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BACKGROUND AND PURPOSE

Fenamates are N-phenyl-substituted anthranilic acid derivatives clinically used as non-steroid anti-inflammatory drugs in pain
treatment. Reports describing fenamates as tools to interfere with cellular volume regulation attracted our attention based on
our interest in the role of the volume-modulated transient receptor potential (TRP) channels TRPM3 and TRPV4.

EXPERIMENTAL APPROACH

Firstly, we measured the blocking potencies and selectivities of fenamates on TRPM3 and TRPV4 as well as TRPC6 and TRPM2
by Ca* imaging in the heterologous HEK293 cell system. Secondly, we further investigated the effects of mefenamic acid on
cytosolic Ca?* and on the membrane voltage in single HEK293 cells that exogenously express TRPM3. Thirdly, in insulin-
secreting INS-1E cells, which endogenously express TRPM3, we validated the effect of mefenamic acid on cytosolic Ca* and
insulin secretion.

KEY RESULTS
We identified and characterized mefenamic acid as a selective and potent TRPM3 blocker, whereas other fenamate structures
non-selectively blocked TRPM3, TRPV4, TRPC6 and TRPM2.

CONCLUSIONS AND IMPLICATIONS

This study reveals that mefenamic acid selectively inhibits TRPM3-mediated calcium entry. This selectivity was further
confirmed using insulin-secreting cells. Karp channel-dependent increases in cytosolic Ca*" and insulin secretion were not
blocked by mefenamic acid, but the selective stimulation of TRPM3-dependent Ca?* entry and insulin secretion induced by
pregnenolone sulphate were inhibited. However, the physiological regulator of TRPM3 in insulin-secreting cells remains to be
elucidated, as well as the conditions under which the inhibition of TRPM3 can impair pancreatic B-cell function. Our results
strongly suggest mefenamic acid is the most selective fenamate to interfere with TRPM3 function.

Abbreviations

DCDPC, 3’-5-dichlorodiphenylamine-2-carboxylic acid; HEK293 cells, human embryonic kidney cells; INS-1E cells,
insulinoma beta-cells; NSAIDs, non-steroidal anti-inflammatory drugs; Mef, mefenamic acid; PregS, pregnenolone
sulphate; TRP, transient receptor potential; TRPA, ankyrin-like TRPs; TRPM, melastatin-related TRPs; TRPML,
mucolipidin-like TRPs; TRPP, polycystin-like TRPs; TRPV, vanilloid receptor-related TRPs
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Introduction

Fenamates, N-substituted anthranilic acid derivatives, repre-
sent an important group of clinically used non-steroidal
anti-inflammatory drugs (NSAIDs). The therapeutic use of
mefenamic acid and others results from their inhibitory
action on both cyclooxygenase enzymes and subsequent
interference with the metabolites of the arachidonic
pathway. By contrast, mefenamic acids such as tolfenamic
acid, flufenamic acid, niflumic acid, meclofenamic acid and
DCDPC (3’-5-dichlorodiphenylamine-2-carboxylic acid) have
also been described to modulate a variety of ion channels
and enzymes (Gogelein et al., 1990; Kankaanranta and Moil-
anen, 1995; Vietri etal.,, 2000; Guinamard etal., 2004;
Dvorzhak, 2008; Habjan and Vandenberg, 2009). The use of
fenamates to interfere with cellular volume regulation (Jin
etal.,, 2003; Lambert and Oberwinkler, 2005; Ducharme
et al., 2007; Numata et al., 2007) as well as reports describing
flufenamic acid as a blocker of transient receptor potential
(TRP) channels attracted our interest to this group of small
compounds (Tesfai et al., 2001; Lee et al., 2003; Guinamard
et al., 2004; Hill et al., 2004; Guilbert et al., 2009). In fact, the
use of flufenamic acid is increasing because of the absence of
selective and potent drugs or pharmacological tools to inter-
fere with TRP channel activity. Although flufenamic acid
belongs to a large family of chemically related compounds
(fenamates), their actions on TRP channels are largely
unknown.

TRP proteins form a superfamily of non-selective cation
channels comprising at least 27 members in mammals
(Harteneck et al., 2000; Montell et al., 2002; Clapham et al.,
2005). Sequence identification and the cloning of the pro-
totypic channel, Drosophila TRP, provided the template for
the identification of TRP homologous genes in the worm,
fly, fish and mammalian genomes by sequence comparison
(Montell and Rubin, 1989). Based on sequence similarity
and functional aspects, the mammalian TRP superfamily
comprises six subfamilies: classic or canonical TRPs (TRPC),
vanilloid receptor-related TRPs (TRPV), melastatin-related
TRPs (TRPM), ankyrin-like TRPs (TRPA), polycystin-like TRPs
(TRPP) and mucolipidin-like TRPs (TRPML). TRPC members
are typically activated by G-protein-coupled receptors via
phospholipase C (PLC) (Beech et al., 2009). Increases in tem-
perature activate four out of six TRPV channels, providing
evidence for their involvement in heat and pain sensations
in the human body (Talavera et al., 2008). TRPVS and TRPV6
channels have been characterized as ion channels with high
selectivity for calcium in duodenal and renal epithelia (Ven-
nekens et al., 2008; Vriens et al., 2009). The TRPM channels
(eight members) possess a variable permeability for divalent
cations and are activated by a spectrum of diverse stimuli,
for example hydrogen peroxide, menthol, cold, icilin,
calcium hypotonicity and sphingosine (Harteneck, 2005;
Kraft and Harteneck, 2005). In mammals, the TRPA family
consists of only one member TRPA1, which is involved in
nociceptive and cold sensation (Caspani and Heppenstall,
2009). Polycystin TRPs (TRPP2, -P3 and -P5) form channels
in the plasma membrane as well as intracellular membranes,
and are probably integrated in complexes with the receptor-
forming polycystin P1 and P4 proteins (Delmas, 2005).
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TRPML form lysosomal ion channels (Puertollano and
Kiselyov, 2009).

Here, we examined the inhibitory effect of several avail-
able fenamates (DCDPC, flufenamic acid, mefenamic acid,
meclofenamic acid, niflumic acid, S645648, tolfenamic acid)
on the TRPM3 and TRPV4 channels using fluorescence-based
FLIPR Ca* measurements. To further substantiate the selec-
tivity, we tested the potencies of these fenamates on two
other TRP channels from different subfamilies, TRPC6 and
TRPM2. In addition, single-cell Ca®* imaging, whole-cell
voltage clamp and insulin secretion experiments revealed
mefenamic acid as a selective blocker of TRPM3.

Methods

Cell culture — stable cell lines

Human embryonic kidney (HEK293) cell lines allowing the
tetracycline-inducible expression of TRPC6, TRPM2, TRPM3
and TRPV4 were generated using the Flip-In T-Rex-system
(Invitrogen, Groningen, the Netherlands) according to the
manufacturer’s guidelines. Briefly, the cDNAs of TRPCS6,
TRPM2, TRPM3 and TRPV4 were subcloned in pcDNAS/
FRT/TO by amplifying the cDNA fragments and topoi-
somerase insertion. Flip-In T-Rex 293 cells were grown in
Dulbecco’s minimum essential medium (DMEM; Biochrom,
Berlin, Germany) supplemented with 10% foetal calf serum
(Invitrogen), 2 mM L-glutamine (Biochrom), 100 U-mL™
penicillin (Biochrom), 100 pg-mL™" streptomycin (Biochrom),
15 pg-mL™ blasticidin (Cayla-InvivoGen Europe, Toulouse,
France) and 100 pg-mL™ zeocin (Cayla-InvivoGen) in the
presence of 7% CO, atmosphere at 37°C. To generate the cell
lines, Flip-In T-Rex 293 cells (100 000 cells 9.6 cm™) were
co-transfected with the pOG44 flipase-coding plasmid DNA
and the cDNA-carrying plasmid DNA. Four hours after trans-
fection, the culture medium was replaced by DMEM supple-
mented with 10% foetal calf serum, 2 mM L-glutamine,
100 U-mL™ penicillin, 100 ug-mL™ streptomycin, 15 ug-mL™*
blasticidin and 75 pg-mL™" hygromycin (Cayla-InvivoGen).
Several weeks after transfection the growing cells were sorted
using the Fluoreporter LacZ Flow Cytometry Kit (Invitrogen)
to separate wild-type from recombinant cells. The resulting
homogeneous cell population was used for the experiments.
The expression of the respective TRP channels were con-
firmed biochemically by Western blot analyses and/or func-
tionally by Ca* imaging (Figures S1 and S2).

Fluorescence measurements using

FLIPR assay

TRPC6-, TRPM2-, TRPM3- and TRPV4-Flip-In T-Rex 293 cells
were seeded in 96-well plates at a density of 8000-12 000 cells
per well. One day after seeding, the expression of the recom-
binant protein was induced by the addition of tetracycline
and incubated at 37°C for an additional 18-72 h depending
on the cell line. The cells were loaded with 2 uM Fluo-4/AM
(Invitrogen) in CaCl, buffer composed of (mM) 140 NacCl, 5
KCl, 20 HEPES, 2 CaCl,, 2.5 probenecid and 10 glucose for 1 h
at 37°C. After loading, cells were washed twice with CaCl,
buffer containing 5 mM CacCl, and 0.5% dimethyl sulphoxide
(DMSO) by an automated plate washer (Denley Cellwash,



Thermo Fisher Scientific Inc., Waltham, MA, USA) and trans-
ferred to the FLIPR™™ (Molecular Devices, Sunnyvale, CA,
USA). The FLIPR™™ integrates a diode array as its excitation
source, a 96-well pipettor and a detection system utilizing a
CCD imaging camera. Before measurement, 50 uL of the
diluted fenamates at a fourfold concentration were simulta-
neously delivered to all of the wells containing 100 uL. After
an incubation period of approximately 10 min, a baseline
was recorded and the cells were subsequently stimulated by
the simultaneous delivery of 50 uL of the specific activator at
a fourfold concentration while fluorescence emissions from
the 96 wells were monitored simultaneously at an emission
wavelength of 515 nm after excitation with 488 nm (Fuss).
Fluorescence data were collected 60 s before and 4 min after
stimulation and analysed off-line.

Amplitudes were transformed to relative fluorescence by
normalizing to amplitudes in the absence of fenamates from
the same plate, and averaged over 3-4 wells. The fenamates
were repeatedly and simultaneously tested under these opti-
mized conditions for their ability to block the TRP channels.
The response amplitudes were determined from the fluores-
cence. Curves were derived from fitting the function

a

f)=

x—xo)

1+ef( b

to the data by non-linear regression; a = maximum, b = width
of transition and x, = ICs. To establish and compare the rank
order of potencies for all compounds, we calculated
concentration-response curves from the means of every
experiment performed in quadruplicate with regard to a spe-
cific TRP channel and substance.

Cell culture — transient expression

HEK293 cells were grown in minimal essential medium
(MEM) supplemented with Earl salts (Biochrom), with 10%
foetal calf serum (Invitrogen), 2 mM L-glutamine (Biochrom)
100 U-mL™" penicillin (Biochrom) and 100 ug-mL™ strepto-
mycin (Biochrom) in the presence of 5% CO, at 37°C. For the
experiments, the cells were plated onto glass coverslips placed
in 35 mm dishes. For single cell calcium imaging experiments
and electrophysiological recordings, the coverslips were
coated with poly-L-lysine (Biochrom). One to two days after
seeding, the cells were transfected with 2 ug of plasmid DNA
coding for TRPM3 C-terminally fused to yellow fluorescent
proteins (YFP) using FuGENE HD (Roche Diagnostic, Man-
nheim, Germany). Two days after transfection, cells were
used for experiments.

Single cell fluorescence measurements of
HEK293 and INS-1E cells

[Ca*]; measurements in single cells were carried out using the
fluorescence indicator fura-2-AM in combination with a
monochromator-based imaging system (T.I.L.L. Photonics,
Grafeling, Germany) attached to an inverted microscope
(Axiovert 100, Carl Zeiss, Oberkochen, Germany). Cells were
loaded with 2 uM fura-2-AM (Mobitec, Gottingen, Germany)
and 0.01% Pluronic F-127 (Invitrogen) for 30 min at 37°C in
a standard solution composed of (in mM) 138 NaCl, 6 KC], 1
MgCl,, 2 CaCl,, 5.5 glucose or 0.5 glucose/INS-1E cells and 10
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HEPES (adjusted to pH 7.4 with NaOH). The osmolarity of the
solution which amounts to 300 mosmol-L"' was measured
using a freezing point depression osmometer (Roebling,
Berlin, Germany). Coverslips were then washed in this buffer
for 5 min and mounted in a perfusion chamber on the micro-
scope stage. For [Ca®]; measurements, fluorescence was
excited at 340 and 380 nm. After correction for background
fluorescence, the fluorescence ratio Fsq/Fss was calculated. In
all experiments, we identified transfected cells within the
whole field of vision by their YFP fluorescence at an excita-
tion wavelength of 480 nm. Experiments with at least 20 cells
were summarized and are given as the number of experi-
ments for each experimental condition.

Preparation and single cell fluorescence
measurements of islet cells

Islet cells isolated from mice islets by trypsinization as previ-
ously described were seeded on glass coverslips in a 35 mm
Petri dish and used for experiments after 48-72 h of culture at
37°C (Ullrich et al., 2005). The cells were loaded in culture
medium by addition of 2uM fura-2-AM, 0.02% Pluronic
F-127 (Invitrogen) and anion channel blocker sulfinpyrazole
(Sigma). The cells were incubated at 37°C for 45 min followed
by washing with HBS buffer containing 5 mM glucose and
2.5 mM CacCl, at 37°C for 15 min. [Ca®]; measurements in
single cells were carried out using the fluorescence indicator
fura-2-AM in combination with a monochromator-based
imaging system (T.LL.L. Photonics, Grifeling, Germany)
attached to an inverted microscope (Axiovert 100, Carl Zeiss,
Oberkochen, Germany). For [Ca®']; measurements, fluores-
cence was excited at 340 and 380 nm. After correction for
background fluorescence, the fluorescence ratio F3s0/F3s0 was
calculated. Experiments with at least 20 cells were summa-
rized and are given as the number of experiments for each
experimental condition.

Patch clamp measurements

Standard whole-cell recordings were performed using an
EPC9 amplifier under control of Pulse software (HEKA, Lam-
brecht, Germany) at room temperature. Pipettes were made
from borosilicate glass and had a resistance of 3-5 MQ. Cells
were held at a potential of —-15 mV and voltage ramps were
performed from —-115 to +85 mV (1 mV-ms™') approximately
every second. The pipette solution contained (in mM) 80
CsAsp, 45 CsCl, 10 BAPTA, 10 HEPES, 4 Na, ATP or TRIS,ATP,
pH was adjusted to 7.2 with CsOH and osmolarity to 305-
315 mosmol-L™! with glucose or H,O. The standard extracel-
lular solution contained (in mM) 145 NaCl, 10 CsCl, 3 KClI, 2
CaCl,, 2 MgCl,, 10 HEPES, 10 p-glucose, pH was adjusted to
7.4 (or as indicated) with NaOH and osmolarity to 315-
330 mosmol-L . A liquid junction potential of approximately
15 mV, calculated with Clampex (Axon Instruments), was
corrected for.

INS-1E cell culture and measurement

of insulin secretion

INS-1E cells (a kind gift of Prof Dr C. B. Wollheim, University
of Geneva, Switzerland) were cultured in RPMI1640 (Invitro-
gen) supplemented with (in mM) 10 HEPES, 1 Na*-pyruvate,
2 glutamine, 0.01 B-mercaptoethanol and 10% (v/v) foetal
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calf serum (Invitrogen). For calcium imaging experiments
100 000 cells were seeded onto glass coverslips in a 35 mm
petri dish and used for experiments after 48-72 h incubation
at 37°C. For insulin secretion experiments, cells were seeded
at a density of 1.5 x 10° cells-0.5 mL™" in 24-well plates and
incubated as described previously (Ullrich et al., 2005). In
brief, after 2 days of culture, cells were preincubated for
30 min in an incubation solution containing (in mM) 140
NaCl, 5.6 KCl, 1.2 MgCl,, 2.6 CaCl,, 10 HEPES, 0.5 glucose
and 0.1% bovine serum albumin (BSA fatty acid free, Sigma,
Deisenhofen, Germany). Thereafter, cells were incubated for
1 h in the presence of test substances as indicated in a solu-
tion without BSA. Insulin released into the supernatant and
insulin content after acid ethanol extraction was determined
by radioimmunoassay (Linco, USA).

Source Of reagents

Flufenamic acid, niflumic acid, mefenamic acid, meclofe-
namic acid, 645648, tolfenamic acid and pregnenolone sul-
phate (Sigma-Aldrich, Deisenhofen, Germany) were diluted
from 50 mM stock solutions in DMSO. DCDPC (Aventis,
Frankfurt, Germany) (Gogelein and Pfannmiiller, 1989;
Gogelein et al., 1990), and hyperforin (Dr Willmar Schwabe,
Karlsruhe, Germany) were used from 50 mM stock solution in
DMSO. 4o-Phorbol-12,13-didecanoate was purchased from
LC Laboratories (Woburn, MA, USA) and diluted from 10 mM
stock solutions. Hydrogen peroxide (Roth, Karlsruhe,
Germany) was diluted from the delivered concentrated solu-
tion (8.8 M). The anti-TRPC6 antibody was from Millipore
(Schwabach, Germany) (Reiser et al., 2005; Huber et al., 2006;
Leuner et al., 2007; Miiller et al., 2008). The generation and
characterization of the antibodies directed against TRPM2,
TRPM3 and TRPV4 have been previously described (Grimm
et al., 2003; Kraft et al., 2006; Reiter et al., 2006; Hartmanns-
gruber et al., 2007; Wehrhahn et al., 2010).

Results

Effects of fenamates on TRPM3 and
other TRP channels

Flufenamic acid (Figure 1), a fenamate compound, has
already been described as blocker of a variety of TRP channels
(Tesfai et al., 2001; Lee et al., 2003; Guinamard et al., 2004;
Hill etal.,, 2004; Guilbert etal.,, 2009). To compare the
potency of flufenamic acid with the potencies of other
fenamate derivatives (Figure 1) in blocking TRP channel
activity, we generated cell lines stably expressing TRP chan-
nels from three different subfamilies, TRPC6, TRPM2, TRPM3
and TRPV4, in a tetracycline-regulated manner. Fach stable
cell line was characterized by Western blotting (Figure S1)
and calcium imaging experiments (Figure S2) to test for
tetracycline-dependent expression. Hyperforin (10 uM),
hydrogen peroxide (5 mM), pregnenolone sulphate (35 uM)
and 4o-phorbol-12,13-didecanoate (5 uM) were used as selec-
tive activators of TRPC6, TRPM2, TRPM3 and TRPV4 chan-
nels, respectively (Hara et al., 2002; Watanabe et al., 2002;
Wagner et al., 2008; Leuner et al., 2010). The values of half-
maximal inhibition (ICs, values) obtained from at least three
independent experiments performed in quadruplicate were
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Structures of the fenamates tested. Flufenamic acid (N-[3-
(trifluoromethyl)-phenyl]anthranilic acid), niflumic acid (2-{[3-
(trifluoromethyl)phenyl]lamino}nicotinic acid), S645648 (N-(1,3-
dimethyl-5-pyrazolyl) anthranilic acid), DCDPC (3’-5-dichlorodip-
henylamine-2-carboxylic acid), meclofenamic acid (N-(2,6-dichloro-
3-methylphenyl)anthranilic acid), tolfenamic acid (N-(2-methyl-
3-chlorophenyl)anthranilic acid) and mefenamic acid (2-(2,3-
dimethylphenyl)aminobenzoic acid).

averaged and are summarized in Table 1A. Several aspects of
the obtained ICs, values are given as rank-orders of potencies,
with respect to the TRP channels (Table 1B) or fenamates
analysed (Table 1C). Interestingly, S645648, a dimethyl-
pyrazolyl anthranilic acid derivative obtained from the Sigma
rare compound collection, failed to block TRP channels and
was not considered further. The fenamate niflumic acid,
which has been intensively used as a pharmacological tool to
interfere with cell volume regulation (Parkerson and Sonthe-
imer, 2003; Moreland et al., 2006; Han et al., 2008), was less
potent than flufenamic acid in blocking the four TRP chan-
nels in our study. Based on the fact that flufenamic acid has
been used for the modulation of TRP channels it was surpris-
ing that the mono- and dichloro-methyl-phenyl anthranilic
acid derivatives, meclofenamic acid and tolfenamic acid, as
well as the mono-chloro-phenyl-chloro anthranilic acid
derivative DCDPC, outperformed flufenamic acid in blocking
TRP channels, with TRPC6 as the only exception (Table 1A
and B). Meclofenamic acid and tolfenamic acid showed the
same order of blocking potency for all four TRP channels
investigated, whereas DCDPC blocked TRPV4 more potently
than TRPC6 (Table 1C). Altogether, and across all four TRP
channels tested in our study, DCDPC turned out to be the
most potent, non-selective TRP channel blocker with ICsg
values ranging from 7.5 to 31 uM (Table 1A and B). By con-
trast, and surprisingly, the selectivity of mefenamic acid for



Table 1

Mefenamic acid selectively blocks TRPM3

(A) Inhibitory effect (ICso values) of fenamates on transient receptor potential (TRP) channels

TRPCé6 TRPM2 TRPM3 TRPV4

DCDPC 16.4 + 3.1 uM 31.1 = 3.4uM 7.5 = 4.7 uM 8.6 + 1.8 uM
Flufenamic acid 171 = 7.2 uM 155.1 = 50.6 uM 33.1 £ 83uM 40.7 = 10.3 uM
Niflumic acid 40.2 = 20.1 uM >300 uM 123.5 = 243 uM 84.4 £ 11.9 uM
Mefenamic acid >300 uM >300 uM 6.6 = 1.8 uM >300 uM
Meclofenamic acid 37.5 = 14.4 uM 75.8 = 33.6 uM 13.3 = 3.5uM 40.7 = 10.2 uM
S645648 >300 uM >300 uM >300 uM >300 uM
Tolfenamic acid 12.3 = 4.8 uM 96.1 = 10.8 uM 11.1 = 2.7 uM 239 = 7.1 uM

(B) Rank order of fenamates according to their potencies in blocking transient receptor potential (TRP) channels

TRPC6
TRPM2
TRPM3
TRPV4

TOL ~ DCDPC ~ FLU > MEC ~ NIF > S645648, MEF
DCDPC > MEC > TOL > FLU > NIF, S645648, MEF
MEF > DCDPC > TOL ~ MEC > FLU > NIF > S645648
DCDPC > TOL > FLU, MEC > NIF > S645648, MEF

(C) Rank order of transient receptor potential (TRP) channels most potently blocked by each fenamate

DCDPC
Flufenamic acid
Niflumic acid
Mefenamic acid
Meclofenamic acid
Tolfenamic acid

TRPM3 ~ TRPV4 > TRPC6 > TRPM2
TRPC6 > TRPM3 > TRPV4 > TRPM2
TRPC6 > TRPV4 > TRPM3 > TRPM2
TRPM3 >> TRPV4, TRPC6, TRPM2

TRPM3 > TRPC6 ~ TRPV4 > TRPM2
TRPM3 ~ TRPC6 > TRPV4 > TRPM2

In (A) changes in [Ca*"]; were measured using FLIPR™" as described in Methods (n = 4-6).
Bold type in (B) highlights the selectivity of mefenamic acid in blocking TRPM3.

TRPM3 was outstanding with an ICsy of 6.6 uM, which was
two orders of magnitude lower than any concentrations that
had elicited effects on the other three TRP channels tested
(Figure 2A; Table 1A). This exquisite selectivity of mefenamic
acid warranted its further characterization in TRPM3-
expressing cells.

Characterization of mefenamic acid as a
selective TRPM3 blocker

To examine the specific and selective inhibition of TRPM3
activity by mefenamic acid, we performed single-cell
calcium imaging experiments. Although during Fluo-4-based
FLIPR 96-well imaging experiments the blocker was applied
before the application of a specific TRP channel stimuli, in
the single-cell calcium imaging experiments we tested
whether the order of application affected the blocking activ-
ity of mefenamic acid. As shown in Figure 2B, the applica-
tion of pregnenolone sulphate (35 uM) resulted in a fast and
sustained increase in [Ca*]; in HEK293 cells that had been
transiently transfected with cDNA coding for TRPM3. The
subsequent application of mefenamic acid in the presence of
an activator, and at maximal active concentrations of
30 uM, quickly and completely reduced the enhanced [Ca?*7;

back to baseline (Figure 2B). These data indicate that the
order of application had no impact on the activity of mefe-
namic acid.

In electrophysiological whole-cell voltage clamp experi-
ments, currents recorded from TRPM3-expressing HEK293
cells showed an instantaneous increase following the appli-
cation of pregnenolone sulphate (Figure 3A). The currents
were blocked by the subsequent application of mefenamic
acid. The current-voltage relationships revealed that mefe-
namic acid completely blocked the inward current, although
a small outward current remained (Figure 3B). Mefenamic
acid is a weak organic acid with a pKa value of 4.2. Conse-
quently, at physiological pH values, it resides in its ionic form
and is unable to cross the lipophilic barrier of the plasma
membrane. To determine whether mefenamic acid blocks
TRPM3 from inside or outside, we performed whole-cell
voltage clamp recordings with mefenamic acid in the pipette
solution (Figure 3C and D). In cells perfused with mefenamic
acid, pregnenolone sulphate induced outwardly rectifying
currents comparable to the experiments performed in the
absence of intracellularly perfused mefenamic acid. By con-
trast, only the extracellular application of mefenamic acid to
pregnenolone sulphate-stimulated cells resulted in a fast
decline of the inward and outward currents. Although the
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Figure 2

Concentration-response relationship of transient receptor potential
(TRP) channel-blocking fenamates. (A) Calcium entry in TRPM3-
expressing cells was measured using FLIPR™" and data analysed as
described in Methods. Data from a representative experiment show
the effect of mefenamic acid on calcium entry in TRPC6-, TRPM2-,
TRPM3- and TRPV4-expressing cells upon hyperforin (10 uM),
hydrogen peroxide (5 mM), pregnenolone sulphate (35 uM) and
4o-phorbol-didecanoate (5 uM) stimulation respectively. Mefenamic
acid was ineffective at suppressing TRPC6-, TRPM2- and TRPV4-
mediated calcium entry, whereas the intracellular calcium
concentration ([Ca®';) remained at the initial basal level in TRPM3-
expressing cells upon stimulation with pregnenolone sulphate. The
data were calculated from one experiment of at least three experi-
ments performed in quadruplicate per concentration and TRP
channel. (B) In transiently transfected HEK cells expressing TRPM3,
the application of pregnenolone sulphate (35 uM) results in an
instantaneous increase in intracellular calcium. The application of
mefenamic acid (30 uM) during the plateau phase results in a rapid
decrease in [Ca?']; to basal levels. Application of vehicle had no effect.
Mean value obtained from at least 20 cells of one experiment (out of
five independent experiments) is shown. The grey shading repre-
sents the SEM for each data point.

inward current was almost completely blocked under these
conditions, a residual outward current was detectable.

To clarify whether the activity of mefenamic acid, like
other organic acids, is pH-dependent, we first analysed
whether the pregnenolone sulphate-dependent TRPM3
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activity depends on extracellular pH. Pregnenolone sulphate
was diluted in solutions with pH adjusted to 8.0, 7.4, 6.6 or
6.0 (Figure S3). The data show that the TRPM3 activity
induced by pregnenolone sulphate application is indepen-
dent of extracellular pH. In a next step, we studied the
inhibitory effect of mefenamic acid on pregnenolone
sulphate-stimulated inward and outward currents under dif-
ferent extracellular pH conditions in TRPM3-expressing
HEK293 cells (Figure 4). At pH 8.0, the amount of residual
current during the application of 25 uM mefenamic acid
was increased (Figure 4A); at pH 7.4 residual currents were
still detectable (Figure 4B), whereas at pH 6.6 and 6.0 any
outward or inward currents were completely blocked
(Figure 4C). In summary, our experiments clearly show that
the activity of mefenamic acid is pH-dependent (Figure 4D
and E). Furthermore, Figure 4C shows that the block of
TRPM3 by mefenamic acid was reversible because after the
washout of mefenamic acid a subsequent application of
pregnenolone sulphate induced currents with identical
amplitudes, which again could be blocked by mefenamic
acid.

Effect of mefenamic acid as a selective
TRPM3 blocker in insulin-secreting cells

Based on the characterization of TRPM3 as an ionotropic
steroid receptor in pancreatic B-cells and controversial reports
on fenamates affecting insulin secretion (Li etal., 2007;
Wagner et al., 2008; Fujimoto et al., 2009), we were interested
in the effect of mefenamic acid on insulin-secreting pancre-
atic B-cells. Therefore, we analysed the expression of TRPM3
in insulin-secreting INS-1E cells by Western blot (Figure 5A).
Two protein bands were visualized with the anti-TRPM3 anti-
body (Grimm et al., 2003). The absence of a reaction product
when the primary antibody was incubated in the presence of
the immunogenic peptide provides evidence of antibody
specificity and indicates that the two bands most likely cor-
respond to TRPM3 splice variants with different C-terminal
sequences that yield protein of approximately 150 and
220 kDa (Hoffmann et al., 2010). Prior to further functional
analysis of INS-1E cells, we tested whether mefenamic acid
alters intracellular calcium concentrations in fura-2-loaded
INS-1E cells (Figure 5B). As mefenamic acid application had
no effect, we next tested whether INS-1E cells functionally
express TRPV1, a TRP channel recently described to modulate
glucose homeostasis (Razavi et al., 2006). The application of
capsaicin in maximal effective concentrations (100 nM)
resulted in a fast and large calcium increase, which was insen-
sitive to the application of mefenamic acid (30 uM)
(Figure 5C). The application of 35 uM pregnenolone sulphate
resulted in an instantaneous and sustained increase in fluo-
rescence ratio indicative of an increase in [Ca*; (Figure 5D).
This pregnenolone sulphate-induced Ca* signal was almost
completely counteracted by the application of 30 uM mefe-
namic acid. By contrast, 30 uM mefenamic acid did not
prevent an increase in [Ca*]; induced by the application of
20 mM glucose. Thus, the glucose-induced increase in [Ca?*7;
was not affected by mefenamic acid in INS-1E cells
(Figure 5D). Blocking ATP-dependent potassium channels
with 100 uM tolbutamide, which leads to a depolarization-
induced activation of voltage-dependent Ca*" channels,
rapidly and strongly increased [Ca*?]; signals in the presence
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Extracellular application of mefenamic acid inhibits TRPM3 currents in transfected HEK293 cells. (A) Current of TRPM3 at membrane potentials
of —80 (lower trace) and +80 mV (upper trace) during the application of the TRPM3 activator pregnenolone sulphate (35 pM) and the inhibition
of the current after application of mefenamic acid (25 uM). (B) Current-voltage relationship from experiments shown in (A). Mefenamic acid
inhibited the inward current almost completely, although a small outward current is still visible. (C) Current recorded from a TRPM3-expressing
cell, experiments performed as in (A) with the modification that mefenamic acid (35 uM) was added into the pipette solution. (D) Current-voltage
relationship from the experiment shown in (C). Intracellularly applied mefenamic acid had no impact on the pregnenolone sulphate-induced

current.

of mefenamic acid (Figure SE). The effect of tolbutamide on
[Ca*]; was further increased by pregnenolone sulphate. The
subsequent application of mefenamic acid brought the fluo-
rescence signal back to the level of tolbutamide activation
(Figure SF).

Comparable results were obtained from calcium imaging
experiments using fura-2-loaded isolated mouse pancreatic
islet cells (Figure 6). Pregnenolone sulphate (Figure 6A) as
well as tolbutamide (Figure 6B) induced increases in intracel-
lular calcium concentrations. Whereas the pregnenolone
sulphate-induced increases were blocked by mefenamic acid
(Figure 6A), the tolbutamide responses were insensitive to
fenamate inhibition (Figure 6B). The independence of both
calcium entry mechanisms was further supported by the sub-
sequent application of tolbutamide, pregnenolone sulphate
and mefenamic acid (Figure 6C). Tolbutamide and subse-
quent application of pregnenolone sulphate resulted in a
two-step increase in intracellular calcium concentrations.
Subsequent application of mefenamic acid was able to bring

the fluorescence signal back to the level of tolbutamide acti-
vation (Figure 6C).

In contrast to the clear impact of TRPM3 activation on
calcium entry in insulin-secreting INS-1E cells and mouse
islet cells, TRPM3 activation had modulating, synergistic
effects on insulin secretion (Wagner et al., 2008). To examine
whether the inhibition of the intracellular rise in calcium by
mefenamic acid translates into a biological response, we mea-
sured the insulin secretion of INS-1E cells (Figure 7). Preg-
nenolone sulphate, 35 uM, significantly augmented insulin
secretion in the presence of tolbutamide, 100 uM, that is, in
the presence of closed ATP-dependent potassium channels, as
well as in the presence of 12 mM glucose (Figure 7A and B).
Mefenamic acid, 30 uM, abolished the stimulation of secre-
tion by pregnenolone sulphate but had not significant effect
on tolbutamide-induced insulin secretion and only attenu-
ated glucose-induced secretion. These data suggest that
mefenamic acid selectively inhibits the TRPM3-induced
modulation of insulin secretion in pancreatic j3-cells.
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pH-dependence of mefenamic acid on the inhibition of TRPM3-mediated currents. (A) Time course of TRPM3 current at membrane potentials of
—80 (lower trace) and +80 mV (upper trace); the pH value of the extracellular solution was 8 before the mefenamic acid (25 uM) was added. (B)
Time course of TRPM3 current at membrane potentials of —80 and +80 mV; the pH value of the extracellular solution was 7.4 before the
mefenamic acid (25 uM) was added. (C) Time course of TRPM3 current at membrane potentials of —-80 and +80 mV; the pH values of the
extracellular solution were 6.6 and 6.0 before the mefenamic acid (25 M) was added. (D) Statistical analysis of experiments performed at pH 8
(n=9),pH7.4(n=19), pH 6.6 (n=10) and pH 6 (n=9). (E) Current-voltage relationship from experiments shown in (A-C). Although the inward
currents were almost completely inhibited, the block of the outward current was dependent on the pH values.

Discussion

Fenamates are potent inhibitors of cyclooxygenase and there-
fore used as NSAIDs (Cryer and Feldman, 1998). In addition,
fenamates have been studied with respect to their ability and
potency to block TRP channels. Within the limitations of our
approach, most of this class of compounds can be classified as
non-selective TRP channel blockers. Surprisingly, mefenamic
acid proved to be a selective blocker of TRPM3.

Fenamates, the N-phenyl-substituted anthranilic acid
derivatives, represent an interesting group of small molecules
that can be used as pharmacological tools for the character-
ization and regulation of TRP channels. Since the first
description of flufenamic acid as a TRPM2 blocker by Hill
et al. (2004), the effectiveness of flufenamic acid has been
validated by other groups (Tesfai et al., 2001; Lee et al., 2003;
Guinamard et al., 2004; Hill et al., 2004; Guilbert et al., 2009).
Our results on the potency of flufenamic acid in blocking TRP
channels are in line with previous publications regarding the
inhibition of TRPM2 and TRPC6 activity by flufenamic acid.
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Beyond blocking TRPM2 and TRPC6 channels, we now show
that flufenamic acid also blocks TRPM3 and TRPV4 channels.
The data show that flufenamic acid as well as other fenamate
derivatives can be classified as broad range TRP channel
blockers, because the compounds block at least four different
TRP channels from three different subfamilies and with quite
different pore structures. Next to N-(p-amylcinnamoyl)
anthranilic acid (ACA), a compound with a phenyl-
cinnamoyl! structure, fenamates represent a second class of
broad range TRP channel blockers (Kraft et al., 2006; Harte-
neck ef al., 2007). Whereas flufenamic acid is less potent than
ACA in blocking TRP channels, other fenamate derivatives
such as tolfenamic acid or DCDPC now seem to have poten-
cies comparable with ACA. Thus, tolfenamic acid or DCDPC
are much more suitable tools than flufenamic acid. Roughly,
our data suggest that the newly tested compounds tolfenamic
acid or DCDPC are at least 10-fold more potent than flufe-
namic acid.

The results presented here demonstrate that mefenamic
acid blocks TRPM3 from the outside and that the potency of
its inhibitory action depends on the extracellular pH. Hill
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Effects of mefenamic acid on pancreatic -cells. A. Western blot analysis of membranes extracted from INS-1E cells, HEK293 control cells (con) and
TRPM3-expressing HEK293 cells (TRPM3). The anti-TRPM3 antibody detected two bands of approx. 150 and 220 kDa (left panel, — peptide). In
the presence of the immunogenic peptide the TRPM3-specific signals were absent (right panel, +peptide). B-F. Changes in [Ca*']; are depicted
by the fluorescence ratios Fsso/Fss0 Of Fura-2-loaded INS-TE cells. B. Application of mefenamic acid (Mef) did not alter intracellular calcium
concentrations. C. Application of capsaicin (100 nM) resulted in a pronounced increase in calcium which was unaffected by mefenamic acid. D.
Measurement of [Ca?']; of INS-1E cells after stimulation with 35 uM pregnenolone sulphate and block with 30 uM mefenamic acid. An additional
stimulus with 20 mM glucose (Gluc) in the presence of 35 uM pregnenolone sulphate and 30 uM mefenamic acid triggered a second increase
in [Ca*]. E. Mefenamic acid had no effect on voltage-gated calcium channels activated by 100 uM tolbutamide (Tolbut) after blocking
pregnenolone sulphate (35 pM)-stimulated INS-1E cells. F. Tolbutamide (100 uM) increased the [Ca*]; of INS-1E cells. The application of 35 uM
pregnenolone sulphate further enhanced [Ca®"];, an effect reversed by mefenamic acid. The black lines indicate mean values from at least four

independent experiments with at least 20 cells each. The shaded areas depict the SEM for each data point.

et al. (2004) described comparable features for the TRPM2-
flufenamic acid interaction, however with important differ-
ences. Whereas in the case of TRPM2 additional factors like
TRPM2 activation as well as time period of inhibitor applica-
tion modulate the recovery rate, TRPM3 currents recover
instantaneously after washout. Given that flufenamic acid
represents a blocker of a broad range of TRP channels
together with the fact that both fenamates act from the
outside, they might represent channel pore inhibitors. This
conclusion is further supported by the fact that the channel
proteins of the classic-, melastatin- and vanilloid-like TRP
families have a highly conserved pore structure. By contrast,
the sequences within the second and/or third transmem-
brane domains, being generally accepted as binding domains

for the activating ligands, dramatically differ in their primary
protein sequences (Jordt and Julius, 2002).

Pancreatic B-cells express a variety of ion channels includ-
ing TRPM3 as shown here and a variety of other TRP channel
proteins. Members of the TRPC channel have been described
in the context of the modulation of membrane potential via
calcium oscillations (Sakura and Ashcroft, 1997; Roe et al.,
1998; Qian et al., 2002): TRPMS, a modulator of receptor-
induced calcium signalling (Prawitt et al., 2003), TRPM2, a
lysosomal intracellular cation channel or a temperature-
regulated redox sensor (Togashi et al., 2006; Bari et al., 2009;
Lange et al., 2009) and TRPV4, a mechanosensitive cation
channel stimulated by human islet amyloid polypeptide
(Casas et al., 2008). Our study now provides strong evidence
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Effects of mefenamic acid on primary mouse pancreatic (3-cells.
Changes in [Ca*"]; are depicted by the fluorescence ratios Fsso/Fsg0 Of
Fura-2-loaded primary mouse pancreatic islet cells. (A) Measurement
of [Ca*']; after stimulation with 35 uM pregnenolone sulphate and
block with 30 uM mefenamic acid. (B) Mefenamic acid (30 uM) had
no effect on [Ca?']; increased by 100 uM tolbutamide (Tolbut). (C)
Tolbutamide (100 uM) increased the [Ca*7; in mouse B-cells. The
addition of 35 uM pregnenolone sulphate further enhanced [Ca?'],
an effect reversed by the application of mefenamic acid. The black
lines indicate mean values from at least four independent experi-
ments with at least 20 cells each. The shaded areas depict the SEM
for each data point.

that the specific stimulation of TRPM3 augments cytosolic
Ca? and increases insulin secretion, whereas the specific inhi-
bition of TRPM3 by mefenamic acid has almost no effect on
glucose-induced insulin secretion. Therefore, the identifica-
tion of mefenamic acid as a TRPM3 channel inhibitor is
remarkable not only as a pharmacological tool but also from
another point of view. Mefenamic acid, assigned as an NSAID,
is clinically used in many countries to treat pain of moderate
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Pregnenolone sulphate-mediated insulin secretion is inhibited by
mefenamic acid. INS-TE cells were cultured and insulin secretion
measured as described in Methods. Test substances were added as
indicated. (A) The effect of pregnenolone sulphate and mefenamic
acid in the presence of 100 uM tolbutamide. (B) The effect of preg-
nenolone sulphate and mefenamic acid on insulin secretion induced
by 12 mM glucose. Data are means = SEM of three independent
experiments. ***P < 0.001 to 0.5 mM glucose; +++P < 0.001 to 5 mM
glucose; ##P < 0.005 and ###P < 0.001 to the respective condition
without mefenamic acid; §P < 0.05 and §§P < 0.005 to the respective
condition without pregnenolone sulphate; ns, not significant.

severity, dysmenorrhoea, headache and dental pain. In con-
ventional pharmacological textbooks, the analgesic effect of
fenamates is explained by cyclooxygenase inhibition interfer-
ing with the production of the local hormones of the arachi-
donic pathway. A link to glucose metabolisms or diabetes
cannot be found; nevertheless, it exists when consulting
other resources, for example the database of the American
Hospital Formulary Service or the available package leaflets of
mefenamic acid formulations. The recommendation to
control blood glucose levels in diabetic patients also provides



indirect evidence for the clinical relevance of our findings
and physiological relevance for TRPM3 in blood glucose
homeostasis. This recommendation is a mefenamic acid-
specific feature because mefenamic acid is used clinically in
daily doses of 500 to 1000 mg, resulting in a mean serum
concentration of around 82.9 uM (Cryer and Feldman, 1998).
With 90% protein binding of mefenamic acid, the resulting
8.3 uM free serum concentration is in the range of the half-
maximal inhibition of TRPM3 (ICsy 8.6 uM). Despite this
evidence, the physiological role and underlying TRPM3-
dependent signalling pathway has to be analysed.

In summary, we have shown that fenamates represent a
group of interesting drugs for the modulation of TRP channel
function. Although most of the structures tested blocked TRP
channels in a non-selective manner, mefenamic acid was
identified and characterized as a selective TRPM3 blocking
agent. This TRPM3 selectivity was shown in heterologous
expression systems as well as in insulin-secreting cells endog-
enously expressing TRPM3. Mefenamic acid selectively
blocked TRPM3-mediated calcium entry and insulin secre-
tion. A combination of molecular and clinical analyses of
mefenamic acid will provide further insights into the physi-
ological role of TRPM3 with the prospect of a new molecular
approach to interfere with diabetes.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Biochemical characterization of the stably tran-
sient receptor potential (TRP) channel-expressing cell lines.
For the Western blot analysis of the tetracycline-inducible
expression of TRP channels, membrane proteins extracted
from cell line stably expressing of TRPC6 (A), TRPM2 (B),
TRPM3 (C) and TRPV4 (D) grown in the absence or presence
of tetracycline (2.5 mg-mL™) were separated by SDS-PAGE
electrophoresis and transferred onto nitrocellulose mem-
branes as previously described by Kraft et al. (2006). Immo-
bilized proteins were visualized by using specific antibodies.
The anti-TRPC6 antibody was from Millipore (Schwabach,
Germany). The generation and characterization of the anti-
bodies directed against TRPM2, TRPM3 and TRPV4 have been
previously described (Grimm et al., 2003; Kraft et al., 2006;
Reiter et al., 2006). The anti-TRPV4 antibody visualized two
bands, the glycosylated and unglycosylated TRPV4 protein,
described by Xu et al (2006).

Figure $2 Functional characterization of the stable tran-
sient receptor potential (TRP) channel-expressing cell lines.
Cells stably expressing the TRP channel in a tetracycline-
dependent manner were seeded and expression was induced
by the addition of tetracycline (2.5 mg-mL™). For calcium
imaging, cells were loaded with Fluo-4. Fluo-4-dependent
fluorescence was recorded in the presence or absence of the

Mefenamic acid selectively blocks TRPM3

specific stimulus (arrow). (A) TRPCé6-expressing cells were
stimulated with hyperforin (10 uM). (B) TRPM2-expressing
cells were stimulated with hydrogen peroxide (H202; 5 mM).
(C) TRPM3-expressing cells were stimulated with preg-
nenolone sulphate (PregS; 35 uM). (D) TRPV4-expressing cells
were stimulated with 4o-phorbol-didecanoate (PDD; 5 uM).
Shown are representative traces recorded from 10 000 cells.
Subsequently to the initial validation of functional expres-
sion, optimal time periods in the presence of tetracycline
were determined. The optimal expression levels of TRPC6,
TRPM2, TRPM3 and TRPV4 were achieved 72, 24, 72 and 20 h
after expression induction by tetracycline respectively (data
not shown). The incubation time have been determined
experimentally and represent a compromise between optimal
signal resulting from expression level and signal-to-noise
ratio determined by the loss of cells during loading and
washing procedures due to increased intracellular calcium
concentration in TRP channel-expressing cells leading to
rounding and displacing of the cells.

Figure S3 Activation of TRPM3 by pregnenolone sulphate is
independent of pH. (A) Currents of TRPM3 at membrane
potentials of —80 (upper trace) and +80 mV (lower trace)
recorded during extracellular application of the TRPM3 acti-
vator pregnenolone sulphate (35 uM) diluted in extracellular
solutions with pH adjusted to 7.4 or 6.0 as indicated. (B)
Currents obtained under comparable experimental condi-
tions as used in (A), however the pH of the extracellular
solutions was adjusted to pH 7.4, 8.0 or 6.6 as indicated. (C,D)
Current-voltage relationship from experiments shown in
(A,B), respectively, show that the pregnenolone sulphate-
dependent stimulation of TRPM3 is independent of extracel-
lular pH. (E) Statistical analysis of experiments performed
atpH 7.4 n=35), pH 6.0 (n=7), pH 6.6 (n = 6) and pH 8.0
(n=06).
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