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ABSTRACT: Inflammation of the trigeminal nerve is considered one
of the most painful conditions known to humankind. The diagnosis is
often difficult; moreover, safe and effective pharmacological treat-
ments are lacking. A new molecule, ADM 12, formed by a lipoic and
omotaurine residues covalently linked, is here reported. In vitro and in
vivo tests showed that ADM_ 12 is a very attractive original compound
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presenting (i) a remarkable safety profile; (ii) a high binding constant
versus TRPALI; (iii) an intriguing behavior versus TRPV1; and (iv) the ability to significantly and persistently reduce mechanical
facial allodynia in rats. Noteworthy, by testing ADM 12, we shed light on the unprecedented involvement of TRPAI and

TRPV1 channels in orofacial pain.
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ain is the subjective, evolved response to noxious stimuli'
deputed to alert the individual from potential sources of
tissue destruction. Typically, local injury or infections trigger
the release of peripheral chemical mediators, which activate the
local inflammatory response and sensitize nociceptors (neurons
responsible for the transmission of pain), enhancing their
response to pain. Orofacial pain is an unpleasant emotional
experience, which affects a large proportion of the general
population. It can originate from either hard or soft tissues of
the head, neck, face, or mouth;* hence, an accurate diagnosis is
often not trivial. In addition, since the pharmacological
treatment of orofacial pain is far from satisfying, it represents
a significant healthcare issue. This is the reason why the
International Association for the Study of Pain (IASP) devoted
the year 2014 as the Global Year Against Orofacial Pain.
Temporomandibular joint (TMJ) disorders are among the
most common causes of orofacial pain which, in this case,
mostly originates from TMJ inflammation. As a consequence,
the sensitization of trigeminal ganglion (TG) nociceptors
occurs, which, in turn, gives rise to cutaneous allodynia at head
and facial districts: the trigeminal neuralgia (TGN)."?
Transient receptor potential (TRP) channels are a large
family of nonselective cation channels.* Several TRP channel
family members, including TRP cation channel subfamily V
member 1 (TRPV1), subfamily A member 1 (TRPAL), and
TRP channel melastatin 8§ (TRPMS), are expressed in TG
somatosensory neurons, which also project within the oral and
nasal cavities and are deputed to detect a great deal of external
stimuli, including pressure, temperature, and chemicals.’ In
particular, the TRPA1 channel seems to play a pivotal role in
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the generation and maintenance of inflammatory pain.’ As a
matter of fact, the TRPA1 antagonists HC-030031” and AP-18°
significantly reduce mechanical hypersensitivity due to
Complete Freund’s Adjuvant (CFA) injection in the paw”®
and, conversely, a number of inflammatory agents, such as
nerve growth factor (NGF) or proteinase-activated receptor-2
(PAR2),”'° can sensitize TRPA1 channels. Moreover, TRPA1-
knockout mice displayed a significant reduction of formalin-
evoked pain behavior.'' The TRPV1 channel is the heat
transducer of our body,'” and it is activated by inflammatory
mediators and tissue damaging stimuli.'> TRPMS8 is the
molecular target of menthol'* and is also involved in injury-
or inflammation-evoked hypersensitivity to cold as well as in
cold-mediated analgesia."

Despite all the efforts devoted to the discovery of new
analgesics and in particular of compounds active on both
inflammatory and neuropatic pain, a real improvement still lags
behind. Thus, capitalizing on recent results'® about the ability
of the synthetic TRPA1 antagonist ADM_09 (Scheme 1) to
revert oxaliplatin-induced neuropatic pain, and given the
evident role of TRP channels in TG-related pain, we report
herein on the synthesis of a new lipoic-containing antagonist,
namely, ADM _12. This water-soluble small molecule, structur-
ally simpler and more stable than ADM 09, showed (i) a
remarkable safety profile; (ii) a low inhibition constant (ICg)
versus TRPA1; (iii) a double behavior versus TRPV1; and (iv)
a significant reduction of mechanical facial allodynia in rats.
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Scheme 1. Structure of ADM_09 and Synthesis of ADM_12

B RESULTS AND DISCUSSION

o O COONa* Under very mild conditions, ADM_12 was synthesized in two
(\’/\/\/kN /\/u\” steps with good yield. Commercially available (+) a-lipoic acid
5-S H 2 NH was treated with N-hydroxysuccinimide in tetrahydrofuran
ADM 08 N= (THF) and in the presence of dicyclohexylcarbodiimide
- (DCC) to give the reactive lipoic derivative 1'¢ which, after
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Figure 1. (A) Dose—response curve for the inhibition of 100 M AITC-induced currents by ADM_09 and ADM_12. (B) Dose—response curve for
the inhibition of 30 uM menthol-induced currents by ADM_09 and ADM_12. (C, D) Representative I—V traces of whole-cell currents through
TRPA1-CHO transfected cells obtained with voltage ramps from —100 to +100 mV, activated by allyl isothiocyanate (AITC; 100 zM), followed by
ADM_12 (15 uM) (C) or ADM_09 (30 uM) (D). (E) Representative time courses of whole-cell currents through TRPA1-CHO transfected cells
measured at membrane potential of +50 mV (black curve) and —50 mV (gray curve), during administration of AITC and ADM_12 at the indicated
concentrations and time intervals (see Supporting Information, ref S6). (F) t5, for ADM_09 and ADM_12, after TRPALI activation by AITC (25

uM) or menthol (30 uM). **p < 0.05, *p < 0.005.
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Figure 2. (A, B) Representative time courses of whole-cell currents through TRPV1-CHO transfected cells measured at membrane potential of +50
mV (black curve) and —S0 mV (gray curve), activated by CAP (100 nM) and ADM_12 (1S uM), and CAP (100 nM) and ADM_09 (30 uM),
respectively. (C, D) Pooled data of whole-cell currents through CHO cells expressing TRPV1 (CHO-TRPV1) or CHO cells coexpressing TRPA1/
TRPV1 channels (CHO-TRPA1/TRPV1) evoked by CAP, ADM 12, and CAP + ADM 12 (C) or CAP, ADM 09, and CAP + ADM_09 (D).
Each column represents mean + SEM of n > § cells. ***p < 0.001 vervus CAP (unpaired Student’s ¢ test).

obtained for ADM 09 and ADM 12, after activation of
TRPAI by AITC, were 132 + 0.5 yM and 82 + 0.8 uM,
respectively (Figure 1, A). The ICS0 value for the inhibition of
30 uM menthol-induced currents were 10.3 + 1.7 uM for
ADM_09 and 7.3 = 2.1 uM for ADM_12 (Figure 1, B). This
means that ADM_12 is a more effective TRPAI antagonist
than ADM_09.

Of note, once activated, the time required to block 50% of
the activity of TRPA1 channel (t;,) depended on the agonist
used (AITC or menthol) as well as on the antagonist tested
(ADM_09 or ADM_12) (see Figure 1F). A certain variability
from cell to cell was observed for the kinetics of TRPAl
blockage which was likely due to possible differences in the
patch size or geometries; nonetheless, we can reasonably
conclude that ADM 12 blocks the TRPA1 channels faster than
ADM_09.

Since TRPAI channels coexist in TG somatosensory neurons
with other TRP channels (see above), we explored the effect of
ADM 09 and ADM_12 on TRPVI1, TRPMS, and TRPV4
channels as well. Whole-cell patch clamp data showed that
ADM 9 and ADM 12 have no effect on CHO cells expressing-
TRPMS8 channel, activated by menthol (100 uM; see
Supporting Information Figure S1A, B), and a very small
modulatory effect on CHO cells expressing-TRPV4 channel,
activated by the specific agonist GSK1016790A (100 nM; see
Supporting Information Figure S1C, D). Only data related to
ADM 12 are shown.

On the contrary, both ADM 09 and ADM 12 elicited
outward and inward currents in TRPV1 channels, which were
blocked by the TRPV1 antagonist BCTC'” (500 nM) (Figure
2A, B). Furthermore, as there is evidence for a TRPV1-TRPALI
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interlink in the generation of pain and neurogenic inflamma-
tion," we tested the effect of ADM_09 and ADM 12 on
TRPA1/TRPV1-coexpressing cells. Interestingly, we observed
that both ADM_09 and ADM_ 12 behave as dual TRPAI and
TRPV1 antagonists; indeed, they do block the current elicited
by the TRPAI agonist AITC, and by capsaicin (CAP), a
specific TRPV1 agonist (Figure 2C, D).

Finally, we evaluated the effect of ADM 09 and ADM_12 on
rat TG neurons, fully confirming the results obtained with
transfected cells. As expected, capsaicin-sensitive TG neurons
expressing TRPV1, but not TRPAI channels," are activated by
both ADM 09 and ADM 12 (see Supporting Information
Figure S2). Noteworthy, the two compounds blocked currents
induced by AITC or capsaicin in neurons coexpressing TRPAI
and TRPV], acting as antagonists of both channels (Figure 3).

Recent investigations on TRPAL/TRPV1 expressed on
heterologous systems*® or trigeminal neurons”' suggested
that the two channels could form heteromultimeric complexes.
Keeping this in mind, on the basis of our data, we might
hypothize that ADM_09 and ADM 12 likely act as modulators
of a TRPA1/TRPV1 heterodimer. In fact, only in the presence
of both the ion channels, ADM_09 and ADM_12 are capable
to block AITC and capsaicin-elicited currents. Conversely, if
only TRPALI channel is expressed, ADM 09 and ADM 12 are
able to block MO- and menthol-activated TRPA1 current, thus
acting as a TRPAI antagonist with different affinities; if only
TRPV1 channel is expressed, the two lipoic derivatives act as
TRPV1 agonists.

The toxicity of ADM 12 was assessed in a 300—3000 mg/kg
dose range. Measures of neurological and motor functions were
evaluated over time after per os administration (see Supporting
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Figure 3. (A, B) Representative whole-cell current traces recorded at —60 mV, through CAP and AITC-sensitive rat TG neurons, activated by
application of AITC 25 M and capsaicin 100 nM, followed by the blocking effect of 15 uM ADM_12 (A) and 30 uM ADM_09 (B). (C) Pooled
data of whole-cell currents through CAP/AITC-sensitive TG neurons evoked by CAP (100 nM), AITC (25 uM), CAP + ADM_12 (15 uM), AITC
+ADM_12 (1S uM). (D) Pooled data of whole-cell currents through CAP/AIT C-sensitive TG neurons evoked by CAP (100 nM), AITC (25 uM),
CAP + ADM_09 (30 uM), AITC + ADM_09 (30 uM). Each column represents mean + SEM of n > 5 cells. ***p < 0.001 versus CAP, **p < 0.01

versus AITC, %%

'p < 0.001 versus CAP, #p < 0,001 versus AITC (unpaired Student’s t test).

Information text and Table S1 for details). Data obtained
suggested 1000 mg/kg as the maximum nontoxic dose. This is
30-fold higher than the minimum active pain-relieving dose
(see below). When ADM 12 was administered at the
antiallodynic dosage (30 mg/kg p.o.) daily for 14 days,
neurological and motor functions were not altered.

The recent United States Food and Drug Administration
recommendation has pointed out the possible unrecognized
potential of analgesics (opioid or nonopioid) to prolong the
QT interval and to the importance to include the hERG assay
in the early stage of drug-discovery process.”® For this reason,
cardiotoxicity of ADM_12 (and of ADM_09 as a comparison)
was assessed by patch-clamp experiments, recording whole-cell
currents through HEK293 cells expressing hERG channels (see
Supporting Information text and Figure S3). Remarkably, both
ADM 09 and ADM_12 showed no inhibitory effects on the
hERG channel activity at concentration up to 1 mM,
demonstrating no overt cardiotoxicity.

The antiallodynic effect of ADM_09 and ADM_ 12 was next
investigated in vivo. Animals subjected to TG inflammatory
sensitization (9 per group; see the Supporting Information)
were treated with a single dose of ADM_09 or ADM_12 (30
mg/kg) by gavage, and the evolution of mechanical allodynia
evaluated thereafter. As expected, 24 h after CFA injection, a
significant reduction in the head withdrawal threshold was
observed in all animals ipsilaterally to the injection side, and
this was maintained up to 72 h after CFA injection in vehicle-
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treated animals (CMC; Figure 4A). Administration of
ADM 09 or ADM 12 attenuated facial allodynia with a
significant increase in the head withdrawal threshold at 24, 48,
and 72 h post CFA injection. A lower effect was observed after
administration of ADM_09, further confirming our in vitro
results. The development of facial allodynia was accompanied
by satellite glial cell (SGCs) activation in the ipsilateral TG as
evident by a significant up-regulation of glial fibrillar acidic
proteic (GFAP) (Figure 4B). Either ADM 09 or ADM 12
administration did not alter SGC activation despite the
observed reduction in mechanical allodynia (Figure 4C).
These data indicate that the biological target(s) of ADM_09
and ADM_ 12 are not expressed by SGCs. Instead, based on the
in vitro data, we demonstrated for the very first time that both
TRPAI and TRPV1 channels are involved in the development
of mechanical allodynia and facial pain associated with
inflammatory TG sensitization, either alone or combined in
heteromeric form.”"** Recently, by employing the same
experimental model described in Figure 4, a critical role for
TRPV4 channels expressed by TG sensory neurons was
incidentally demonstrated in pain,>® whereas a possible role
played by other members of the TRP family of receptors was
not ascertained.

Concluding, we synthesized a nontoxic, structurally simple
lipoic derivative, named ADM 12, able to revert inflammatory
TG allodynia, a widespread painful condition lacking effective
and safe pharmacological treatments. Unprecedentedly, our
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Figure 4. (A) von Frey test performed before CFA injection (PRE) 24
h later (CFA) and 30 min, 24 h, and 48 h (corresponding to 24 h, 48
h, and 72 h post CFA injection, respectively) after the pharmacological
treatment. The mean head withdrawal threshold force, in grams (g), at
the ipsilateral vibrissae pad side is shown. Y-axis = log), scale. Values
are the mean + SEM of 6 rats (CMC), 10 rats (ADM_ 09, 30 mg/kg),
9 rats (ADM_12, 30 mg/kg), from 3 independent experiments. (B)
Densitometric analysis of GFAP protein bands at 72 h post-CFA
injection, normalized for f-actin, and expressed as fold over
corresponding contra (CON) value set to 1. Values are the mean +
SEM of 6 (CMC), 9 (ADM_09 30 mg/kg), and 8 rats (ADM_12, 30
mg/kg) from 3 independent experiments. *p < 0.0S, **p < 0.01 with
respect to CON; unpaired Student’s t test. (C) Representative
Western blotting experiment. $-Actin is used as an internal loading
control.

data highlighting the involvement of TRPAI and TRPVI1
channels in orofacial pain open the way for the discovery or
development of effective drugs to treat inflammatory TG
allodynia. Altogether our data also suggest an intriguing
physiological role of TRPV1 channels as well as an interesting
mode of action of ADM_12 as its modulator. These data
extend our previous results, demonstrating the efficacy of
lipoic-containin% molecules against chemotherapy-induced
neuropatic pain."® Mechanistic models for a deeper elucidation
of the interaction of ADM 09 and ADM 12 with TRP
channels are under evaluation.

B ASSOCIATED CONTENT
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Synthesis of ADM 12, details concerning cell cultures, animals,
“in vivo” and “in vitro” tests, patch-clamp experiments on
TRPMS cells, TG neurons, and hERG-HEK293 cells, 'H and
3C spectra of ADM_12. This material is available free of charge
via the Internet at http://pubs.acs.org.
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