Neurochemical Research (2023) 48:1900-1911
https://doi.org/10.1007/511064-023-03876-1

ORIGINAL PAPER q

Check for
updates

Antinociceptive Activity of Vanilloids in Caenorhabditis elegans
is Mediated by the Desensitization of the TRPV Channel OCR-2
and Specific Signal Transduction Pathways

Bruno Nkambeu'-? - Jennifer Ben Salem3 . Francis Beaudry'-

Received: 22 September 2022 / Revised: 19 January 2023 / Accepted: 24 January 2023 / Published online: 3 February 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Vanilloids, including capsaicin and eugenol, are ligands of transient receptor potential channel vanilloid subfamily member 1
(TRPV1). Prolonged treatment with vanilloids triggered the desensitization of TRPV1, leading to analgesic or antinociceptive
effects. Caenorhabditis elegans (C. elegans) is a model organism expressing vanilloid receptor orthologs (e.g., OSM-9 and
OCR-2) that are associated with behavioral and physiological processes, including sensory transduction. We have shown
that capsaicin and eugenol hamper the nocifensive response to noxious heat in C. elegans. The objective of this study was to
perform proteomics to identify proteins and pathways responsible for the induced phenotype and to identify capsaicin and
eugenol targets using a thermal proteome profiling (TPP) strategy. The results indicated hierarchical differences following
Reactome Pathway enrichment analyses between capsaicin- and eugenol-treated nematodes. However, both treated groups
were associated mainly with signal transduction pathways, energy generation, biosynthesis and structural processes. Wnt
signaling, a specific signal transduction pathway, is involved following treatment with both molecules. Wnt signaling pathway
is noticeably associated with pain. The TPP results show that capsaicin and eugenol target OCR-2 but not OSM-9. Further
protein—protein interaction (PPI) analyses showed other targets associated with enzymatic catalysis and calcium ion binding
activity. The resulting data help to better understand the broad-spectrum pharmacological activity of vanilloids.

Keywords Caenorhabditis elegans - Eugenol - Capsaicin - Proteomics - Mass spectrometry - Nociception - Transient
receptor potential cation channel

Introduction primary afferent nociceptors with transient receptor poten-

tial (TRP) channels, including TRPV1, which is widely

All organisms rely on a set of regulatory and protective
behaviors to ensure survival. Following exposure to a nox-
ious mechanical, thermal or chemical stimulus, animals
perform a protective withdrawal reflex to ensure organis-
mal integrity and prevent cellular damage [1-6]. In mam-
mals, the presence of tissue-damaging stimuli is sensed by
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associated with the generation of nociceptive and painful
responses. TRP channels are involved in the transduction of
polymodal stimuli, including temperature, mechanical and
osmotic changes, electrical charge, light, hypotonic swelling
and chemical stimuli, including xenobiotics and endogenous
lipids. Capsaicin, the pungent ingredient in the chili pepper,
is a well-known molecule that activates TRPV1 [7-9]. Other
vanilloids displayed similar properties, including eugenol
[10-12]. Upon sustained exposition, TRPV1 agonists elicit
receptor desensitization, leading to antinociceptive effects
and alleviation of pain [7, 13—-15].

Caenorhabditis elegans (C. elegans) is a powerful animal
model system to study the dynamics of molecular networks
and diseases [16—19]. Adult C. elegans consists of 959 cells,
of which 302 are neurons, making this model attractive to
study nociception at the physiological and molecular levels.
C. elegans is particularly useful for the study of nociception
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because it exhibits a well-defined and reproducible nocifen-
sive behavior, involving a reversal and change in direction
away from the noxious stimuli (i.e., noxious heat), as we
have already described [6, 20, 21]. Several C. elegans genes
encode TRP ion channel proteins with important sequence
homologies to mammalian TRP channels, including TRPVs
[22, 23]. Specifically, several TRPV analogs (e.g., OSM-9
and OCR-1-4) were identified. Further studies have demon-
strated that TRPV analog channels share similar activation
and regulatory mechanisms with their mammalian counter-
parts [1, 23-25]. Recently, we revealed that capsaicin [26]
and eugenol [27] impeded the nocifensive response of C.
elegans to noxious heat (i.e., 32-35 °C) following sustained
exposure, and the antinociceptive effect was reversed 6 h
post-exposure. Additionally, we have shown that capsaicin’s
target was the C. elegans transient receptor potential chan-
nel OCR-2, but the results for eugenol were not conclusive.
However, very little is known regarding the molecular or
cellular processes that are modulated after C. elegans expo-
sure to capsaicin or eugenol. Network biology has become a
promising approach, particularly using proteomics and bio-
informatics. Using this approach, drug efficacy and toxicity
can be assessed across various scales of complexity, includ-
ing the molecular, pathway, cellular and organism levels.
Proteomics is instrumental in deciphering the architecture
and dynamics of molecular networks to better understand
diseases and drug effects [28-30]. Additionally, thermal pro-
teome profiling (TPP) is an unbiased method allowing the
quantification of drug-target engagement. The identification
of the protein targets of drugs is essential to decipher bio-
chemical or biophysical activities in cells or organisms and
is a key step in drug discovery. While proteomics is focused
on measuring relative protein abundance for functional anal-
ysis, TPP provides a novel approach to gather complemen-
tary information on target engagement that is not available in
classical differential proteomic experiments [28, 29, 31]. We
believe that combining these proteomic and bioinformatic
approaches will allow us to systematically analyze interac-
tions among proteins, and the phenotypic consequences can
drive the development of innovative therapeutic strategies to
alleviate pain. The objective of this study was to (1) perform
proteomics to identify proteins and pathways modulated fol-
lowing C. elegans exposure to capsaicin or eugenol and (2)
use TPP to further characterize the modes of action of cap-
saicin and eugenol in C. elegans.

Materials and Methods
Chemicals and Reagents

All chemicals and reagents were obtained from Fisher Sci-
entific (Fair Lawn, NJ, USA) or Millipore Sigma (St. Louis,

MO, USA). Capsaicin (Cap) and eugenol (Eug) were pur-
chased from Toronto Research Chemicals (North York, ON,
CAN).

C. elegans Strains

The N2 (Bristol) isolate of C. elegans was used as a ref-
erence strain. N2 (Bristol) was obtained from the Caeno-
rhabditis Genetics Center (CGC), University of Minnesota
(Minneapolis, MN, USA). Strains were maintained and
manipulated under standard conditions as described [32,
33]. Nematodes were grown and kept on nematode growth
medium (NGM) agar at 22 °C in a Thermo Scientific Herath-
erm refrigerated incubator. Experiments and analyses were
performed at room temperature unless otherwise noted.

C. elegans Pharmacological Manipulations

Cap or Eug was dissolved in Type 1 Ultrapure Water at a
concentration of 25 uM. The solution was warmed for brief
periods combined with vortexing and sonication for several
min to completely dissolve the compound. C. elegans were
isolated and washed according to the protocol outlined by
Margie et al. [32]. After 72 h of feeding and growing on
92 x 16 mm petri dishes with NGM, the nematodes were
exposed to Cap or Eug solution (25 uM). An aliquot of 7 mL.
of Cap or Eug solution was added to produce a 2-3 mm
solution film (the solution was partly absorbed by NGM) so
that the nematodes were swimming in solution. C. elegans
were exposed to Cap or Eug for 60 min. Additionally, one
experimental group included nematodes exposed to elevated
temperature (33 °C) for 1 h in absence of Cap or Eug. The
temperature selection was based on previous electrophysi-
ological study of OSM-9 and OCR-2 [34]. Three independ-
ent biological replicates (n=3) per condition was performed.

Protein Extraction from C. elegans

Nematodes (with or without Cap or Eug exposure) were col-
lected in liquid medium, centrifuged at 1000xg for 10 min,
collected and thoroughly washed. Nematodes were resus-
pended in 8 M urea/100 mM TRIS-HCI buffer (pH 8) con-
taining cOmplete™ protease inhibitor cocktail (Roche), and
aliquots were transferred to reinforced 1.5 mL homogenizer
tubes containing 500 pm glass bead homogenizer tubes con-
taining 50 mg glass beads. The samples were homogenized
using a Bead Mill Homogenizer (Fisherbrand) with 3 bursts
of 60 s at a speed of 5 m/s. The homogenates were centri-
fuged at 12,000 g for 10 min. The protein concentration for
each homogenate was determined using a Bradford assay.
Two hundred micrograms of protein were extracted using
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ice-cold acetone precipitation (1:5, v/v). The protein pellet
was dissolved in 100 pL. of 50 mM TRIS—HCI buffer (pH
8), and the solution was mixed with a Disruptor Genie at
maximum speed (2800 rpm) for 15 min and sonicated to
improve the protein dissolution yield. Proteins were reduced
with 20 mM dithiothreitol (DTT), and the reaction was per-
formed at 90 °C for 15 min. Then, proteins were alkylated
with 40 mM iodoacetamide (IAA), and the reaction was
allowed to proceed while protected from light at room tem-
perature for 30 min. Then, 5 pg of proteomic-grade trypsin
was added, and the reaction was allowed to proceed at 37 °C
for 24 h. Protein digestion was quenched by adding 10 uL.
of a 1% trifluoroacetic acid (TFA) solution. Samples were
centrifuged at 12,000xg for 10 min, and 100 pL of the super-
natant was transferred into injection vials for analysis. The
protein extraction and further analyses were performed using
3 independent biological replicates (n=3) per condition.

Thermal Proteome Profiling to Identify Targets

Thermal proteome profiling (TTP) using a range of ligand
concentrations (TTP-CCR) allows proteome-wide studies
of drug-protein interaction [31]. Specifically, it allows us
to study target engagement. The principles behind TPP are
that proteins can be thermally stabilized following interac-
tion with a ligand, leading to a higher apparent solubility
following thermal stress. Nematodes were collected in liquid
medium, centrifuged at 1000xg for 10 min, isolated and
thoroughly washed. The nematodes were then resuspended
in 50 mM phosphate buffer (pH 7.4) containing cOmplete™
protease inhibitor cocktail (Roche), and aliquots were trans-
ferred to reinforced 1.5 mL homogenizer tubes containing
50 mg glass beads (500 pm). The samples were homog-
enized using a Bead Mill Homogenizer (Fisherbrand) with
3 bursts of 60 s at a speed of 5 m/s. The homogenates were
centrifuged at 12,000xg for 10 min. The protein concentra-
tion in each homogenate was determined using a Bradford
assay. Two hundred micrograms of protein from the lysate
was exposed to a series of Cap or Eug concentrations (i.e., 0,
1,2, 5 and 10 uM) and then heated at 60 °C for 5 min using
a heated block. Samples were centrifuged at 12,000xg for
10 min, and 100 pL aliquots of the supernatant (e.g., soluble
fraction) were transferred into 1.5 mL microtubes. Reduc-
tion, alkylation and digestion were performed as described in
the previous section. Three independent biological replicates
(n=3) per condition was performed.

Proteomic Analysis
The Ultra-High-Performance Liquid Chromatography

(UHPLC) system was a Thermo Scientific Vanquish FLEX
UHPLC system (San Jose, CA, USA). Chromatography was
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performed using a gradient elution along with a Thermo
Biobasic C18 150X 1 mm microbore column with a parti-
cle size of 5 pm. The initial mobile phase conditions con-
sisted of acetonitrile and water (both fortified with 0.1%
formic acid) at a ratio of 5:95. From O to 3 min, the ratio
was maintained at 5:95. From 3 to 63 min, a linear gradient
was applied up to a ratio of 40:60, which was maintained
for 2 min. The mobile phase composition ratio was reverted
to the initial conditions, and the column was allowed to re-
equilibrate for 25 min. The flow rate was fixed at 50 uL/
min, and 5 pL samples were injected. A Thermo Scientific
Q Exactive Plus Orbitrap Mass Spectrometer (San Jose, CA,
USA) was interfaced with the UHPLC system using a pneu-
matic assisted heated electrospray ion source. Nitrogen was
used for the sheath and auxiliary gases, which were set at
10 and 5 arbitrary units, respectively. The heated ESI probe
was set to 4000 V, and the ion transfer tube temperature
was set to 200 °C. Mass spectrometry (MS) detection was
performed in positive ion mode and operating in TOP-10
Data Dependent Acquisition (DDA) mode. A DDA cycle
entailed one MS' survey scan (m/z 400-1500) acquired at
70,000 resolution (full width at half maximum; FWHM)
and precursor ions meeting user-defined criteria for charge
state (i.e., z=2, 3 or 4), monoisotopic precursor intensity
(dynamic acquisition of MS?-based TOP-10 most intense
ions with a minimum 1 x 10* intensity threshold). Precursor
ions were isolated using the quadrupole (1.5 Da isolation
width), activated by Higher-energy Collisional Dissocia-
tion (HCD) at 28 Normalized Collision Energy (NCE) and
fragment ions were detected in the Orbitrap at a resolution
of 17,500 (FWHM). Data were processed using Thermo
Proteome Discoverer (version 2.4) in conjunction with the
SEQUEST HT engine using the default settings unless oth-
erwise specified. The identification of peptides and proteins
with SEQUEST HT was performed based on the reference
proteome extracted from UniProt (C. elegans taxon identifier
6239) as FASTA sequences. Parameters were set as follows:
MS! tolerance of 10 ppm; MS? mass tolerance of 0.02 Da
for Orbitrap detection; enzyme specificity was set as trypsin
with two missed cleavages allowed; carbamidomethylation
of cysteine was set as a fixed modification; and oxidation
of methionine and acetylation of the protein N-terminus
were treated as variable modifications. The minimum pep-
tide length was set to six amino acids. Datasets were further
analyzed with Percolator. Peptide-spectrum matches (PSMs)
were filtered at a 1% false discovery rate (FDR) threshold.
For protein quantification and comparative analysis, we used
the peak integration feature of the Proteome Discoverer 2.4
software. For each identified protein, the average ion inten-
sity of unique peptides was used for protein abundance.
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Bioinformatics

The abundance ratio (log,): (experimental group)/(N2
control), abundance ratio adjusted p-value: (experimental
group)/(N2 control) and accession columns were extracted
from the datasets generated by Proteome Discoverer 2.4.
The adjusted p-values were determined using an ANOVA
followed by a Tukey's HSD post hoc test. Volcano plots
were generated using all identified and quantified pro-
teins with both a log, ratio and adjusted p-value. Proteins
with an adjusted p-value >0.05 were not used for further
analysis. Additionally, only proteins with an absolute log,
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Fig. 1 Visualization of proteomic results using volcano plots. Vol-
cano plots illustrate the differential abundances of proteins, with the
x-axis showing the log2 ratio with respect to the control group (N2
maintained at 22 °C) and the y-axis representing — 1 Xlog,, (p value).
The boxes represent log twofold change and above with adjusted
p-value<0.05. The adjusted p-values were determined by a one-
way ANOVA with post-hoc Tukey HSD. A C. elegans exposed for

ratio > 1.0 were used for bioinformatics analysis. Venn dia-
gram analysis was used to determine the degree of overlaps
between experimental groups. Reactome enrichment analy-
ses were performed using Metascape [35], in which all dif-
ferentially expressed proteins (DEPs) were used (absolute
log, ratio > 1.0; adjusted p-value <0.05). Further pathway
analysis was performed using ClueGO [36] and Cytoscape
[37] using the Reactome pathway databases. For TTP-CCR
experiments, Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Reactome enrichment analyses were per-
formed using Metascape and ClueGO for proteins with a
fold change >4 compared to O uM (control samples). The
statistical test used to determine the enrichment score for
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1 h to 33 °C were compared to individuals maintained at 22 °C. B C.
elegans exposed for 1 h to 25 pM Cap were compared to individuals
maintained at 22 °C. C. C. elegans exposed for 1 h to 25 pM Eug
were compared to individuals maintained at 22 °C. D. Venn diagram
representing the degree of DEP overlap between the three experimen-
tal conditions under investigation
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KEGG and Reactome enrichment analyses was based on a
right-sided hypergeometric distribution with multiple test-
ing correction (Benjamini & Hochberg (BH) method) [38].

Results and Discussion

As shown in our previous studies [26, 27, 39], capsaicin,
eugenol and other vanilloids displayed noteworthy antino-
ciceptive effects in C. elegans following controlled and pro-
longed exposure. As displayed in Figure S1 (supplementary
file), the data revealed a significant antinociceptive effect
after a 1 h exposure to Cap or Eug compared with the WT
(CTL) group. These molecules effectively hamper the C.
elegans nocifensive response to noxious heat. However,
the molecular mechanism and targets still need to be bet-
ter described. Therefore, we used mass spectrometry-based
proteomics, network biology as well as TPP for the identifi-
cation of drug—target interactions in C. elegans to decipher
the molecular mechanism associated with the antinocicep-
tive effects observed. Label-free proteomic investigations
were performed on C. elegans exposed to heat (33 °C), Cap
(25 uM) and Eug (25 uM) for 1 h. Figure 1 shows volcano
plots to illustrate the differential abundances of proteins,
with the x-axis representing the log, ratio and the y-axis

Fig.2 Reactome enriched
terms. A. Analysis was per-
formed with all DEPs (JFC| >2
and adjusted p-value <0.05).

B. Analysis was performed
using only the specific DEPs
for each experimental condition
under investigation (JFC|>2
and adjusted p-value <0.05).
Enrichment analyses were
performed using Metascape,
and color densities were derived
from — log, (adjusted p-value)

A

-
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plotting —log,, (adjusted p-value). The boxes represent a
twofold change and adjusted p-value <0.05. Several DEPs
were identified, including 45 upregulated and 100 downregu-
lated proteins following noxious heat exposure (Fig. 1A), 93
upregulated and 203 downregulated proteins following Cap
exposure (Fig. 1B) and 75 upregulated and 187 downregu-
lated proteins following Eug exposure (Fig. 1C). Table S1,
S2 and S3 (supplementary file) unveils the fold changes and
adjusted p-values for all DEP’s identified. Proteins with a
single high-scoring peptide hit were not excluded based on
recommendations [40].

Analyzing lists of DEPs using Venn diagrams (Fig. 1D)
reveal several specific DEPs for each experimental groups
but also an important degree of overlapping, specially
between the C. elegans exposed to Cap and Eug. This was
expected since they both interact with vanilloid receptor
orthologs. Although Cap appears to target more specifically
OCR-2 according to our previous study based on phenotyp-
ing [26, 27]. Thus, leading potentially to differential biologi-
cal and molecular effects.

Reactome pathway enrichment analyses are presented in
Figs. 2, 3 and 4. Hierarchical clustering of Reactome path-
ways shows distant proximity between the Cap- and Eug-
treated nematodes. It is already known that Cap is a more
pungent vanilloid than Eug. In mammals, initial exposure
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Fig. 3 Parent node to root node analysis of enriched Reactome terms
derives from all DEPs. A C. elegans exposed for 1 h to 33 °C; B C.
elegans exposed for 1 h to 25 uM Cap; C C. elegans exposed for 1 h
to 25 uM Eug. Node analyses were performed using ClueGO and
CluePedia

to Cap produces burning and irritant effects. Cap produces
pain, an effect not reported for Eug [10]. This differential
effect is associated with the pungent nature of Cap evoking a
significant increase in ion influx, such as calcium, increasing
neural activity. However, interestingly, abundant literature
reports have shown Cap can relieve pain [41-45]. Although
the molecular mechanisms are very different [46], this
paradox is also observed with opioids, a well-established

analgesic drug class, which also induces hyperalgesia [47,
48]. Thus, the differences noted between Cap- and Eug-
triggered responses may help in understanding their respec-
tive therapeutic uses and highlight the importance of under-
standing their respective mechanisms of action. As reveal
in Figs. 2A and 3A, only nematodes exposed to noxious
heat (33°C) showed enrichment for Heat shock factor pro-
tein 1 (HSF1)-dependent transactivation (R-CEL-3371571),
a pathway directly associated with Cellular response to heat
stress (R-CEL-3371556) as shown in Fig. 4A. Remarkably,
Cap and Eug exposed nematodes revealed enrichment for
Signaling by WNT (CEL-195721) closely related to Sig-
nal transduction (R-CEL-162582) as shown in Fig. 3B and
3C. Remarkably, our previous study suggested that Wnt
signaling is triggered by the interaction of Resiniferatoxin
(RTX) with C. elegans vanilloid receptors [39]. RTX is a
very potent capsaicin analog. Recent evidence has shown
that Wnt signaling underlies the pathogenesis of neuropathic
pain [49] and it is a potential therapeutic target for the treat-
ment of chronic pain [50]. It is important to note, following
Cap treatment, f-catenin phosphorylation cascade (R-CEL-
196299) is significantly enriched. Wnt/pB-catenin signaling
is central component in the development of chronic and neu-
ropathic pain [51].

Another process significantly enriched following Cap
treatment is G beta:gamma signaling through CDC42
(R-CEL-8964616). A recent study shows protein 42
homolog (CDC42) regulates Schwann cell proliferation and
migration through Wnt/p-catenin and p38 MAPK signal-
ing pathway following the induction of sciatic nerve injury
leading to neuropathic pain [52]. Furthermore, CDC42 is
associated with the dysregulation of the innate immune sys-
tem [53]. Inflammageing and chonic or neuropathic pain
are strongly associated [54]. Besides, one strongly enriched
process for Cap-stimulated nematodes is the L13a-mediated
translational silencing of Ceruloplasmin expression (R-CEL-
156827). Despite this process is still not well characterized,
it has been suggested to be involved in the translational
control of effectors playing an important role in disbalance
of pro-inflammatory cytokines leading to disturbance of
pro-inflammatory signaling pathways [55]. Interestingly,
our recent study demonstrates that nerve injury has a long-
lasting impact on systemic inflammation contributing to the
development of neuropathic pain [54]. Another interesting
process specific to Cap exposure is Axon guidance (R-CEL-
422474) since it is related to chemotaxis. This is most likely
related to the initial pungent effect of Cap. Interestingly, it is
a process related to Robo receptors [56]. Slit-Robo signals
are involved in synaptic plasticity contributing to the devel-
opment of pain [57].

Venn diagrams analysis (Fig. 1D) permitted to isolate
specific DEPs for each treatment and further Reactome
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Fig.4 Parent node to root node analysis of enriched Reactome terms
derived from only specific DEPs for three experimental conditions
under investigation. A C. elegans exposed for 1 h to 33 °C; B C. ele-
gans exposed for 1 h to 25 uM Cap; C C. elegans exposed for 1 h to
25 uM Eug. Node analyses were performed using ClueGO and Clue-
Pedia

enrichment analysis was performed as display in Fig. 2B.
The Table S4 (supplementary file) lost all proteins expressed
differentially specific to each treatment. Once more, hier-
archical clustering of Reactome pathways shows distant
proximity between the Cap- and Eug-treated nematodes.
One striking enrich pathway for Eug treated nematodes is
Signaling by VEGF (R-CEL-194138). Vascular Epithelial
Growth Factors (VEGF) is one of the most important media-
tors participating in inflammatory pain [58]. Consequently,
alterations in the VEGF system, characterized by expression
changes of its mediators, could modulate the sensitivity of
the primary nociceptors including TRP channels [59]. Inter-
estingly, Cap and Eug treatments leading to antinociceptive
effect activate Rho signaling but from different mediators as

@ Springer

Fig.5 Heatmap representation of the general thermal stability of C.
elegans soluble TRPV mammalian orthologs after exposure to spe-
cific concentrations of Cap or Eug. Thermal proteome profiling using
the Cap (A) or Eug (B) concentration range to identify targets. The
color range depicts the relative protein abundance of the soluble frac-
tions at different concentrations ranging from 1 to 10 uM. This rep-
resentation estimates the potency of the tested ligand against each
of the targets. OCR-2 appears to be the primary target for both com-
pounds

illustrated in Fig. 2B, Fig. 4B and Fig. 4C. Additionally, it is
also involved in noxious heat perception as shown in Fig. 2B
and Fig. 4A. Rho signaling pathway plays an important role
in neuronal growth inhibition associated with neuronal
plasticity. The phenomenon of neuroplasticity is related to
changes at the nervous tissue leading to the amplification of
pain signal transmission to the brain. Thus, Rho signaling
pathway could be a potential drug target for the treatment of
chronic or neuropathic pain.

Further experiments were conducted to identify the pri-
mary targets for Cap and Eug. A TPP method using the
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Fig. 6 Heatmap representation of the general thermal stability of C. »
elegans soluble proteins following exposure to specific concentrations
of Cap or Eug. The color range depicts the relative protein abundance
of the soluble fractions at different concentrations ranging from 1 to
10 uM. Thermal proteome profiling resulting from Cap (A) expo-
sure and topmost significant target engagement observed with fold
change >4 (B). Thermal proteome profiling resulting from Eug (C)
exposure and topmost significant target engagement observed with
fold change >4 (D). The data suggest that Cap and Eug have 37 and
41 targets, respectively, excluding TRPV mammalian orthologs

concentration range of a ligand (TTP-CR) was used to spe-
cifically identify Cap and Eug targets. The 60°C challenge
temperature for the TTP-CR experiments was selected fol-
lowing the determination of protein’s melting temperature
(Tm) as shown in Figure S2 (supplementary file). As an ini-
tial objective, we used a non-targeted data acquisition for tar-
get analysis (nDATA) of C. elegans vanilloid receptors using
a FASTA database including only these specific proteins. As
shown in Fig. 5A and B, using a nDATA strategy for targeted
analysis of vanilloid receptors (i.e., OSM-9, OCR-1 to 4)
showed that the primary target for Cap and Eug is OCR-2.
The Table S5 (supplementary file) reveals the observed fold
changes and adjusted p-values. Likewise, our previous stud-
ies using specific mutants have identified OCR-2 for Cap
[26], but the assay sensitivity was inadequate to identify Eug
targets [27]. OSM-9 and OCR-2 vanilloid receptor chan-
nels are associated with temperature sensing in C. elegans
[34]. The TTP-CR method serves to identify target engage-
ment, and off-target effects may help to explain some of the
adverse effects [28, 29, 31]. Shotgun proteomics was used
to identify and quantify proteins in the soluble fraction fol-
lowing drug treatment and heat denaturation. As revealed in
Fig. 6A and C, over a thousand proteins were identified and
quantified in the soluble fraction. However, only a few pro-
teins emerge with a shift in the apparent solubility following
interaction with the ligand. Figure 6B and D illustrate that
Cap and Eug have 37 and 41 targets, respectively, other than
vanilloid receptors. All these proteins had at least a fourfold
increase in concentration within the soluble fraction after
heat denaturation (60 °C) for 5 min. Interestingly, as shown
in Fig. 7A, 33 proteins were shared between both ligands,
which is reasonable since they share the same pharmacoph-
ore. Table S6 (supplementary file) reveals the list of proteins
for each Venn diagram compartment. Protein—protein inter-
action (PPI) analyses were performed using the MCODE
node. As shown in Fig. 7B, 3 PPI clusters were identified,
but only two MCODEs were identified using the KEGG and
Reactome databases for the 33 shared proteins. No PPIs were
found for the limited number of proteins in the Cap or Eug
groups. As shown in the parent-to-root node analysis dis-
played in Fig. 7C, the processes using the 33 shared protein
targets are coherent with the results presented in Figs. 2 and
3. PPI analysis reveals associations with biological processes

A

1241 proteins

1225 proteins

20
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degree of overlap. B PPI network and MCODE components identified

in the categories of catabolism, energy generation, biosyn-
thesis and structural processes. At this stage, we cannot be
sure all these targets contribute to the antinociceptive effect
observed in C. elegans, and most likely not all do. Small
interfering RNA (siRNA) strategies could be used to test
the phenotypes of selected Cap and Eug targets. Specific tar-
gets for Cap (5 proteins) or Eug (9 proteins) are implicated
in enzymatic catalysis and calcium ion binding activity, or
they are ribosomal subunits. We have already discussed the
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possible implication of enzymatic catalysis and ribosomal
subunits, but calcium ion binding activity is very impor-
tant. Vanilloid receptors are non-selective cation channels
involved in temperature transduction. Very little is reported
for protein CELE_ZK1307.8 or tax-6 other than sequence
comparisons and identification of conserved domain archi-
tectures that appear to be related to calcium ion binding
activity.
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Conclusion

Shotgun proteomics and TPP-CR experiments provided
new insights into the mechanisms of action leading to the
antinociceptive effects of Cap and Eug in C. elegans. We
noted some hierarchical differences following Reactome
pathway enrichment analyses between Cap- and Eug-treated
nematodes. However, both treated groups were associated
mainly with signal transduction pathways, energy genera-
tion, biosynthesis and structural processes. Interestingly,
Wnt signaling is enriched following both treatments a path-
way associated with pain. The TPP-CR experiment allowed
us to identify the vanilloid receptor targeted by Cap and Eug,
OCR-2, and not OSM-9. Further PPI analyses showed other
targets implicated in enzymatic catalysis and calcium ion
binding activity or showed that they were ribosomal subu-
nits. The resulting data help to better understand the broad-
spectrum pharmacological activity of vanilloids, specifically
Cap and Eug.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11064-023-03876-1.
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