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Transient Receptor Potential Vanilloid 1 and Ankyrin 1 (TRPV1, TRPA1) cation channels
are expressed in nociceptive primary sensory neurons, and play an integrative role
in pain processing and inflammatory functions. Lipid rafts are liquid-ordered plasma
membrane microdomains rich in cholesterol, sphingomyelin, and gangliosides. We
earlier proved that lipid raft disintegration by cholesterol depletion using a novel
carboxamido-steroid compound (C1) and methyl B-cyclodextrin (MCD) significantly and
concentration-dependently inhibit TRPV1 and TRPA1 activation in primary sensory
neurons and receptor-expressing cell lines. Here we investigated the effects of C1
compared to MCD in mouse pain models of different mechanisms. Both C1 and
MCD significantly decreased the number of the TRPV1 activation (capsaicin)-induced
nocifensive eye-wiping movements in the first hour by 45% and 32%, respectively,
and C1 also in the second hour by 26%. Furthermore, C1 significantly decreased
the TRPV1 stimulation (resiniferatoxin)-evoked mechanical hyperalgesia involving central
sensitization processes, while its inhibitory effect on thermal allodynia was not
statistically significant. In contrast, MCD did not affect these resiniferatoxin-evoked
nocifensive responses. Both C1 and MCD had inhibitory action on TRPA1 activation
(formalin)-induced acute nocifensive reactions (paw liftings, lickings, holdings, and
shakings) in the second, neurogenic inflammatory phase by 36% and 51%, respectively.
These are the first in vivo data showing that our novel lipid raft disruptor carboxamido-
steroid compound exerts antinociceptive and antihyperalgesic effects by inhibiting
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TRPV1 and TRPA1 ion channel activation similarly to MCD, but in 150-fold lower
concentrations. It is concluded that C1 is a useful experimental tool to investigate the
effects of cholesterol depletion in animal models, and it also might open novel analgesic
drug developmental perspectives.

Keywords: inflammation, lipid rafts, methyl p-cyclodextrin, nerve terminal, pain, sensory neuron, steroid,

Transient Receptor Potential channel

INTRODUCTION

Transient Receptor Potential (TRP) Vanilloid 1 and Ankyrin 1
(TRPV1 and TRPAI) cation channels are multisteric receptors
activated by a variety of inflammatory mediators and tissue
irritants, temperature changes and mechanical stimuli besides
the classical exogenous agonists such as capsaicin (CAPS),
resiniferatoxin (RTX) and formaldehyde, allyl-isothiocyanate (in
mustard oil), respectively (McKemy et al., 2002; Peier et al.,
2002; Reid and Flonta, 2002; Grimm et al., 2003, 2005; Lee
et al., 2003; Bandell et al, 2004; Corey et al, 2004; Jordt
et al., 2004; Macpherson et al., 2005, 2007; McNamara et al.,
2007; Trevisani et al., 2007; Wagner et al., 2008; Majeed et al,,
2010; Vilceanu and Stucky, 2010; Vriens et al., 2011, 2014;
Bautista et al., 2013; Drews et al, 2014; Oberwinkler and
Philipp, 2014). TRPV1 and TRPA1 are often co-localized on
the CAPS-sensitive peptidergic sensory neurons and play key
regulatory roles in pain and inflammation (Szolcsdnyi, 2004;
Salas et al, 2009). Pro-inflammatory neuropeptides such as
Substance P and calcitonin gene-related peptide released from the
activated CAPS-sensitive sensory nerve fibers evoke vasodilation,
plasma protein extravasation and inflammatory cells activation
in the innervated area called neurogenic inflammation, as
well as nociceptor sensitization (Helyes et al., 2003a, 2009;
Szolcsanyi, 2004). Therefore, both TRPV1 and TRPA1 have
been in the focus of analgesic and anti-inflammatory drug
development, especially for the treatment of chronic neuropathic
pain and inflammatory diseases with neurogenic inflammatory
components (chronic obstructive pulmonary diseases, psoriasis,
arthritis, inflammatory bowel diseases) (Moran et al, 2011;
Kaneko and Szallasi, 2014; Nilius and Szallasi, 2014). The
presently available drugs do not provide satisfactory pain
relief in most cases or induce severe side effects after long-
term use (Botz et al, 2017). Great efforts have been put
into the development of TRPV1 antagonists which proved
to be very effective in both preclinical and phase II and
II clinical trials, but due to their hyperthermic side effects
they could not be registered in the clinical practice (Helyes
et al., 2003b; Lee et al., 2015). TRPA1 is also considered to

Abbreviations: C1, carboxamido-steroid compound; CAPS, capsaicin;
CRAC, Cholesterol Recognition/interaction Amino acid Consensus; DHEA,
dehydroepiandrosterone; DRG, dorsal root ganglion; E2, 17-p estradiol; MCD,
methyl B-cyclodextrin; PGE2, prostaglandin E2; PI(4,5)P2, phosphatidylinositol
4,5-bisphosphate; PS, pregnenolone sulfate;, RAMEB, random methylated
B-cyclodextrins; RTX, resiniferatoxin; TrkA, tropomyosin-related kinase A; TRP,
Transient Receptor Potential; TRPA1, Transient Receptor Potential Ankyrin 1;
TRPCS5, Transient Receptor Potential Canonical 5; TRPM3, Transient Receptor
Potential Melastatin 3; TRPMS8, Transient Receptor Potential Melastatin 8;
TRPV1, Transient Receptor Potential Vanilloid 1.

be a promising analgesic target based on experimental and
human studies which seem to be free of severe side effects
(Romanovsky et al., 2009; Botz et al., 2017). These data clearly
suggest the drug developmental potential of TRPV1 and TRPA1
blockade, therefore alternative mechanisms in addition to the
direct antagonism have been proposed as promising inhibitors
options (Ferrari and Levine, 2015; Saghy et al, 2015, 2018;
Lin et al., 2019).

Recent results of extensive lipid raft research in the last
two decades have had a great impact on cell biology and
pharmacology. Lipid rafts are specialized microdomains in
the plasma membrane rich in cholesterol, sphingomyelins and
gangliosides (Simons and Ikonen, 1997). Several receptors, ion
channels and signaling molecules including TRPV1 and TRPA1
ion channels are located in lipid rafts and disruption of these
membrane regions affects their functions (Liu et al, 2006;
Morenilla-Palao et al., 2009; Széke et al,, 2010; Saghy et al.,
2015). However, data are controversial about the outcomes of
lipid raft modulation on TRP channels. Although several in vitro
data show that lipid raft decomposition inhibits TRP channel
opening, there are only two recent in vivo evidence. Methyl
B-cyclodextrin (MCD)-induced membrane cholesterol depletion
led to antinociception in the RTX-evoked mononeuropathy
model via phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)
hydrolysis (Lin et al., 2019) and significantly attenuated the
prostaglandin E2 (PGE2)-evoked mechanical hyperalgesia in rats
(Ferrari and Levine, 2015).

Several endogenous steroids have been described to inhibit
TRPV1. Dehydroepiandrosterone (DHEA) is able to decrease
CAPS-evoked currents in primary sensory neurons (Chen
et al., 2004). However, it is not clear if DHEA bind directly
to the CAPS-binding domain or it is an allosteric modulator
of TRPV1. The neurosteroid pregnenolone sulfate (PS) has a
variety of neuropharmacological actions including glycinergic
synaptic transmission in the pain pathway. PS, pregnanolone,
pregnanolone sulfate, progesterone or dihydrotestosterone
administration in extracellular way significantly inhibited TRP
Canonical 5 (TRPC5) channel activation within 1-2 min,
17B-estradiol (E2) and dehydroepiandrosterone sulfate had
weak inhibitory effects. TRPC5 channels are able to direct
stereo-selective steroid modulation quickly, and it is lead to
channel inhibition (Majeed et al., 2011). We published earlier
that our novel synthetic carboxamido-steroid compound (Cl1)
decreased activation of TRP channels located on primary
sensory neurons, such as TRPV1, TRPA1l, TRP Melastatin
3 (TRPM3), and TRP Melastatin 8 (TRPMS). Furthermore,
we provided the first evidence and the presence and the
position of the carboxamido group was important for this
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action mediated by cholesterol depletion from the plasma
membrane. This effect was similar to that of MCD, but in a
much lower, 1000-fold concentration (Szanti-Pintér et al., 2015;
Saghy et al., 2018).

Based on these data obtained on primary sensory neuronal
cultures here we investigated the effects of C1 compound in
mouse pain models of different mechanisms related to TRPV1
and TRPA1 activation in comparison with MCD.

MATERIALS AND METHODS

Animals and Ethics

Twelve to sixteen week-old male C57BL/6 mice were used to
test CAPS-evoked nocifensive reactions, and NMRI mice of the
same age and sex in the formalin-, and RTX-induced models. The
animals were kept in standard plastic cages at 24-25°C, under
a 12-12 h light-dark cycle and provided with standard rodent
chow and water ad libitum in the Laboratory Animal House
of the Department of Pharmacology and Pharmacotherapy,
University of Pécs. All experimental procedures were carried out
according to the 1998/XXVIII Act of the Hungarian Parliament
on Animal Protection and Consideration Decree of Scientific
Procedures of Animal Experiments (243/1988). The studies
were approved by the Ethics Committee on Animal Research
of Pécs University according to the Ethical Codex of Animal
Experiments and license was given (license No.: BAI/35/702-
6/2018.).

Synthesis of Steroid Compound C1

The steroid compound Cl1 was synthesized by a method,
which was described earlier in details (Horvath et al., 2011;
Szanti-Pintér et al., 2011, 2015). In brief, the 16-keto-18-nor-
13a-steroid was obtained via an unusual Wagner-Meerwein
rearrangement of 16a,,17a-epoxy-5a-androstane in the presence
of an imidazolium-based ionic liquid (Horvéath et al., 2011).
The derivatization of the unnatural steroid was performed
by Barton’s methodology leading to an iodoalkene mixture
(Szanti-Pintér et al, 2015). The iodoalkene mixture was
converted to N-(prop-2-ynyl)-carboxamides via a palladium-
catalyzed aminocarbonylation reaction and after a column
chromatography, C1 was obtained in pure form.

CAPS-Evoked Acute Chemonocifensive

Reaction

The effects of C1 and MCD compared to the saline control were
investigated on acute chemonociception, 30 pg/ml CAPS (20 pl)
was instilled in the right eye of the mice. Local pretreatments
(20 1) with 100 M C1 or 15 mM MCD were performed 30 min
before the test. CAPS-induced eye-wiping movements with the
forelegs were counted during 1 min, as previously described
(Szolesanyi et al., 1975; Szoke et al., 2002). We counted only
the one-leg movements, washing- or other two-hand movements
were excluded. CAPS instillation was repeated 2 and 3 h after its
first administration.

RTX-Induced Thermal Allodynia and

Mechanical Hyperalgesia

Resiniferatoxin (0.1 pg/ml, 20 pl, ultrapotent TRPV1 agonist)
was injected intraplantarly into right hindpaws. RTX induces
an acute neurogenic inflammation with rapid development of
thermal allodynia due to peripheral sensitization, and later
mechanical hyperalgesia due to both peripheral and central
mechanisms (Meyer and Campbell, 1981; Pan et al., 2003).
Control thermo- and mechanonociceptive thresholds were
measured on two consecutive days before the experiment,
which were used for self-control comparisons. Intraplantar
pretreatments (20 pl) with 100 wM or 500 uM C1 and 15 mM
MCD were performed 30 min before the RTX administration,
which evokes a short acute nocifensive reaction of paw licking,
biting, lifting or shaking. The thermonociceptive threshold
was measured by an increasing temperature Hot Plate (IITC
Life Science, Woodland Hills, CA, United States) 10, 20, and
30 min after RTX injection, and the mechanical hyperalgesia
was investigated by Dynamic Plantar Aesthesiometer (DPA, Ugo
Basile, Italy) 30, 60, and 90 min after RTX administration,
as described earlier (Almasi et al,, 2003; Payrits et al., 2017;
Kéntés et al., 2019).

Formalin-Evoked Acute Nocifensive

Behavior

Intraplantarly injected formalin (20 wl, 2.5%) immediately
induced nocifensive reactions. The duration of hindpaw licking,
lifting, shaking and holding in an elevated position were
measured between 0 and 5 min (first phase). It is related to
direct chemical stimulation of nociceptors mainly via the TRPA1
receptor. After a resting period (ca. 10-15 min), the duration
of the nocifensive behaviors was measured between 20 and
45 min (second phase). This is due to neurogenic inflammatory
mechanisms (Tjolsen et al,, 1992). Intraplantar pretreatments
(20 1) with 100 wM C1 or 15 mM MCD were performed 30 min
before formalin administration.

Drugs and Chemicals

Methyl B-cyclodextrin (Sigma, St. Louis, MO, United States)
was dissolved in saline to reach final concentration of 15 mM
(500 mg/kg). C1 was dissolved in dimethyl sulfoxide to obtain
a 10 mM stock solution. Further dilution was made with saline
to reach final concentrations of 100 WM (850 pg/kg) or 500 wM
(4.25 mg/kg). CAPS from Sigma was diluted with saline from
a 10 mg/ml stock solution of 10% ethanol, 10% Tween 80 in
saline to reach final concentration of 30 pg/ml. RTX (Sigma) was
dissolved in ethanol to yield a 1 mg/ml stock solution, and further
diluted with saline to reach final concentration of 0.1 pg/ml
Formalin was diluted with phosphate-buffered saline from a 6%
formaldehyde stock solution (Molar Inc., Hungary).

Statistical Analysis

All data are the means & SEM of six animals per group in
the CAPS-evoked eye wiping test and formalin test, and 12-
20 animals per group in the RTX-induced thermal allodynia
and mechanical hyperalgesia model. Statistical analysis was
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performed by Two-way ANOVA followed by Bonferroni’s
multiple comparisons post hoc test, in all cases p < 0.05 was
considered statistically significant.

RESULTS

C1 and MCD Reduce the Number of

CAPS-Evoked Eye-Wiping Movements

The number of CAPS-evoked eye-wipings in the 1st, 2nd, and
3rd h in the saline-pretreated group were 42.0 £ 1.9; 33.7 £ 1.8;
28.0 £ 3.3, respectively. In contrast, the corresponding values in
the Cl-pretreated group were: 23.0 & 4.2; 23.0 & 3.8; 23.7 & 3.5
(Figure 1A). In case of MCD pretreatment, the number of CAPS-
evoked wiping in the saline-pretreated control animals were
32.2£3.9;27.2 £ 2.1 and 26.5 & 2.2 after 1st, 2nd, and 3rd CAPS
instillation. MCD-pretreated animals showed less of eye-wipings
with the following results: 23.8 £ 2.7; 24.2 &+ 3.3; 22.7 £ 2.7
(Figure 1B).

In both cases slightly decreasing response to CAPS was
observed due to CAPS-evoked desensitization of the TRPV1
receptor. C1 significantly and gradually decreased the number
of eye-wipings both in the 1st and 2nd h, while MCD exerted
significant effect only in the Ist h.

C1 and MCD Do Not Influence
RTX-Induced Thermal Allodynia

The baseline heat threshold values of untreated mice were
between 44°C and 49°C. RTX-induced 9.5-16.3 + 2.3-3.1%;
9.1-9.6 &+ 2.3-3.2% and 4.3-5.3 & 1.4-1.6% (39.0-41.9 + 1.1-
1.5°C; 41.8-42.3 + 0.8-1.4°C; 43.9-44.5 £ 0.6-1.0°C) drop of
the thermonociceptive threshold 10, 20, and 30 min after its
intraplantar injection in the saline-pretreated control groups.
The corresponding values were 11.6 £ 2.3% (40.7 £ 1.1°C);
3.3+ 1.6% (43.9 +0.9°C); 3.8 £ 1.6% (47.0 = 0.5°C) for 100 uM
Cl, 145 + 1.8% (39.7 £ 0.9°C); 6.6 &= 1.4 (43.3 £ 0.6°C);
0.3 + 1.7% (46.5 £ 0.6°C) for 500 puM CI and 8.3 + 2.0%
(424 + 1.0°C); 7.8 + 0.9% (42.6 + 0.3°C); 58 + 2.1%
(43.5 £ 1.2°C) for 15 mM MCD.

Neither C1 nor MCD altered the RTX-induced thermal
allodynia (Figures 2A,B).

C1 Diminishes RTX-Induced Mechanical
Hyperalgesia

The basal mechanonociceptive thresholds of the intact mouse
paw were between 8 and 10 g RTX-evoked drop of the
mechanonociceptive threshold values were 43.9-44.5 + 3.2-
6.2%; 37.3-37.9 £ 3.9-8.1% and 26.9-39.5 £ 3.0-4.2% (5.0-
54 £ 0.3-0.6 g; 56-6.0 = 0.4-0.7 g 55-7.0 & 0.2-0.4 g)
30, 60, and 90 min after the injection in the saline pretreated
control groups. The corresponding values were 30.0 = 5.2%
(6.5+0.42);20.1 +£5.0% (7.4 +0.4¢);10.4 £4.8% (8.3 +0.4¢g)
for 100 pM C1, 19.0 £ 3.1% (7.8 £ 0.3 g); 16.6 = 2.9%
(8.0 £ 0.3 g); 14.3 & 3.0% (8.2 & 0.8 g) for 500 uM C1 and
36.6 £6.4% (54 £0.5¢);43.4 £3.4% (4.9 £0.3g);29.7 £ 6.4%
(6.0 £ 0.5 g) for 15 mM MCD.

Both 100 wM and 500 wM of C1 alleviated the RTX-induced
mechanical hyperalgesia, but MCD had no effect (Figures 3A,B).

C1 and MCD Alleviate Formalin-Evoked
Acute Nocifensive Behaviors

The durations of formalin-evoked acute nocifensive behaviors
in the saline-pretreated control group were 179.5 & 16.0 s and
331.5 £ 45.0 s in the first and second phases, respectively. In
the C1 pretreated animals these values were 144.2 4+ 18.5 s and
212.2 £ 31.5 s (Figure 4A). In case of MCD pretreatment, the
nocifensive behaviors durations in the saline control group were
173.9 £ 17.6 s and 330.5 & 49.2 s in the two phases, respectively.
Compared to the MCD-pretreated group, the corresponding
values were 155.9 &£ 5.1 s and 163.2 & 31.3 s (Figure 4B).

Neither C1 nor MCD modified the nocifensive behaviors
in the first phase related to direct chemical activation of
TRPAL1 receptors, but both compounds significantly decreased
the pain reactions in the second phase resulting from acute
neurogenic inflammation.

DISCUSSION

We present here the analgesic effect of lipid raft decomposition
depleting cholesterol by Cl and MCD (Szanti-Pintér
et al, 2015; Sdghy et al, 2018). We demonstrated that
Cl and MCD diminished TRPV1 and TRPA1 activation-
induced acute nocifensive behaviors, furthermore, Cl1
inhibited the development of TRPV1 stimulation-evoked
mechanical hyperalgesia.

Both C1 and MCD significantly diminished the number
of CAPS instillation-induced eye-wiping movements in the
Ist h by 45 and 32%, respectively, and Cl also in the
2nd h by 26%. We observed a slightly decreasing response
in the 2nd and 3rd h to CAPS due to desensitization
of TRPV1 receptor (Sharma et al., 2013). Furthermore, Cl
significantly decreased RTX-induced mechanical hyperalgesia
involving central sensitization processes as well, while its
inhibitory effect on thermal allodynia induced predominantly
by peripheral sensitization mechanisms (Pan et al., 2003) was
not statistically significant. In contrast MCD did not affect
these RTX-induced nocifensive responses. Both compounds
had inhibitory action on formalin-evoked acute neurogenic
inflammatory nocifensive reactions (paw liftings, lickings,
holdings, and shakings) in the second, neurogenic inflammatory
phase by 36 and 51%, respectively.

These novel in vivo results are well supported by our previous
in vitro findings showing that C1 and MCD significantly and
concentration-dependently inhibit TRPV1 and TRPAI receptor
activation both on primary sensory neuronal cultures and
receptor-expressing cell line (Széke et al., 2010; Szanti-Pintér
et al, 2015; Saghy et al, 2015, 2018). We have previously
proved by filipin staining and fluorescence spectroscopy
that C1 similarly to MCD depleted cholesterol from the
plasma membrane of sensory neurons, and therefore, they
are both considered to be lipid raft disruptors (Saghy et al,
2018). Furthermore, we described that the presence and the
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eye-wipings. Data are means + SEM of n = 6 animals/group. Two-way ANOVA with Bonferroni post hoc test was used for statistical analysis (*p < 0.05;
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position of the carboxamido group on the steroidal skeleton
are substantial for TRP channel inhibition. The importance
of stereoselectivity was emphasized for the inhibitory effects
of steroids on the TRPC5 cation channel. Progesterone and

pregnanolone diminished TRPC5 channel function, while
the stereo-isomer of pregnanolone, pregnenolone and a
progesterone metabolite allopregnanolone had no inhibitory
effects. It is suggested, that stereo-isomerism due to a minimal
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structural change might be sufficient to alter the biological effect
(Majeed et al., 2011). CAPS-induced currents in sensory neurons
were decreased by DHEA, but the molecular mechanism is
unclear. Although the authors suggested its direct effects on
the CAPS-binding domain or an allosteric modulation its
action on the lipid rafts surrounding the TRPV1 is also possible
(Chen et al,, 2004). In a previous study we demonstrated that
E2 incubation anticipated the TRPV1 desensitization via the
tropomyosin-related kinase A (TrkA) receptor. We provided
in vivo and in vitro evidence for E2-induced TRPV1 receptor
sensitization mediated by TrkA via E2-evoked genomic and
non-genomic mechanisms (Payrits et al., 2017). Cholesterol
depletion by MCD decreased the CAPS-evoked currents in
dorsal root ganglion (DRG) primary sensory neurons (Liu et al,,
2006). In contrast, MCD did not influence the heat-evoked
responses on TRPVI1-transfected Xenopus laevis oocytes (Liu
et al., 2003) or *H-RTX binding to TRPV1 receptors on rat
C6 glioma cells (Bari et al., 2005). Cholesterol enrichment in
isolated membrane segments can modulate the temperature
threshold for TRPV1 activation through specific Cholesterol
Recognition/interaction Amino acid Consensus (CRAC)
motifs (Morales-Ldzaro and Rosenbaum, 2019). Increased
membrane cholesterol, but not its diastereoisomer epicholesterol
addition, inhibited CAPS-, heat- and voltage-induced TRPV1
currents (Picazo-Judrez et al., 2011). These results were also
supported by structural studies of CRACs (Levitan et al., 2014;
Saha et al., 2017).

Although there are several in vitro evidence that lipid raft
disruption affected TRP channel activation (Széke et al., 2010;
Séghy et al., 2015), there are only sporadic, recent in vivo reports.
MCD-related cholesterol depletion induced antinociception in
RTX-induced mononeuropathy through PI(4,5)P2 hydrolysis
in mice (Lin et al, 2019). Intraplantar injection of MCD
attenuated the PGE2-, but not cyclopentyladenosine-evoked
mechanical hyperalgesia. It is suggest that the development
of PGE2-evoked hyperalgesia is closely related to lipid raft
integrity (Ferrari and Levine, 2015). Both local and systemic
administration of random methylated B-cyclodextrins (RAMEB)
attenuated complete Freund’s adjuvant-induced thermal
allodynia and mechanical hyperalgesia in rats. RAMEB might

capture the prostaglandin content and then decrease the
inflammatory pain which might be a novel anti-inflammatory
and analgesic tool (Sauer et al,, 2017). Intraplantar injection
of another components of lipid rafts, the ganglioside GT1b,
produced nociceptive responses and enhanced formalin-induced
nocifensive reactions. On the other hand, intraplantar injection
of sialidase, which cleaves sialyl residues from gangliosides,
attenuated these responses (Watanabe et al, 2011; Séntha
et al., 2020). The flavanone isosakuranetin blocked PS-induced
Ca**-influx in DRG neurons and significantly attenuated
the noxious heat- and PS-induced pain sensation in mice
(Straub et al., 2013).

The present in vivo data provide the first evidence that
the novel C1 compound modifying lipid rafts surrounding the
TRPV1 and TRPA1 ion channels exerts antinociceptive and
antihyperalgesic effects. The maximal inhibitory effect observed
in both TRPV1 and TRPA1l activation-induced nocifensive
tests were similar to that of MCD, but in 150-fold lower
concentrations. Furthermore, C1 proved to be effective also on
RTX-evoked mechanical hyperalgesia that was not affected by
MCD. However, despite the well-established lipid rafts disrupting
abilities of both C1 and MCD (Széke et al., 2010; Séghy et al.,
2015, 2018), their direct inhibitory actions on the TRPV1 and
TRPAL1 ion channel activation cannot be excluded.

We conclude that the novel Cl1 compound is a useful
experimental tool to investigate the effects of cholesterol
depletion in animal models, and it also might open novel
opportunities for analgesic drug development.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee on Animal Research, University of Pécs.

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 559109


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Horvath et al.

Carboxamido-Steroid Exerts Antinociceptive Effect

AUTHOR CONTRIBUTIONS

ES and ]Sz contributed to the conceptualization. MP, AH, BK,
TB-S, ESP, and RS-F contributed to the methodology. AH and
TB-S contributed to the formal analysis, writing - original
draft preparation, visualization, and project administration. AH,
BK, TB-S, and MP contributed to the investigation. ZH and
ES contributed to the resources, writing — review and editing,
supervision, and funding acquisition. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Brain Research
Program 2017-1.2.1-NKP  -2017-00002 (NAP-2; Chronic
Pain Research Group), the Hungarian National Research,

Development and Innovation Office (OTKA K120014),
Hungarian National Grants GINOP-2.3.2-15-2016-00050,
REFERENCES

Almési, R., Pethd, G., Bolcskei, K., and Szolcsanyi, J. (2003). Effect of resiniferatoxin
on the noxious heat threshold temperature in the rat: a novel heat allodynia
model sensitive to analgesics. Br. J. Pharmacol. 139, 49-58. doi: 10.1038/sj.bjp.
0705234

Bandell, M, Story, G. M., Hwang, S. W., Viswanath, V., Eid, S. R., Petrus, M. ]., et al.
(2004). Noxious cold ion channel TRPAL is activated by pungent compounds
and bradykinin. Neuron 41, 849-857. doi: 10.1016/S0896-6273(04)00150- 3

Bari, M., Battista, N., Fezza, F., Finazzi-Agro, A., and Maccarrone, M. (2005).
Lipid rafts control signaling of type-1 cannabinoid receptors in neuronal cells:
implications for anandamide-induced apoptosis. J. Biol. Chem. 280, 12212-
12220. doi: 10.1074/jbc.M411642200

Bautista, D. M., Pellegrino, M., and Tsunozaki, M. (2013). TRPALI: a gatekeeper for
inflammation. Annu. Rev. Physiol. 75, 181-200. doi: 10.1146/annurev- physiol-
030212-183811

Botz, B., Bolcskei, K., and Helyes, Z. (2017). Challenges to develop novel anti-
inflammatory and analgesic drugs: novel anti-inflammatory and analgesic
drugs. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 9:e1427. doi: 10.1002/
wnan.1427

Chen, S.-C., Chang, T.-J., and Wu, F.-S. (2004). Competitive inhibition of the
capsaicin receptor-mediated current by dehydroepiandrosterone in rat dorsal
root ganglion neurons. J. Pharmacol. Exp. Ther. 311, 529-536. doi: 10.1124/jpet.
104.069096

Corey, D. P., Garcia-Anoveros, J., Holt, J. R, Kwan, K. Y., Lin, S.-Y., Vollrath,
M. A, etal. (2004). TRPA1 is a candidate for the mechanosensitive transduction
channel of vertebrate hair cells. Nature 432, 723-730. doi: 10.1038/nature
03066

Drews, A., Mohr, F., Rizun, O., Wagner, T. F. J., Dembla, S., Rudolph, S., et al.
(2014). Structural requirements of steroidal agonists of transient receptor
potential melastatin 3 (TRPM3) cation channels: structural requirements
of TRPM3 agonists. Br. J. Pharmacol. 171, 1019-1032. doi: 10.1111/bph.
12521

Ferrari, L. F., and Levine, J. D. (2015). Plasma membrane mechanisms in a
preclinical rat model of chronic pain. J. Pain 16, 60-66. doi: 10.1016/j.jpain.
2014.10.007

Grimm, C., Kraft, R., Sauerbruch, S., Schultz, G., and Harteneck, C. (2003).
Molecular and functional characterization of the melastatin-related cation
channel TRPM3. J. Biol. Chem. 278, 21493-21501. doi: 10.1074/jbc.
M300945200

Grimm, C., Kraft, R., Schultz, G., and Harteneck, C. (2005). Activation of the
melastatin-related cation channel TRPM3 by d- erythro -Sphingosine. Mol.
Pharmacol. 67, 798-805. doi: 10.1124/mol.104.006734

EFOP-3.6.2-16-2017-00006, and EFOP-3.6.2-16-2017-00008),
as well as 17886-4/23018/FEKUTSTRAT excellence grant.
MP was supported by the New National Excellence
Program of the Ministry of Human Capacities UNKP-
18-4, ES by the Jdnos Bolyai Research Scholarship of
the Hungarian Academy of Sciences and by the New
National Excellence Program of the Ministry of Human
Capacities UNKP-18-4, and UNKP-19-4 New National
Excellence Program of the Ministry for Innovation and
Technology grant.

ACKNOWLEDGMENTS

The authors thank Déra Ombéli for her expert technical
assistance, and the Late Prof. Janos Szolcsanyi for his expert
advices during the experimental procedures. Prof. Szolcsanyi
passed away during the course of this study, and this paper is
dedicated to his memory.

Helyes, Z., Németh, J., Than, M., Bolcskei, K., Pintér, E., and Szolcsényi, J.
(2003a). Inhibitory effect of anandamide on resiniferatoxin-induced sensory
neuropeptide release in vivo and neuropathic hyperalgesia in the rat. Life Sci.
73, 2345-2353. doi: 10.1016/S0024-3205(03)00651-9

Helyes, Z., Pinter, E., Nemeth, J., and Szolcsanyi, J. (2003b). Pharmacological
targets for the inhibition of neurogenic inflammation. Curr. Med. Chem. 2,
191-218. doi: 10.2174/1568014033483806

Helyes, Z., Pinter, E., Sandor, K., Elekes, K., Banvolgyi, A., Keszthelyi, D., et al.
(2009). Impaired defense mechanism against inflammation, hyperalgesia, and
airway hyperreactivity in somatostatin 4 receptor gene-deleted mice. Proc. Natl.
Acad. Sci. U.S.A. 106, 13088-13093. doi: 10.1073/pnas.0900681106

Horvath, A. Szgjli, A, Kiss, R, Koéti, J., Mahé, S., and Skoda-Foldes, R.
(2011). Ionic liquid-promoted wagner-meerwein rearrangement of 16a,17a-
Epoxyandrostanes and 16a,17a-Epoxyestranes. J. Org. Chem. 76, 6048-6056.
doi: 10.1021/j02006285

Jordt, S.-E., Bautista, D. M., Chuang, H., McKemy, D. D., Zygmunt, P. M.,
Hogestitt, E. D., et al. (2004). Mustard oils and cannabinoids excite sensory
nerve fibres through the TRP channel ANKTM1. Nature 427, 260-265. doi:
10.1038/nature02282

Kaneko, Y., and Szallasi, A. (2014). Transient receptor potential (TRP) channels:
a clinical perspective: clinical perspective on TRPs. Br. J. Pharmacol. 171,
2474-2507. doi: 10.1111/bph.12414

Kéntas, B., Borzsei, R., Széke, E, Banhegyi, P., Horvath, A, Hunyady, A, et al.
(2019). Novel drug-like somatostatin receptor 4 agonists are potential analgesics
for neuropathic pain. Int. J. Mol. Sci. 20:6245. doi: 10.3390/ijms20246245

Lee, N, Chen, J., Sun, L., Wu, S., Gray, K. R,, Rich, A., et al. (2003). Expression and
characterization of human transient receptor potential melastatin 3 (nTRPM3).
J. Biol. Chem. 278, 20890-20897. doi: 10.1074/jbc.M211232200

Lee, Y., Hong, S., Cui, M., Sharma, P. K., Lee, J., and Choi, S. (2015). Transient
receptor potential vanilloid type 1 antagonists: a patent review (2011 - 2014).
Expert Opin. Ther. Pat. 25,291-318. doi: 10.1517/13543776.2015.1008449

Levitan, I, Singh, D. K., and Rosenhouse-Dantsker, A. (2014). Cholesterol binding
to ion channels. Front. Physiol. 5:65. doi: 10.3389/fphys.2014.00065

Lin, C.-L., Chang, C.-H., Chang, Y.-S., Lu, S.-C., and Hsieh, Y.-L. (2019). Treatment
with methyl-B-cyclodextrin prevents mechanical allodynia in resiniferatoxin
neuropathy in a mouse model. Biol. Open 8:bi0039511. doi: 10.1242/bio.
039511

Liu, B., Hui, K., and Qin, F. (2003). Thermodynamics of heat activation of single
capsaicin ion channels VR1. Biophys. . 85, 2988-3006. doi: 10.1016/S0006-
3495(03)74719-5

Liu, M., Huang, W., Wu, D., and Priestley, J. V. (2006). TRPVI1, but not
P2X 3, requires cholesterol for its function and membrane expression in rat
nociceptors. Eur. J. Neurosci. 24, 1-6. doi: 10.1111/j.1460-9568.2006.04889.x

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 559109


https://doi.org/10.1038/sj.bjp.0705234
https://doi.org/10.1038/sj.bjp.0705234
https://doi.org/10.1016/S0896-6273(04)00150-3
https://doi.org/10.1074/jbc.M411642200
https://doi.org/10.1146/annurev-physiol-030212-183811
https://doi.org/10.1146/annurev-physiol-030212-183811
https://doi.org/10.1002/wnan.1427
https://doi.org/10.1002/wnan.1427
https://doi.org/10.1124/jpet.104.069096
https://doi.org/10.1124/jpet.104.069096
https://doi.org/10.1038/nature03066
https://doi.org/10.1038/nature03066
https://doi.org/10.1111/bph.12521
https://doi.org/10.1111/bph.12521
https://doi.org/10.1016/j.jpain.2014.10.007
https://doi.org/10.1016/j.jpain.2014.10.007
https://doi.org/10.1074/jbc.M300945200
https://doi.org/10.1074/jbc.M300945200
https://doi.org/10.1124/mol.104.006734
https://doi.org/10.1016/S0024-3205(03)00651-9
https://doi.org/10.2174/1568014033483806
https://doi.org/10.1073/pnas.0900681106
https://doi.org/10.1021/jo2006285
https://doi.org/10.1038/nature02282
https://doi.org/10.1038/nature02282
https://doi.org/10.1111/bph.12414
https://doi.org/10.3390/ijms20246245
https://doi.org/10.1074/jbc.M211232200
https://doi.org/10.1517/13543776.2015.1008449
https://doi.org/10.3389/fphys.2014.00065
https://doi.org/10.1242/bio.039511
https://doi.org/10.1242/bio.039511
https://doi.org/10.1016/S0006-3495(03)74719-5
https://doi.org/10.1016/S0006-3495(03)74719-5
https://doi.org/10.1111/j.1460-9568.2006.04889.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Horvath et al.

Carboxamido-Steroid Exerts Antinociceptive Effect

Macpherson, L. J., Dubin, A. E., Evans, M. J., Marr, F., Schultz, P. G., Cravatt,
B. F., et al. (2007). Noxious compounds activate TRPA1 ion channels
through covalent modification of cysteines. Nature 445, 541-545. doi: 10.1038/
nature05544

Macpherson, L. J., Geierstanger, B. H., Viswanath, V., Bandell, M., Eid, S. R,,
Hwang, S., et al. (2005). The pungency of garlic: activation of TRPAI and
TRPV1 in response to Allicin. Curr. Biol. 15, 929-934. doi: 10.1016/j.cub.2005.
04.018

Majeed, Y., Agarwal, A., Naylor, J., Seymour, V., Jiang, S., Muraki, K., et al. (2010).
Cis-isomerism and other chemical requirements of steroidal agonists and
partial agonists acting at TRPM3 channels: TRPM3 steroid stereo-selectivity.
Br. J. Pharmacol. 161, 430-441. doi: 10.1111/j.1476-5381.2010.00892.x

Majeed, Y., Amer, M., Agarwal, A., McKeown, L., Porter, K., O'Regan, D.,
et al. (2011). Stereo-selective inhibition of transient receptor potential TRPC5
cation channels by neuroactive steroids: TRPC5 inhibition by steroids. Br. J.
Pharmacol. 162, 1509-1520. doi: 10.1111/j.1476-5381.2010.01136.x

McKemy, D. D., Neuhausser, W. M., and Julius, D. (2002). Identification of a cold
receptor reveals a general role for TRP channels in thermosensation. Nature
416, 52-58. doi: 10.1038/nature719

McNamara, C. R., Mandel-Brehm, J., Bautista, D. M., Siemens, J., Deranian, K. L.,
Zhao, M., et al. (2007). TRPA1 mediates formalin-induced pain. Proc. Natl.
Acad. Sci. U.S.A. 104, 13525-13530. doi: 10.1073/pnas.0705924104

Meyer, R. A., and Campbell, J. N. (1981). Myelinated nociceptive afferents account
for the hyperalgesia that follows a burn to the hand. Science 213, 1527-1529.
doi: 10.1126/science.7280675

Morales-Lazaro, S. L., and Rosenbaum, T. (2019). “Cholesterol as a key molecule
that regulates TRPV1 channel function,” in Direct Mechanisms in Cholesterol
Modulation of Protein Function Advances in Experimental Medicine and Biology,
eds A. Rosenhouse-Dantsker and A. N. Bukiya (Cham: Springer International
Publishing), 105-117. doi: 10.1007/978-3-030-14265-0_6

Moran, M. M., McAlexander, M. A., Bird, T., and Szallasi, A. (2011). Transient
receptor potential channels as therapeutic targets. Nat. Rev. Drug Discov. 10,
601-620. doi: 10.1038/nrd3456

Morenilla-Palao, C., Pertusa, M., Meseguer, V., Cabedo, H., and Viana, F. (2009).
Lipid raft segregation modulates TRPM8 channel activity. J. Biol. Chem. 284,
9215-9224. doi: 10.1074/jbc.M807228200

Nilius, B., and Szallasi, A. (2014). Transient receptor potential channels as drug
targets: from the science of basic research to the art of medicine. Pharmacol.
Rev. 66, 676-814. doi: 10.1124/pr.113.008268

Oberwinkler, J., and Philipp, S. E. (2014). “TRPM3,” in Mammalian Transient
Receptor Potential (TRP) Cation Channels Handbook of Experimental
Pharmacology, eds B. Nilius and V. Flockerzi (Berlin: Springer Berlin
Heidelberg), 427-459. doi: 10.1007/978-3-642-54215-2_17

Pan, H.-L., Khan, G. M., Alloway, K. D., and Chen, S.-R. (2003). Resiniferatoxin
induces paradoxical changes in thermal and mechanical sensitivities in rats:
mechanism of action. J. Neurosci. 23,2911-2919. doi: 10.1523/JNEUROSCI.23-
07-02911.2003

Payrits, M., Sdghy, E, Cseko, K., Pohéczky, K., Bolcskei, K., Ernszt, D., et al. (2017).
Estradiol sensitizes the transient receptor potential Vanilloid 1 receptor in pain
responses. Endocrinology 158, 3249-3258. doi: 10.1210/en.2017-00101

Peier, A. M., Moqrich, A., Hergarden, A. C,, Reeve, A. J., Andersson, D. A., Story,
G. M., et al. (2002). A TRP channel that senses cold stimuli and menthol. Cell
108, 705-715. doi: 10.1016/S0092-8674(02)00652-9

Picazo-Judrez, G., Romero-Sudrez, S., Nieto-Posadas, A., Llorente, 1., Jara-
Oseguera, A., Briggs, M., et al. (2011). Identification of a binding motif in the
S5 helix that confers cholesterol sensitivity to the TRPV1 ion channel. J. Biol.
Chem. 286, 24966-24976. doi: 10.1074/jbc. M111.237537

Reid, G., and Flonta, M.-L. (2002). Ion channels activated by cold and menthol
in cultured rat dorsal root ganglion neurones. Neurosci. Lett. 324, 164-168.
doi: 10.1016/S0304-3940(02)00181-7

Romanovsky, A. A., Almeida, M. C., Garami, A., Steiner, A. A., Norman, M. H,,
Morrison, S. F., et al. (2009). The transient receptor potential Vanilloid-1
channel in thermoregulation: a thermosensor it is not. Pharmacol. Rev. 61,
228-261. doi: 10.1124/pr.109.001263

Saghy, E, Payrits, M., Bir6-Siitd, T., Skoda-Féldes, R., Szdnti-Pintér, E., Erostydk, J.,
et al. (2018). Carboxamido steroids inhibit the opening properties of transient
receptor potential ion channels by lipid raft modulation. J. Lipid Res. 59,
1851-1863. doi: 10.1194/jlr.M084723

Saghy, E, Szoke, E, Payrits, M., Helyes, Z., Borzsei, R., Erostydk, J., et al.
(2015). Evidence for the role of lipid rafts and sphingomyelin in Ca2+-gating
of transient receptor potential channels in trigeminal sensory neurons and
peripheral nerve terminals. Pharmacol. Res. 100, 101-116. doi: 10.1016/j.phrs.
2015.07.028

Saha, S., Ghosh, A., Tiwari, N., Kumar, A., Kumar, A., and Goswami, C. (2017).
Preferential selection of Arginine at the lipid-water-interface of TRPV1 during
vertebrate evolution correlates with its snorkeling behaviour and cholesterol
interaction. Sci. Rep. 7:16808. doi: 10.1038/s41598-017-16780-w

Salas, M. M., Hargreaves, K. M., and Akopian, A. N. (2009). TRPA1-mediated
responses in trigeminal sensory neurons: interaction between TRPA1 and
TRPV1. Eur. ]. Neurosci. 29, 1568-1578. doi: 10.1111/j.1460-9568.2009.
06702.x

Santha, P., Dobos, I, Kis, G., and Jancso, G. (2020). Role of gangliosides
in peripheral pain mechanisms. Int. J. Mol. Sci. 21:1005. doi: 10.3390/
ijms21031005

Sauer, R.-S,, Rittner, H. L., Roewer, N., Sohajda, T., Shityakov, S., Brack, A., et al.
(2017). A novel approach for the control of inflammatory pain: prostaglandin
E2 complexation by randomly methylated B-Cyclodextrins. Anesth. Analg. 124,
675-685. doi: 10.1213/ANE.0000000000001674

Sharma, S. K., Vij, A. S., and Sharma, M. (2013). Mechanisms and clinical
uses of capsaicin. Eur. J. Pharmacol. 720, 55-62. doi: 10.1016/j.ejphar.2013.
10.053

Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes. Nature 387,
569-572. doi: 10.1038/42408

Straub, I, Kriigel, U., Mohr, F., Teichert, J., Rizun, O., Konrad, M.,
et al. (2013). Flavanones that selectively inhibit TRPM3 attenuate thermal
nociception in vivo. Mol. Pharmacol. 84, 736-750. doi: 10.1124/mol.113.08
6843

Szanti-Pintér, E., Balogh, J., Csék, Z., Kollar, L., Géméry, A, and Skoda-Féldes, R.
(2011). Synthesis of steroid-ferrocene conjugates of steroidal 17-carboxamides
via a palladium-catalyzed aminocarbonylation - Copper-catalyzed azide—
alkyne cycloaddition reaction sequence. Steroids 76, 1377-1382. doi: 10.1016/
j.steroids.2011.07.006

Szanti-Pintér, E., Wouters, J., Gémory, A, Saghy, E, Szdke, E, Helyes, Z.,
et al. (2015). Synthesis of novel 13a-18-norandrostane-ferrocene conjugates
via homogeneous catalytic methods and their investigation on TRPV1
receptor activation. Steroids 104, 284-293. doi: 10.1016/j.steroids.2015.
10.016

Szoke, E., Seress, L., and Szolcsényi, J. (2002). Neonatal capsaicin treatment results
in prolonged mitochondrial damage and delayed cell death of B cells in the
rat trigeminal ganglia. Neuroscience 113, 925-937. doi: 10.1016/s0306-4522(02)
00208-7

Sz8ke, E, Borzsei, R., T6th, D. M., Lengl, O., Helyes, Z., Sindor, Z., et al. (2010).
Effect of lipid raft disruption on TRPV1 receptor activation of trigeminal
sensory neurons and transfected cell line. Eur. J. Pharmacol. 628, 67-74. doi:
10.1016/j.ejphar.2009.11.052

Szolcsanyi, J. (2004). Forty years in capsaicin research for sensory pharmacology
and physiology. Neuropeptides 38, 377-384. doi: 10.1016/j.npep.2004.
07.005

Szolcsanyi, J., Jancso-Gabor, A., and Joo, F. (1975). Functional and fine
structural characteristics of the sensory neuron blocking effect of capsaicin.
Naunyn Schmiedebergs Arch. Pharmacol. 287, 157-169. doi: 10.1007/BF0051
0447

Tjolsen, A., Berge, O. G., Hunskaar, S., Rosland, J. H., and Hole, K. (1992). The
formalin test: an evaluation of the method. Pain 51, 5-17. doi: 10.1016/0304-
3959(92)90003-t

Trevisani, M., Siemens, J., Materazzi, S., Bautista, D. M., Nassini, R., Campi, B,,
et al. (2007). 4-Hydroxynonenal, an endogenous aldehyde, causes pain and
neurogenic inflammation through activation of the irritant receptor TRPAI.
Proc. Natl. Acad. Sci. US.A. 104, 13519-13524. doi: 10.1073/pnas.070592
3104

Vilceanu, D., and Stucky, C. L. (2010). TRPA1 mediates mechanical currents in
the plasma membrane of mouse sensory neurons. PLoS One 5:e12177. doi:
10.1371/journal.pone.0012177

Vriens, J., Held, K., Janssens, A., Toth, B. L., Kerselaers, S., Nilius, B., et al. (2014).
Opening of an alternative ion permeation pathway in a nociceptor TRP channel.
Nat. Chem. Biol. 10, 188-195. doi: 10.1038/nchembio.1428

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 559109


https://doi.org/10.1038/nature05544
https://doi.org/10.1038/nature05544
https://doi.org/10.1016/j.cub.2005.04.018
https://doi.org/10.1016/j.cub.2005.04.018
https://doi.org/10.1111/j.1476-5381.2010.00892.x
https://doi.org/10.1111/j.1476-5381.2010.01136.x
https://doi.org/10.1038/nature719
https://doi.org/10.1073/pnas.0705924104
https://doi.org/10.1126/science.7280675
https://doi.org/10.1007/978-3-030-14265-0_6
https://doi.org/10.1038/nrd3456
https://doi.org/10.1074/jbc.M807228200
https://doi.org/10.1124/pr.113.008268
https://doi.org/10.1007/978-3-642-54215-2_17
https://doi.org/10.1523/JNEUROSCI.23-07-02911.2003
https://doi.org/10.1523/JNEUROSCI.23-07-02911.2003
https://doi.org/10.1210/en.2017-00101
https://doi.org/10.1016/S0092-8674(02)00652-9
https://doi.org/10.1074/jbc.M111.237537
https://doi.org/10.1016/S0304-3940(02)00181-7
https://doi.org/10.1124/pr.109.001263
https://doi.org/10.1194/jlr.M084723
https://doi.org/10.1016/j.phrs.2015.07.028
https://doi.org/10.1016/j.phrs.2015.07.028
https://doi.org/10.1038/s41598-017-16780-w
https://doi.org/10.1111/j.1460-9568.2009.06702.x
https://doi.org/10.1111/j.1460-9568.2009.06702.x
https://doi.org/10.3390/ijms21031005
https://doi.org/10.3390/ijms21031005
https://doi.org/10.1213/ANE.0000000000001674
https://doi.org/10.1016/j.ejphar.2013.10.053
https://doi.org/10.1016/j.ejphar.2013.10.053
https://doi.org/10.1038/42408
https://doi.org/10.1124/mol.113.086843
https://doi.org/10.1124/mol.113.086843
https://doi.org/10.1016/j.steroids.2011.07.006
https://doi.org/10.1016/j.steroids.2011.07.006
https://doi.org/10.1016/j.steroids.2015.10.016
https://doi.org/10.1016/j.steroids.2015.10.016
https://doi.org/10.1016/s0306-4522(02)00208-7
https://doi.org/10.1016/s0306-4522(02)00208-7
https://doi.org/10.1016/j.ejphar.2009.11.052
https://doi.org/10.1016/j.ejphar.2009.11.052
https://doi.org/10.1016/j.npep.2004.07.005
https://doi.org/10.1016/j.npep.2004.07.005
https://doi.org/10.1007/BF00510447
https://doi.org/10.1007/BF00510447
https://doi.org/10.1016/0304-3959(92)90003-t
https://doi.org/10.1016/0304-3959(92)90003-t
https://doi.org/10.1073/pnas.0705923104
https://doi.org/10.1073/pnas.0705923104
https://doi.org/10.1371/journal.pone.0012177
https://doi.org/10.1371/journal.pone.0012177
https://doi.org/10.1038/nchembio.1428
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Horvath et al.

Carboxamido-Steroid Exerts Antinociceptive Effect

Vriens, J., Owsianik, G., Hofmann, T., Philipp, S. E., Stab, J., Chen, X., et al. (2011).
TRPM3 is a nociceptor channel involved in the detection of noxious heat.
Neuron 70, 482-494. doi: 10.1016/j.neuron.2011.02.051

Wagner, T. F. J., Loch, S., Lambert, S., Straub, I., Mannebach, S., Mathar, 1.,
et al. (2008). Transient receptor potential M3 channels are ionotropic steroid
receptors in pancreatic B cells. Nat. Cell Biol. 10, 1421-1430. doi: 10.1038/
ncb1801

Watanabe, S., Tan-No, K., Tadano, T., and Higashi, H. (2011). Intraplantar
injection of gangliosides produces nociceptive behavior and hyperalgesia via a
glutamate signaling mechanism. Pain 152, 327-334. doi: 10.1016/j.pain.2010.
10.036

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Horvdth, Bird-Siité, Kantds, Payrits, Skoda-Foldes, Szdnti-Pintér,
Helyes and Szoke. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 559109


https://doi.org/10.1016/j.neuron.2011.02.051
https://doi.org/10.1038/ncb1801
https://doi.org/10.1038/ncb1801
https://doi.org/10.1016/j.pain.2010.10.036
https://doi.org/10.1016/j.pain.2010.10.036
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Antinociceptive Effects of Lipid Raft Disruptors, a Novel Carboxamido-Steroid and Methyl β-Cyclodextrin, in Mice by Inhibiting Transient Receptor Potential Vanilloid 1 and Ankyrin 1 Channel Activation
	Introduction
	Materials and Methods
	Animals and Ethics
	Synthesis of Steroid Compound C1
	CAPS-Evoked Acute Chemonocifensive Reaction
	RTX-Induced Thermal Allodynia and Mechanical Hyperalgesia
	Formalin-Evoked Acute Nocifensive Behavior
	Drugs and Chemicals
	Statistical Analysis

	Results
	C1 and MCD Reduce the Number of CAPS-Evoked Eye-Wiping Movements
	C1 and MCD Do Not Influence RTX-Induced Thermal Allodynia
	C1 Diminishes RTX-Induced Mechanical Hyperalgesia
	C1 and MCD Alleviate Formalin-Evoked Acute Nocifensive Behaviors

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


