKTM1 C-19; 1:50; Santa Cruz, Dallas, TX,
USA) or Pax7 (1:50; Santa Cruz) was performed over night
at 4 °C. After washing with PBS, cells were incubated with
secondary antibodies (Alexa Fluor; Life Technologies, Carls-
bad, CA, USA) for 45 min at room temperature, washed
again, and mounted using ProLong® Gold Antifade (Life
Technologies). Fluorescent images were acquired with a laser
scanning confocal microscope (Zeiss LSM 510 Meta; Zeiss
AG, Oberkochen, Germany).

Western blot analysis was carried out with myoblasts in
different differentiation stages. Myoblasts were harvested 2,
1, and 0 days prior to differentiation or after cultivation for 1,
2, or 7 days in differentiation medium, followed by a mem-
brane preparation via ultracentrifugation. Protein amount was
determined using Protein Quantification Assay (Machery-
Nagel, Düren, Germany). Equivalent amounts of protein were
electrophoresed and transferred to a nitrocellulose membrane.
Blocking of unspecific binding sites was achieved by incuba-
tion with 3 % BEiweiß Shake^ (Layenberger, Rodenbach,
Germany) in PBST overnight at 4 °C. Membranes were incu-
bated with primary antibody TRPA1 (ANKTM1 C-4; 1:200;
Santa Cruz) or PMCA4b (1:200; Santa Cruz) overnight at
4 °C, washed, incubated with appropriate secondary antibody
(dilution 1:10,000) for 1 h at room temperature, and washed
again before detection reagent ECL Prime (GE Healthcare,
Little Chalfont, UK) was applied. Chemoluminescence was
detected with Fusion SL (Vilber Lourmat Deutschland
GmbH, Eberhardzell, Germany). To ensure equal gel loading,
ponceau or PMCA4b stainings were carried out. Densitomet-
ric analysis of protein bands was performed with ImageJ soft-
ware (http://rsbweb.nih.gov/ij/).

Calcium imaging and patch clamp

In brief, myoblasts were grown for 24 h on glass cover slides.
Prior to Ca2+ imaging measurements, cells were loaded with
Fura 2-AM (Life Technologies) for 1 h, washed, and equili-
brated in Ringer’s solution for 5 min. Ca2+ imaging setup

322 Pflugers Arch - Eur J Physiol (2016) 468:321–333

http://rsbweb.nih.gov/ij/


included a monochromator (TILL Photonics,Munich, Germa-
ny), Axiovert 200 inverted microscope (Zeiss AG) with an
attached high speed CCD camera (TILL Photonics) and
TillVision software (TILL Photonics). To exclude mechani-
cally induced responses, cells were constantly superfused with
Ringer’s solution followed by the desired application proto-
col. Substances were diluted in Ringer’s solution and applied
to the investigated cells via a custom-made, air pressure-
controlled application system with magnetic high-precision
valves. Changes in intracellular Ca2+ concentration (measured
as changes in relative fluorescence) were considered a re-
sponse when they exceeded baseline Ca2+ levels more than
2-fold of standard deviation. Response amplitudes are always
depicted as the maximal Ca2+ signal intensity relative to basal
signal intensity.

For patch clamp recordings, cells were treated as stated
above skipping Fura 2-AM loading.

Patch pipettes were pulled from borosilicate glass capil-
laries (1.17×1.50×100 mm, Science Products, Hofheim, Ger-
many) and were fire polished to 3–5MΩ tip resistance using a
horizontal puller (Zeitz Instruments, Martinsried, Germany).
We used an Axiovert 35 inverted microscope (Zeiss AG) and
an EPC 7 amplifier (HEKA, Lambrecht, Germany). Capacity
and series resistance was adjusted manually. Data were ac-
quired using PULSE software (HEKA) (for detailed descrip-
tion of patch clamp procedure, see [39]). Holding potential for
voltage-clamp recordings were individually adjusted accord-
ing to each cells resting membrane potential.

Migration assays

Cells were grown for at least 24 h prior to experiments. After
detachment, cells were admixed with liquid collagen solution
(consisting of PureCol Collagen (Advanced BioMatrixCell,
San Diego, CA, USA), minimal essential medium (Sigma-
Aldrich, St. Louis, MO, USA), and sodium bicarbonate (Sig-
ma-Aldrich)) and added with 200 μM thymol. Cell/collagen
mixture was filled into measurement chambers and placed in a
humidified incubator for 30 min at 37 °C. After polymeriza-
tion, collagen matrix was covered with Ringer solution and
the chamber sealed with wax. Measurement chambers were
then placed under a microscope in a 37 °C incubation com-
partment. Pictures were taken every 76 s for 5 h. Time lapse
videos were produced and the last 4 h analyzed with home-
made software (for detailed description, see [7]). The first
hours was excluded as the cells had to recover from experi-
mental procedure. The duration of each analyzed time period
was 15 min.

Fusion index assays

Cells were cultured for 24 h after seeding. Growth medium
was replaced by differentiation medium (Promocell)

containing 0, 20, or 200 μM of thymol. Mediumwas changed
every 1–2 days. After 7 days of differentiation, cells were
fixed and stained with 0.1 % crystal violet. Fusion index
was determined by dividing the number of nuclei present in
myotubes (myotube=cell with three or more nuclei) by the
number of all nuclei in the visual field. For each experiment,
fusion indices of six different visual fields were determined,
and the mean was calculated.

Statistics

Statistical significance between two groups was calculated by
either Student’s t tests or the Mann–Whitney U test, test ac-
cording to distribution of data. Comparison of multiple groups
was accomplished by using a one-way analysis of variance or
Kruskal–Wallis one-way analysis of variance with post hoc
test as appropriate. N numbers correspond to the number of
individual experiments performed. For all statistical tests,
a confidence interval of p<0.05 or less was accepted for
statistical significance. All results are presented with ±
SEM.

Results

TRPA1 is expressed in human primary myoblasts

The repair of a damaged muscle requires the formation of
multinucleated myofibers. To achieve this, myoblasts have
to multiply, migrate, and fuse to adjacent cells. In vitro anal-
ysis of myogenesis can be accomplished by switching growth
medium (GM) to differentiation medium (DM), thereby trig-
gering the differentiation of myoblasts to fusion-competent
myocytes followed by the formation of small myotubes
(Fig. 1a). In PCR experiments, we detected a strong expres-
sion of TRPA1 in undifferentiated human myoblasts. To ana-
lyze potential changes of TRPA1 expression levels in the
course of differentiation, we cultivated human primary myo-
blasts and induced differentiation by applying DM. TRPA1
amounts were determined by qPCR at defined time points: 2
and 1 days before, directly prior to, and after 1, 2, and 7 days
subsequent to applying DM. All results were normalized to
expression of TATA box binding protein (TBP) as it is con-
sidered to be stably expressed during myogenesis [58]. Rela-
tive to undifferentiated cells, TRPA1 expression significantly
declined during the progressing differentiation to nearly one
third of its original value after 7 days (Fig. 1b). To clarify if the
reduction of TRPA1 mRNA also affected protein amounts,
Western blot analyses were performed after the same differen-
tiation periods as stated above. The drop in protein amount
was even more prominent with a reduction to about 1/10th of
initial protein levels after 1 day and almost no detectable pro-
tein (1.08±0.76 %) after 7 days (Fig. 1c, d, e). Moreover, we
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noticed an increase in TRPA1 levels after cultivation for
2 days. Immunofluorescence stainings of undifferentiated
myoblasts showed a strong localization of TRPA1 protein
around the cell nucleus (probably ER) and often in clusters

in the cell’s pseudopodia plasma membranes (Fig. 2a). All in
all, we conclude that TRPA1 appears to be expressed in early
phases of myoblast differentiation and is reduced with
progressing differentiation.

Fig. 1 Downregulation of TRPA1 mRNA and protein amount during
differentiation. a Images depicting cultured human primary myoblasts
derived from adult donors in different differentiation stages.
Undifferentiated cells (0 days) grow unordered and evenly distributed.
During later stages of differentiation, myoblasts clearly align to each other
and form multinucleated myotubes after 2 days; scale bar=40 μm. b
Downregulation of TRPA1 mRNA in the course of differentiation
relative to undifferentiated cells (0 days). TRPA1 expression is stable
prior to differentiation and significantly declines with proceeding
differentiation to 43.1±4.2, 37.9±3.5, and 34.7±3 % after 1, 2, and
7 days, respectively; n=8. c Downregulation of TRPA1 protein amount
during differentiation relative to undifferentiated cells (0 days). On day 2

and 1 before differentiation, TRPA1 protein amount appears to increase,
although this is not significant. A significant reduction in the TPRA1
protein level to 10.25±0.61 % is observable 1 day after differentiation.
The amount further decreases to 7.1±2.5 % after 2 days and is almost not
detectable (1.08±0.76 %) after 7 days; n=4. P values were calculated
using one-way ANOVA; ***p≤0.001. d–e Exemplary Western blot of a
myoblast membrane protein preparation showing TRPA1 protein bands.
Undifferentiated myoblasts exhibit a strong signal prior to differentiation,
which rapidly declines with ongoing differentiation. f–g Equal band
loading was confirmed by PCMA4b staining (prior differentiation) and
ponceau staining after differentiation
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TRPA1 activation increases intracellular Ca2+ in human
myoblasts

To prove the functionality of TRPA1 in human myoblasts, we
performed Ca2+ imaging experiments. In initial measure-
ments, allyl isothiocyanate (AITC) was used as a well-
known activator of TRPA1 [6, 29]. Application of AITC
(200 μM) to undifferentiated human myoblasts resulted in a
strong Ca2+ increase in the majority of the cells. Ca2+ re-
sponses could be inhibited by coapplying 20 μM of the spe-
cific TRPA1 antagonist HC-030031 [17] and rescued after
washout of HC-030031 (Fig. 3a, b, c). As AITC had severe
side effects on cell viability upon long-term exposure (6 h), we
replaced AITC by the TRPA1 ligand thymol [33]. Thymol
application (200 μM) elicited strong Ca2+ responses in undif-
ferentiated human myoblasts, which were abolished by
coapplication of 20 μM HC-030031 (Fig. 3d, e, f). To
ensure that these responses were caused by TRPA1 ac-
tivation, we additionally performed the same experi-
ments with the highly specific and potent TRPA1 inhib-
itor A 967079 [13] (Fig. 3g, h, i). To exclude any
potential desensitization effects, we also tested repeated
thymol applications without the use of a pharmacologi-
cal antagonist and saw no effect on the responses
(Fig. 3j). Moreover, removal of extracellular Ca2+

completely abrogated thymol-evoked Ca2+ increases

(Fig. 3k), clearly demonstrating the necessity of extra-
cellular Ca2+.

To characterize these thymol-evoked responses in more
detail, whole-cell patch clamp experiments were carried out.
The holding potentials were adjusted to the resting membrane
potential of each individual cell, ranging from −35 to −5 mV
(mean −11.89 mV). Cells were stimulated with thymol
(200 μM) followed by coapplication with HC-030031
(20 μM) and finally thymol again. In the presence of TRPA1
inhibitor HC-030031, thymol-evoked increase of the conduc-
tance was completely abolished and showed full recovery af-
ter washout, indicating that it is exclusively mediated by
TRPA1 (Fig. 3l, m).

An endogenous substance with an important role in inflam-
mation and repair of skeletal muscle is nitric oxide (NO),
which is thought to be a key signaling molecule in the activa-
tion and proliferation of satellite cells/myoblasts [18, 19, 53,
61]. Additionally, NO was reported to directly activate
hTRPA1 recombinantly expressed in HEK cells [59]. Nitric
oxide was administered by using S-Nitroso-N-acetyl-DL-pen-
icillamine (SNAP) which spontaneously releases NO into the
surrounding medium. Like thymol, SNAP application
(200 μM) caused a strong Ca2+ influx which could be abro-
gated by coadministration of HC-030031 (Fig. 3o, p, q). In
conclusion, these results prove the functionality of TRPA1 in
human myoblasts and its responsiveness to several ligands.

Fig. 2 Immunostaining of
TRPA1 in cultured cells. a
Confocal image depicting an
exemplary immunostaining of
TRPA1 and Pax7 in
undifferentiated myoblasts.
TRPA1 is predominantly
localized in regions surrounding
cell nuclei and in punctate clusters
on pseudopodia. Pax7 staining
serves as control to ensure
myogenic identity; scale bar=
20 μm. b Confocal image
showing untransfected HEK cells
stained with α-TRPA1 antibody.
No staining is observable. c
Confocal image showing an
immunostaining of TRPA1-
transfected HEK cells with an α-
TRPA1 antibody. A strong
TRPA1 staining is apparent in
several cells; scale bar=50 μm
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Ca2+ responses decline during differentiation

We then investigated if the observed downregulation of
TRPA1 also affected the thymol-induced Ca2+ increases.
Therefore, we performed Ca2+ imaging experiments with hu-
manmyoblasts 1 or 2 days before (−1 and −2 days), on the day
of (day 0) and 1, 2, and 7 days after differentiation. No signif-
icant alterations in the amplitude of the thymol-induced Ca2+

increases could be observed until day 1 after differentiation.
However, at the second day of differentiation, we detected a
significant reduction of the response amplitude of about 50 %
which did not further change after 7 days of differentiation
(Fig. 4a). In contrast, the number of responsive cells remained,
except for an insignificant increase during the first 2 days,

unaltered until 2 days past differentiation, and significantly
decreased to nearly one third after 7 days (Fig. 4b). These
imaging results are in agreement with and therefore substan-
tiate our qPCR andWestern blot results, clearly demonstrating
that TRPA1 protein decline also affects TRPA1-mediated sig-
naling in human myoblasts.

TRPA1 activation enhances migration activity

As the migration of myoblasts is a crucial step in the begin-
ning of muscle repair [20], we investigated the impact of
TRPA1 stimulation on the migration activity of human myo-
blasts. Cells were embedded in a 3D collagen layer to provide
an environment more similar to an in vivo situation than in
classical migration experiments. Time-lapse microscopy was
performed for 5 h, and the migration paths of 30 individual
cells per experiment and condition were tracked for 4 h after a
1-h lag phase, during which myoblasts had to recover from
assay preparation. Analysis of tracked migration paths re-
vealed migration speed and migration activity. On average,
nearly 80 % of untreated human myoblasts exhibited a migra-
tion activity which was significantly increased by about 10 %
upon thymol stimulation (Fig. 5a, c). In addition, migration
speed was also elevated about one third (Fig. 5b, d). To test if
the observed thymol-induced effects on myoblast migration
are TRPA1-mediated, we repeated the performed experiment
as stated before; however, this time it was conducted in the
presence of the TRPA1 antagonist HC-030031 (20 μM). Co-
administration of thymol and HC-030031 significantly de-
creased migration activity and speed within the first 4 h fol-
lowing the initial 1-h lag phase (Fig. 5e, f, g, h). We therefore

�Fig. 3 Stimulation of undifferentiated myoblasts with AITC, thymol, or
SNAP (NO) causes TRPA1 activation. a Exemplary Ca2+ imaging trace
of undifferentiated myoblasts stimulated with AITC (200 μM) for 20 s
with or without coapplication of TRPA1 antagonist HC-030031 (20 μM).
AITC induces a strong increase of intracellular Ca2+ which is abrogated
under the influence of HC-030031. b–c Bar charts depicting averaged
intracellular Ca2+ responses and percentage of responsive cells triggered
by AITC (n=7) compared to thymol (n=38). No significant differences
are observable although AITC tends to cause stronger Ca2+ influxes. d
Exemplary Ca2+ imaging trace of undifferentiated myoblasts stimulated
with thymol (200 μM) for 20 s with or without coapplication of TRPA1
antagonist HC-030031 (20 μM). AITC induces a strong increase of
intracellular Ca2+ which is abrogated under the influence of HC-
030031. e–f Bar charts depicting averaged intracellular Ca2+ responses
and percentage of responsive cells triggered by thymol, which both are
significantly reduced by coadministration with HC-030031; n=38. g
Exemplary Ca2+ imaging trace undifferentiated myoblasts stimulated
with thymol (200 μM) in the absence and presence of A-967079
(1 μM). As seen before, under the influence of HC-030031, Ca2+ influx
is completely diminished. h–i Bar charts showing averaged intracellular
Ca2+ responses and number of thymol-responsive with or without
addition of A-967079 (1 μM). A-967079 caused a significant reduction
of the Ca2+ influx as well as the number of responding cells; n=24. j
Exemplary Ca2+ imaging trace from undifferentiated myoblasts
stimulated with thymol (200 μM) three repetitive times. No obvious
desensitization is detectable. k Exemplary Ca2+ imaging trace from
undifferentiated myoblasts stimulated with thymol (200 μM) in the
absence and presence of extracellular Ca2+ with the former completely
abolishing all Ca2+ responses. l Exemplary whole-cell voltage-clamp
recording (holding potential=−20 mV) of an undifferentiated myoblast.
Administration of thymol (200 μM) causes a prominent inward current
which is completely inhibited upon coadministration of thymol (200 μM)
with the TRPA1 antagonist HC-030031 (20 μM). m Bar chart showing
highly significant inhibition of thymol-induced increase in conductance
in undifferentiated myoblasts. Holding potential was adjusted to each
individual cells’ resting membrane potential, recorded prior to the
voltage-clamp recording. nthymol=33, nthymol + HC=6, n2.thymol=4. o
Exemplary Ca2+ imaging trace of undifferentiated myoblasts stimulated
with SNAP (200 μM) with or without coapplication of HC-030031
(20 μM). SNAP-induced response is inhibited in the presence of HC-
030031. p–q Bar charts depicting averaged intracellular Ca2+ responses
from SNAP-responsive myoblasts that were completely inhibited by
coadministration with HC-030031, as well as the amount of SNAP-
sensitive cells observed during these experiments; n=8. Significance
levels were calculated using one-way ANOVA, Kruskal–Wallis test or
Mann–Whitney U test: *p≤0.05, **p≤0.01, ***p≤0.001
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Fig. 4 Reduction of thymol-induced Ca2+ signals with ongoingmyoblast
differentiation. a Bar chart depicting thymol-evoked Ca2+ rises of
myoblasts at different differentiation stages. A significant reduction
(from 50.19±11.35 % (day 0) to 15.67±3.11 % (day 2)) of thymol-
induced responses is present at day 2 after differentiation onset. A
further decrease is not observable after 7 days. b Bar chart illustrating
the number of thymol-responsive myoblasts, which remains unaltered for
the first 5 days (−2 till 2) and significantly declines to 18.64±4.97% after
7 days of differentiation; n=6–19. Significance levels were calculated
using one-way ANOVA: *p≤0.05, **p≤0.01, ***p≤0.001

Pflugers Arch - Eur J Physiol (2016) 468:321–333 327



d

** **

c

ba

thymol
thymol + HC

e
th
th  + 

h
*

*

thym
ol

thym
ol +

HC
15

20

25

30

35

ce
ll

sp
ee

d
[µ

m
/h

]

thym
ol

thym
ol +

HC
50

60

70

80

90

100

ac
tiv

e
ce

lls
[%

]

g

0 100 200 300
50

60

70

80

90

100 thymol

time [min]

ac
tiv

e
ce

lls
[%

]

control

0 100 200 300
10

15

20

25

30

35

40

45 thymol

time [min]

ce
ll

sp
ee

d
[µ

m
/h

] control

thym
ol

co
ntro

l
50

60

70

80

90

100

ac
tiv

e
ce

lls
[%

]

thym
ol

co
ntro

l
15

20

25

30

35

40

ce
ll

sp
ee

d
[µ

m
/h

]

ymol
ymol HC

f

0 100 200 300
10

15

20

25

30

35

40

45

time [min]

ce
ll

sp
ee

d
[µ

m
/h

]

0 100 200 300
50

60

70

80

90

100

time [min]

ac
tiv

e
ce

lls
[%

]

Fig. 5 TRPA1-mediated enhancement of myoblast migration. a–b
Diagrams are representing the averaged values of the myoblasts
migration behavior for the entire duration of the experiments in the
presence or absence of thymol (200 μM). Depicted are the percentage
of actively migrating cells and migration speed. c–d Bar charts represent
the mean migration rate/speed throughout the whole time of the
experiment (summed values of migration rate/speed at each time point
divided by the number of measurement time points). The bars clearly
show that thymol application causes a significant increase in myoblast
migration activity and speed from 75.85±1.46 to 82.61±1.73 % (8.42±

2.46 % increase) and from 25.91±1.15 to 33.16±1.54 μm/s (27.98±
6.75 %), respectively; n=10. e–f Diagrams are depicting the averaged
values of the myoblast migration behavior for the entire duration of the
experiments in the presence of thymol (200 μM) and with or without
coapplication of HC-030031 (20 μM). Inhibiting effects of HC-030031
onmigration behavior are significant in the early phase and attenuate over
time. g–h Bar charts showing a significant decrease of migration activity
and cell speed caused by HC-030031; n=5. Significance levels were
calculated using Student’s t test or Mann–Whitney U test: *p≤0.05,
***p≤0.001
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conclude that TRPA1 activation is indeed able to enhance
myoblast migration.

TRPA1 activation elevates myoblast fusion rate

Another important aspect of muscle repair is the ability of
myotubes to fuse and build syncytia that can later fuse
with adjacent fibers [1, 27]. Cultured human myoblasts
are able to fuse and form syncytia after placing them in
a differentiation medium. To investigate a putative role of
TRPA1 in myoblast fusion, we performed fusion assays
during which myoblasts were differentiated for 7 days.
Addition of 20 μM thymol to the DM significantly in-
creased the fusion rate by almost 2-fold, and it could be
further increased to ~2.5-fold after addition of 200 μM
thymol (Fig. 6a). Again, coadministration of HC-030031
or A-967079 significantly decreased the effect of thymol
on myoblast fusion, reaching levels equal to those ob-
served under control conditions (Fig. 6b). Thus, TRPA1
activation potently promotes myoblast fusion.

Signaling events downstream of TRPA1 activation

Awell-described pathway of satellite cell activation and muscle
repair comprises the activation of matrix metalloproteinase-2
(MMP-2) [62, 67]. We therefore investigated if TRPA1 stimu-
lation affects MMP-2 protein levels or its activation state.

Hence, we treated undifferentiated myoblasts with 200μM thy-
mol or SNAP for 24 h and subsequently used Western blotting
to analyze MMP-2 levels. MMP-2 is produced as a pro form
which is eventually cleaved to produce the active form [23, 41,
47]. In undifferentiated myoblasts, thymol application signifi-
cantly increased both proMMP-2 and active MMP-2. Mean
amounts of proMMP-2 and active MMP-2 were elevated by
98.3±26.58 and 69.5±25.6%, respectively (Fig. 7). In contrast,
SNAP application did not cause any significant changes in
active MMP-2 amounts but in proMMP-2 abundance (72±
54.67 %).

In summary, our results demonstrate that TRPA1 in
human myoblast can be activated by different ligands
and that TRPA1 stimulation causes enhanced migration
and fusion. Furthermore, we can show that MMP-2 ac-
tivation is likely involved in TRPA1-mediated signaling.
Interestingly, expression of TRPA1 is precisely down-
regulated during the course of differentiation thereby
also decreasing TRPA1 signaling capabilities in later
stages of differentiation.
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Discussion

The process of muscle repair and its regulation is achieved by
a complex interplay of different proteins and cell types. The
importance of satellite cells has been shown in different stud-
ies, and their activity appears to be crucial for muscle repair
[36, 56, 66]. Although, understanding of major signaling path-
ways has been achieved in recent years, the detailed regulation
of all mechanisms that are necessary for muscle repair such as
migration, proliferation, and fusion is still not fully
understood.

In this study, we present TRPA1 as a novel component
which is potentially able to influence skeletal muscle repair
by modulating migration and fusion activity of myoblasts and
which is putatively involved in satellite cell activation. TRPA1
is strongly expressed in undifferentiated myoblasts on an
mRNA and protein level. However, whereas the mRNA
amount is also relatively stable 2 days before the differentia-
tion was initiated, the protein amount appears to be rising up
to the day of differentiation. However, the difference is not
statistically significant. After differentiation, both RNA and
protein levels significantly decline. The considerable drop of
TRPA1 protein, while mRNA is reduced to lower extent, may
point to a targeted degradation of the protein after initiation of
differentiation or to high TRPA1 turnover rates. This regula-
tion indicates a role of TRPA1 for undifferentiated myoblasts
and early myocytes whereas it appears to be not important or
even detrimental in later stages of differentiation. It has been
demonstrated that a transient Ca2+ increase is crucial for the
initiation of differentiation [4, 14, 52] and several transcription
factors are activated in a Ca2+-dependent manner [11, 44].
However, constantly elevated Ca2+ levels due to sustained
TRPA1 activation could disturb efficient intracellular signal-
ing. Therefore, downregulation of the channel might be re-
quired for normal differentiation.

Application of the TRPA1 agonist thymol [33] elicited
strong Ca2+ influxes in myoblasts. In agreement with our ex-
pression data, the amplitude of the Ca2+ responses as well as
the number of responding cells significantly decreased with
ongoing differentiation. At day 7 after differentiation, TRPA1
was not detectable by Western blot, and accordingly, thymol
stimulation only evoked minor responses in fewer cells, most
likely due to residual amounts of TRPA1. Furthermore, we
used the NO donor SNAP which could as well evoke strong
Ca2+ responses in human myoblasts. However, it is possible
that SNAP may not only act on TRPA1 via NO release but is
likely to have effects on TRPA1 on its own as it has been
shown by Eberhardt et al. in murine DRG neurons [16].

NO is of special interest as it has already been demonstrat-
ed as a versatile signaling molecule [31, 38] and most impor-
tantly as a key regulator of skeletal muscle repair and inflam-
mation [18, 19, 61, 67]. NO can cause activation of MMP-2,
which releases HGF from the extracellular matrix

subsequently leading to activation and increasing migration
of satellite cells via binding of HGF to the HGFR [2, 57,
60]. Ca2+ increases caused by thymol and SNAP could be
diminished by coapplying different specific TRPA1 antago-
nists, clearly demonstrating TRPA1 dependency. In addition,
our patch clamp experiments revealed that the thymol-evoked
increase of the conductance was exclusively mediated via
TRPA1. Tatsumi et al. stated that in the murine model, a
Ca2+/calmodulin complex is important for satellite cell activa-
tion mediated by subsequent NOS and MMP-2 activity [62].
In accordance, we were able to verify an increase of proMMP-
2 and active MMP-2 following TRPA1 activation by thymol
and subsequent Ca2+ influx which would induce Ca2+/cal-
modulin formation. A physiological effect of TRPA1 signal-
ing has been demonstrated by our migration assays in which
stimulation of TRPA1 by thymol significantly increased myo-
blast migration whereas application of HC-030031 signifi-
cantly inhibited thymol-induced promotion of myoblast mi-
gration. In addition to the aforementioned NO/MMP-2 path-
way, myoblast migration can also be mediated by Ca2+-in-
duced calpain activity [34, 37] which might also be directly
caused by TRPA1-dependent Ca2+ influx. Furthermore,
TRPA1 activation did not only increase migration but also
fusion rates of human myoblasts in a dose-dependent manner.
It has been demonstrated before that Ca2+ is highly important
to initiate cell fusion and that fusion is preceded by Ca2+

transients [14, 15, 24]. These transients act via Ca2+-depen-
dent calcineurin, which, in turn, activates NFAT family of
transcription factors regulating gene transcription to coordi-
nate proliferation, survival, and differentiation in myoblasts
and many other cell types [25]. Thus, Ca2+ influx mediated
by TRPA1might also be sufficient to trigger cell fusion events
or to support the rise of intracellular Ca2+ mediated by other
pathways. Another possible reason for elevated fusion rates
may be provided by the increasedmigration activity. Augmen-
tation of migration leads to a higher frequency of cell–cell
contacts and thereby to an improved myocyte fusion [5, 21,
26, 28, 32].

In summary, TRPA1 might fulfill several potential func-
tions in quiescent SCs and activated SCs/myoblasts. Muscle
injury is always accompanied by local inflammation and the
invasion of inflammatory cells which is essential for the repair
process [41, 53]. TRPA1 is able to detect several different
inflammatory cues such as ROS, RNS, cyclopentenone pros-
taglandins, other fatty acid derivatives or acidification of the
extracellular milieu [8–10, 46, 48, 54]. Thus, TRPA1 might
have two main functions in muscle repair. First, it might be
involved in the activation of quiescent SCs, as opening of
TRPA1 leads to a strong Ca2+ influx, resulting in the forma-
tion of Ca2+/calmodulin complexes, which then could initiate
the activation of quiescent satellite cells via the aforemen-
tioned NO/MMP-2/HGF pathway. A probable second func-
tion of TRPA1 in already activated human myoblasts might be
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the detection of sustained levels of different inflammatory
cues during the repair process. As TRPA1 activation signifi-
cantly increases myoblast migration and fusion, this continued
TRPA1 activation could boost these cellular functions and
thus potentially the whole muscle repair process.

In regard to our results obtained by using SNAP, we al-
ready stated that all effects caused by SNAP might not be
solely attributed to NO as a discrete molecule but may be
caused by SNAP itself. However, if we assume that NO is
responsible for TRPA1 activation, it could be readily present
as it directly freed by damaged or torn muscle fibers [3, 55].
Moreover, TRPA1 activation by NO might trigger increased
NO generation as stated above, resulting in elevated TRPA1
activity and thereby constituting a self-promoting feedback
mechanism.

Either way, the downregulation of TRPA1 and a subse-
quent decrease of the migration-promoting signaling may
pose as a regulatory mechanism for a precise boost of migra-
tion and fusion activity at earlier stages of muscle repair and a
shutdown of this pathway when it is no longer beneficial or
even detrimental, namely in later stages of the repair.

In summary, our results clearly demonstrate a major role of
TRPA1 in human myoblast migration and fusion in culture
and furthermore suggest a putative role in SC activation.
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