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Abstract

Cannflavins, flavonoids abundantly present in Cannabis sativa, possess a distinct chemical structure comprising a vanillyl
group. Notably, the capsaicin structure also contains a vanillyl group, which is considered essential for interacting with the
vanilloid receptor. The vanilloid receptor plays a crucial role in the perception of pain, heat, and inflammation and mediates
the analgesic effects of capsaicin. Therefore, we postulated that prolonged exposure to cannflavin A (Can A) and cannflavin
B (Can B) would provoke vanilloid receptor desensitization and hinder nocifensive responses to noxious thermal stimuli.
C. elegans wild-type (N2) and mutants were exposed to Can A and Can B solutions for 60 min and then aliquoted on Petri
dishes divided into quadrants for thermal stimulation. We then determined the thermal avoidance index for each C. elegans
experimental group. Proteomics was performed to identify proteins and pathways associated with Can A or B treatment.
Prolonged exposure to Can A and Can B hindered heat avoidance (32-35 °C) in C. elegans. No antinociceptive effect was
observed 6 h post Can A or B exposure. Proteomics and Reactome pathway enrichment analyses identified hierarchical dif-
ferences between Can A- and B-treated nematodes. However, both treatments were related to eukaryotic translation initiation
(R-CEL-72613) and metabolic processes strongly associated with pain development. Our study aids in characterizing the
pharmacological activity of cannflavins isolated from Cannabis sativa and outlines a possible application as pain therapy.
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Introduction

Chronic pain remains an evolving health concern worldwide
(Mills et al. 2019; Cohen et al. 2021) and is considered a
complex condition involving physical, mental, and emo-
tional components (Finnerup 2019; Knotkova et al. 2021;
Rosser et al. 2021). Thus, pain alleviation may require pol-
ymodal treatment strategies, including pharmacological,
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physical, and psychotherapies (Finnerup 2019). In recent
years, partly owing to the ongoing opioid crisis, medici-
nal cannabis has gained momentum as a popular alternative
for pain treatment, despite several controversies (Romero-
Sandoval et al. 2018; Amin and Ali 2019; Ortiz et al. 2022;
Procaccia et al. 2022). The findings of a study assessing
brain magnetic resonance imaging (MRI) suggest that can-
nabis is not a painkiller but rather a pain distractor (Lee
et al. 2013), which prompted several preclinical and clini-
cal trials to explore the therapeutic benefits of cannabis for
various applications (Pauli et al. 2020; Baratta et al. 2022;
Procaccia et al. 2022). However, the therapeutic efficacy of
cannabis in several health disorders remains unsubstanti-
ated. Initially, various phytocannabinoids, more specifically
Ag-tetrahydrocannabinol and cannabidiol, extracted from
Cannabis sativa, received considerable attention (Amin
and Ali 2019). Using advanced analytical instruments,
several components with high potency were extracted and
characterized from C. sativa (Rea et al. 2019; Erridge et al.
2020; Bautista et al. 2021; Vita et al. 2022). Several non-
cannabinoids, including prenylated flavones, have also been
identified. Cannflavin A (Can A) and cannflavin B (Can B)
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are prenylated flavones isolated from C. sativa. Treatment
with Can A and Can B was shown to inhibit prostaglan-
din E, production in vitro (Barrett et al. 1986; Werz et al.
2014). Cannflavins exert antioxidant, anti-inflammatory, and
neuroprotective effects (Radwan et al. 2008; Eggers et al.
2019; Bautista et al. 2021). However, we were particularly
interested in Can A and Can B owing to the presence of
a vanillyl functional group in their structure, as shown in
Fig. 1. Vanilloids, including capsaicin (Cap), possess a
vanillyl group essential for binding to the transient receptor
potential vanilloid type 1 (TRPV1) receptor (Tominaga and
Julius 2000; Jancs6 et al. 2008; Yang et al. 2016; Privitera
et al. 2017; Wortley et al. 2017; Martins et al. 2017; Moran
2017; Sultana et al. 2021).

It is well-established that all animals display protec-
tive behaviors against noxious stimuli (e.g., mechanical,
thermal, or chemical) to prevent damage (Mori 1999; Wit-
tenburg and Baumeister 1999; Drew and Wood 2005). In
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Fig.1 Molecular structure of capsaicin, cannflavin A, and cann-
flavin B. Capsaicin is a transient receptor potential vanilloid type 1
(TRPV1) ligand. Ligand-receptor interactions are characteristically
associated with the pharmacophore features, and the vanillyl group
plays a fundamental role in interaction with the TRPV1
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mammals, primary afferent nociceptors sense potential
tissue-damaging stimuli. The TRPV1 receptor is activated
by proton (H*), endogenous and exogenous molecules, and
noxious heat (Dickenson 1995; Caterina 2000; Tobin et al.
2002; Jancso et al. 2008; Satheesh et al. 2016; Ohnishi
et al. 2020). Moreover, TRPV1 is activated by vanilloids.
Cap was the first vanilloid identified as a TRPV1 ligand.
Importantly, prolonged Cap exposure can lead to analgesia
(Tominaga and Julius 2000; Yoshimura and Yonehara 2001;
Jordt and Julius 2002; Hui et al. 2003; Bolcskei et al. 2010;
Anand and Bley 2011; Szolcsanyi 2014; Abbas 2020).
Accordingly, TRPV1 is an important target for the discov-
ery and development of nonopioid pharmacotherapeutic
agents aimed at pain management (Iftinca et al. 2021).

Caenorhabditis elegans is a model organism relevant to
human biology and disease (Brenner 1974; Markaki and
Tavernarakis 2020). Given its well-characterized nocifen-
sive behaviors, C. elegans is a suitable model for study-
ing nociception. Nematodes are known to avoid noxious
stimuli by changing swimming direction. The C. elegans
genome encodes several genes associated with vanilloid
receptors, including 5 TRPV orthologs (OSM-9, OCR-1,
OCR-2, OCR-3, and OCR-4) (Montell 2003; Kahn-Kirby
and Bargmann 2006; Schafer 2006; Xiao and Xu 2011). C.
elegans TRPV orthologs OSM-9 and OCR-2 are closely
linked to sensory transduction, with similarities to TRPV1
(Liedtke et al. 2007; Ezak and Ferkey 2011; Glauser et al.
2011; Ohnishi et al. 2020). Thus, C. elegans OSM-9 and
OCR-2 channels demonstrate comparable activation and
induce physiological responses similar to mammalian
vanilloid receptors. Recently, we reported that prolonged
exposure to Cap and other vanilloids can hamper the nocif-
ensive response of C. elegans to noxious heat (32-35 °C).
The antinociceptive effect was reversed 6 h after Cap expo-
sure (Nkambeu et al. 2020, 2021; Salem et al. 2022). Fur-
ther exploration suggested that Cap and eugenol can target
the C. elegans vanilloid receptor OCR-2 (Nkambeu et al.
2023). Collectively, these studies demonstrate that known
vanilloid receptor ligands generate antinociceptive effects in
C. elegans corresponding to effects previously observed in
experimental models of pain (Guenette et al. 2006, 2007a, b;
Beaudry et al. 2010; Lionnet et al. 2010; Ferland et al. 2012;
Szolcsanyi 2014; Giaccari et al. 2021; Sultana et al. 2021).

Herein, we hypothesized that Can A and Can B may
interact with vanilloid receptors in C. elegans (e.g., OSM-
9, OCR-2) and produce an effect comparable to that of Cap.
We believe that prolonged exposure to Can A or Can B solu-
tions would hinder the nocifensive response of C. elegans to
noxious heat. The objectives of the present study were to 1)
characterize the effects of Can A and Can B on C. elegans
thermal avoidance behavior and 2) perform proteomics to
identify proteins and uncover biological pathways associated
with Can A or Can B treatment.
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Materials and methods
Chemicals and reagents

Chemicals and reagents used in the current study were pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA) or Mil-
lipore Sigma (St. Louis, MO, USA). Cap, Can A, and Can
B were purchased from Toronto Research Chemicals (North
York, ON, Canada).

C. elegans strains

C. elegans N2 (Bristol) was used as the reference strain.
The null mutants tested included npr-19 (strain RB1668),
npr-32 (strain RB1938), ocr-2 (strain JY243), and osm-9
(strain JY190). Selected mutants are associated to vanil-
loid and cannabinoid receptors. All nematode strains were
acquired from the Caenorhabditis Genetics Center (CGC),
University of Minnesota (Minneapolis, MN, USA). Nema-
todes were maintained and manipulated using previously
described protocols (Brenner 1974; Margie et al. 2013).
The nematodes were grown and maintained on nematode
growth medium (NGM) agar and maintained in a refrig-
erated incubator at 22 °C. Unless other conditions were
indicated, all manipulations were performed at room tem-
perature (~22 °C).

C. elegans pharmacological manipulations

Cap was accurately weighed and dissolved in water (e.g.,
ultrapure type 1) at a concentration of 25 uM. The solu-
tion was briefly heated, vortexed, and sonicated for several
minutes to dissolve Cap completely. Can A was accurately
weighed and dissolved in acetone at a concentration of
1 mg/mL (2.3 mM), and Can B was accurately weighed
and dissolved in methanol at a concentration of 1 mg/
mL (2.7 mM). Can A and Can B were serially diluted to
achieve concentrations of 10, 5, 1, and 0.25 uM in water.
Nematodes were collected and washed according to Mar-
gie et al. (2013). Three days after growing and feeding on
NGM, nematodes were collected and exposed to Cap, Can
A, or Can B solutions without food. Seven milliliters of
Cap, Can A, or Can B solution was dispensed to gener-
ate a small 2-3 mm solution film (the solution was partly
absorbed by NGM), ensuring that the nematodes were
swimming in the solution. Nematodes were treated with
Cap, Can A, or Can B for 60 min, extracted, and carefully
washed prior to behavioral assessments. Remnant (persis-
tent) effects were tested following exposure to Can A or
Can B. Nematodes were extracted, thoroughly washed, and
dispensed on NGM devoid of Can A or Can B for 6 h prior
to further behavioral testing (i.e., 6 h latency).

Thermal avoidance assays

The thermal avoidance method used was developed based
on the previously described four-quadrant strategy (Mar-
gie et al. 2013). We have extensively used this method in
previously published studies (Nkambeu et al. 2018, 2020,
2021; Salem et al. 2022). The relevant technical details are
presented in Supplementary Figure S1. Briefly, Petri dishes
(92 x 16 mm) were divided into four quadrants. The nema-
todes were off food during the experiments. A middle circle
(1 cm in diameter) delimited an area where nematodes were
dispensed but were also not considered. Quadrants included
two heat stimulus areas (A and D) and two control areas (B
and C). Sodium azide (0.5 M) was aliquoted to all quadrants
to paralyze nematodes. Noxious heat was produced using an
electronically heated metal tip (0.8 mm in diameter). The
metal tips were positioned 2 mm above the NGM and gener-
ated a radial temperature gradient, resulting in a tempera-
ture of 32-35 °C, measured using an infrared thermometer.
The stimulus temperature used was based on a previous
report (Wittenburg and Baumeister 1999). Nematodes were
isolated and washed, as described by Margie et al.(2013).
Nematodes (typically 100 to 300 individuals) were aliquoted
in the center of the middle circle of the marked Petri dish.
After stimulation for 30 min, the Petri dish was maintained
at 4 °C for at least 1 h. Using a digital stereomicroscope,
nematodes were counted per quadrant. All nematodes in the
inner circle were excluded. We used Eq. 1 to calculate the
thermal avoidance index.

[A+D)—(B+0)]

= A+B+C+D) M

We also calculated the percent animal avoidance to deter-
mine nocifensive responses to noxious heat.

Proteomic analysis

Nematodes (control, Can A- or Can B-treated) were
extracted using a film of a liquid medium, centrifuged at
1,000 x g for 10 min, and carefully washed. We resuspended
nematodes in a phosphate-buffered saline solution (137 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,)
containing 1% (v/v) Triton X-100 and cOmplete™ protease
inhibitor cocktail (Roche Diagnostic Canada, Laval, QC,
Canada). Next, the suspensions were transferred to 1.5 mL
homogenizer tubes containing 25 mg of 500-pm glass
beads. Homogenization was achieved using a Bead Mill
Homogenizer (Fisher Scientific) and included five bursts of
60 s each set at 5 m/s. Then, samples were centrifugated at
12,000 X g for 10 min. Protein concentrations were deter-
mined using the Bradford assay for each resulting sample. In
total, 200 pg of protein was aliquoted, and ice-cold acetone
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precipitation (1:5, v/v) was used to isolate proteins. The pro-
tein pellets were dissolved in 100 pL of 50 mM TRIS-HCl
buffer (pH 8.0). Protein pellets were dissolved by vigorous
vortexing (2,800 rpm) and sonication. To improve reaction
and digestion heat, we performed heat denaturing at 120 °C
for 10 min using a heated reaction block. The protein solu-
tion was allowed to cool for 15 min. Protein reduction was
performed with 20 mM dithiothreitol (DTT) at 90 °C for
15 min. Subsequently, cysteine alkylation was performed
with 40 mM iodoacetamide protected from light for 30 min.
Five micrograms of trypsin was aliquoted in each sample
and incubated at 37 °C for 24 h. The enzymatic reaction
was stopped by adding 10 uL (~ 10% v/v) of a 1% trifluoro-
acetic acid (TFA) solution. The samples were centrifuged
at 12,000 x g for 10 min. Next, 100 pL of the supernatant
was transferred to high-performance liquid chromatography
(HPLC) vials for mass spectrometry (MS) analysis.

A label-free precursor ion-based MS' quantification
workflow was used. A nano-flow Thermo Scientific Van-
quish Neo UHPLC system (San Jose, CA, USA) was set up
for pre-concentration mode using a Thermo Scientific Pep-
Map Neo 5 pm C18 300 um X 5 mm trap cartridge in back-
flush configuration. Rapid sample loading (20 pL/min flow
rate) was performed on a trap cartridge. Tryptic peptides
were separated using a mobile phase comprising 0.1% for-
mic acid in water (A) and 0.1% formic acid in an 80% ace-
tonitrile and 20% water mixture (B), using a 60-min gradient
from 5 to 50% B (flow rate of 300 nL/min). A Thermo Sci-
entific PepMap Neo C18 2 pm X 75 um X 150 mm nano col-
umn was connected to a Thermo Nanospray Flex ion source
hyphenated with a Thermo Scientific Q Exactive Plus hybrid
quadrupole-Orbitrap mass spectrometer. The Nanospray
emitter was set to 2200 V (positive mode), and the ion trans-
fer tube temperature was set at 50 °C. The mass spectrometer
operated in the TOP-10 data-dependent acquisition mode.
The acquisition method on the mass spectrometer comprised
a high-resolution MS' survey scan (m/z 375-1200) acquired
at 70,000 resolution (FWHM), followed by up to 10 MS?
(acquisition of most intense precursor ions with an intensity
threshold 1x 10%). Selected precursors were isolated with
a 2.0 Da isolation width, activated by HCD (28 NCE), and
fragments were detected using ORBITRAP at a resolution
of 17,500 (FWHM). Data were processed using Thermo
Proteome Discoverer (version 3.0) with false discovery rate
(FDR) analysis performed using Percolator. Proteome Dis-
coverer was used to survey MS' and MS? spectra against the
C. elegans proteome extracted from UniProt (taxon identifier
6239) using SEQUEST-HT engine at 10 ppm of precursor
mass tolerance and 0.02 Da of fragment mass tolerance.
Search parameters were as follows: trypsin digestion with
up to 2 missed cleavages, carbamidomethylation of cysteine
as a static modification, and oxidation of methionine as a
variable modification. The tryptic peptide length was set to a
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minimum of six residues. Post-processing of SEQUEST-HT
results was performed using Percolator. The resulting protein
hits were filtered at 1% FDR. The protein abundance was
determined using the average precursor ion intensity of only
unique peptides, with a p-value <0.05 deemed significant.
Proteome Discoverer 3.0 was used to calculate p-values of
protein abundance using ANOVA, followed by Tukey's HSD
post-hoc test. All proteins with a p-value of > 0.05 and fold-
change <2 were excluded from enrichment analyses.

Bioinformatics

Volcano plots were created based on log, ratios and p-values.
Venn diagram analysis was performed to display the logical
relationship between treatments. Enrichment analyses using
Gene Ontology (GO) cellular components and Reactome
databases were completed using Metascape (Zhou et al.
2019). Only differentially expressed proteins (DEPs) were
used for enrichment analyses (i.e., absolute log, ratio > 1.0;
p-value <0.05). Parent to root node analysis was performed
using ClueGO (Bindea et al. 2009), an integrated Cytoscape
application (Shannon et al. 2003), using the Reactome path-
way databases.

Statistical analysis

Nematode phenotyping data were analyzed using the non-
parametric Kruskal-Wallis test and Dunn’s post-hoc test.
Statistical significance was set to p <0.05. GraphPad Prism
version 9.5.1 (GraphPad Software, Inc., La Jolla, CA, USA)
was used to perform statistical analyses and generate associ-
ated figures.

Results and discussion

Recent studies have demonstrated that C. elegans can be
used to evaluate the antinociceptive effects of bioactive com-
pounds, and proteomics can yield comprehensive datasets
for studying biological processes and pathways (Nkambeu
et al. 2020, 2021, 2023; Salem et al. 2022). Supplementary
Figure S1 presents the thermal avoidance assay. Initially, we
confirmed the presence of any bias in C. elegans behavior
using our experimental system. As depicted in Fig. 2, we
observed no bias in quadrant selection for all experimental
groups tested. In the absence of a heat stimulus, nematodes
were uniformly distributed after 30 min. Moreover, expo-
sure to Can A or Can B for 60 min did not change nematode
mobility or induce any behavioral preference.

As discussed previously, sustained exposure to TRPV1
agonists can induce receptor desensitization, resulting in
analgesic effects (or antinociceptive effects in C. elegans)
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Fig.2 Comparison of the mobility and bias of WT (N2) and selected
mutant nematodes in plates divided into quadrants maintained at a
constant temperature (22 °C) without the application of a stimulus

(Pinho-Ribeiro et al. 2017); we confirmed this observation
in C. elegans in our recent reports (Nkambeu et al. 2020,
2021; Salem et al. 2022). We postulate that Can A and Can
B interact with C. elegans vanilloid receptors owing to the
presence of a vanillyl moiety, as shown in Fig. 1. TRPV1 is
a popular drug target for managing chronic and neuropathic
pain (Iftinca et al. 2021). Can A and Can B are flavonoids,
a family of molecules used for their antioxidant, analgesic,
and anti-inflammatory properties (Barrett et al. 1986; Egg-
ers et al. 2019; Erridge et al. 2020; Bautista et al. 2021).
It has been suggested that flavonoid mediate their effects
by suppressing oxidative stress, glial cell activation, and
mitochondrial dysfunction (Matias et al. 2016). As shown
in Figs. 3 and 4, 1-h exposure to Can A and Can B induced
remarkable antinociceptive effects. Notably, the Can A-
and Can B-induced antinociceptive effect was comparable
with that of Cap, the best-known vanilloid receptor ligand.
Although inconclusive, our data suggest that the observed
effect was concentration-dependent. Following Can A or
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(negative control). The selected Caenorhabditis elegans genotypes
show no quadrant selection in the absence or presence of Can A or
Can B. Can A, cannflavin A; Can B, cannflavin B; WT, wild-type

Can B exposure, the nematodes were carefully washed and
transferred onto NGM devoid of Can A or Can B, main-
tained in an incubator at 22 °C for 6 h (i.e., residual effect/
latency test), and reexamined for the thermal avoidance
response. Six hours after exposure, the thermal avoidance
response of previously treated and washed C. elegans was
comparable with that of untreated nematodes at all concen-
trations tested for both compounds (Figs. 3 and 4). Thus,
Can A or Can B had no remnant effects. These results sug-
gest that the duration of the effect could be relatively short
after administration.

Furthermore, we used specific mutants to identify poten-
tial vanilloid and cannabinoid receptor targets and compre-
hensively clarify the exposure—response relationship. To
identify target receptors of Can A and Can B, experiments
were performed using specific C. elegans mutants (ocr-2,
osm-9, npr-19, and npr-32). As shown in Fig. 5, all tested
mutants exhibited lower sensitivity to noxious heat than
wild-type (WT; N2) nematodes; however, the difference
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Fig.3 Assessment of the pharmacological effects of cannflavin A each experimental group. Can A exhibits dose-dependent effects

(Can A) on thermal avoidance in Caenorhabditis elegans. Nema- and markedly impedes thermal avoidance in C. elegans. ****
todes were exposed to Can A or capsaicin (Cap) for 60 min prior to p<0.0001 (non-parametric Kruskal-Wallis test—Dunn's multi-
behavior experimentation. Individual values and medians are dis- ple comparisons test). No residual antinociceptive effects can be

played and derived from at least 12 independent experiments for observed 6 h after exposure

in sensitivity was not statistically significant. To identify  all testes mutants), suggesting redundant receptor function.
targets, we exposed mutants to 10 uM of Can A or Can  Based on the collected data, we concluded that the double
B for 60 min prior to the heat avoidance experiments. As  mutant (e.g., ocr-2/osm-9) would be unresponsive to nox-
shown in Fig. 5, except for the ocr-2 mutant exposed to Can  ious heat. Notably, we previously reported on the applica-
A (Fig. 5A), antinociceptive effects mediated by Can A and  tion of certain vanilloids, including eugenol, and the results
Can B were quantifiable in all examined mutants. The effi- were inconclusive (Nkambeu et al. 2021). Vanilloids are
cacy of Can A was hampered in the ocr-2 mutant, although ~ known to target C. elegans TRPV channels OCR-2 and
it remains unclear whether Can A targets OCR-2 to induce =~ OSM-9, with considerable data supporting OCR-2 as the
the observed effects. However, the results obtained follow- target (Nkambeu et al. 2020, 2023). Can A and Can B con-
ing mutant exposure to Can A or Can B indicate redun-  tain a vanillyl functional group, known to be responsible
dancy in receptor involvement and possible compensation.  for interacting with vanilloid receptors, that may bind to
Single mutants remained sensitive to heat but were less  vanilloid receptors in C. elegans to mediate their analgesic
sensitive than the WT (i.e., not statistically significant for  effects.
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Fig.4 Assessment of the pharmacological effects of cannflavin B
(Can B) on thermal avoidance in Caenorhabditis elegans. Nema-
todes were exposed to Can A or capsaicin (Cap) for 60 min prior
to behavior experimentation. Individual values and medians are
displayed and derived from at least 12 independent experiments for

As shown in Figs. 3 and 4, we noted significant antinoci-
ceptive effects after Can A or Can B exposure for 1 h. Both
molecules impeded the nocifensive response of C. elegans
to noxious heat. However, the pathways and biological pro-
cesses underlying Can A or Can B activity remain to be
elucidated. Consequently, we used MS-based proteomics
and network biology to decipher the relationship between
these pathways and drug responses. C. elegans exposed to
Can A (10 pM) and Can B (10 uM) for 1 h were subjected
to label-free proteomic analyses. Figure 6 shows volcano
plots to illustrate the differential abundance of proteins, with
the x-axis representing the log, ratio and the y-axis plot-
ting log, (p-value). Boxes represent a twofold change with
a p-value of <0.05. Numerous DEPs were identified; 113
upregulated and 154 downregulated proteins were identified
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each experimental group. Can B exhibits dose-dependent effects
and markedly impedes thermal avoidance in C. elegans. ****
p<0.0001 (non-parametric Kruskal-Wallis test—Dunn's multi-
ple comparisons test). No residual antinociceptive effects can be
observed 6 h after exposure

following Can A exposure (Fig. 6A), and 134 upregulated
and 147 downregulated proteins identified following Can B
exposure (Fig. 6B). Tables S1 and S2 (supplementary file)
summarize the fold changes and p-values for all identified
DEPs. Proteins with a single high-scoring peptide hit were
not excluded, as previously discussed (Gupta and Pevzner
2009). Examining the lists of DEPs using Venn diagrams
(Fig. 6C), we found that DEPs were specific to each experi-
mental group, with a significant degree of overlap between
C. elegans exposed to Can A or Can B.

Enrichment analysis of the Reactome pathways and GO
Cellular Component databases revealed a high degree of
enrichment for eukaryotic translation initiation (Reactome
identifier: R-CEL-72613) for both treatments (Fig. 7A).
Eukaryotic translation initiation factor 4E (eIF4E) is crucial
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Fig.5 Identification of vanilloid receptor orthologs responsible for the osm-9 (B), npr-19 (C) andnpr-32 (D). Can A antinociceptive effects may
Can A and Can B-induced antinociceptive effects. Individual values and be mediated via vanilloid receptor OCR-2. ** p < 0.01, * p < 0.05 (non-
medians are displayed and derived from at least 12 independent experi- parametric Kruskal-Wallis test - Dunn's multiple comparisons test)

ments for each experimental group. Mutants tested included ocr-2 (A),
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Fig.6 Visualization of proteomic results using volcano plots. Vol-
cano plots illustrate the differential abundances of proteins, with the
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maintained at 22 °C) and the y-axis representing — 1 xlog, (p-value).
The boxes represent log,-fold-change and above with an adjusted
p-value <0.05. The p-values were determined by a one-way ANOVA

for nociceptive plasticity and plays a major role in the
development of chronic pain in animals, including humans
(Uttam et al. 2018). Notably, eIF4E is an important effec-
tor of the ERK and mTORCT1 signaling pathways involved
in the development of pain. Accordingly, eI[F4E-dependent
mechanisms should be explored as new targets for develop-
ing novel drugs to alleviate pain. Notably, we have recently
shown that treatment with Cap substantially enriched child
(or sublevel) pathways connected to the pathway hierarchy
of eukaryotic translation initiation (Reactome identifier
R-CEL-72613) (Nkambeu et al. 2023). Hierarchical clus-
tering revealed several common pathways following Can
A and Can B treatment, with a large degree of enrichment
in energy metabolism-associated Reactome pathways (e.g.,
citric acid [TCA] cycle and respiratory electron transport,

CanB

with post-hoc Tukey HSD. A. Caenorhabditis elegans exposed to
10 uM Can A for 1 h were compared with nematodes maintained at
22 °C. B. C. elegans exposed to 10 uM Can B for 1 h were compared
to nematodes maintained at 22 °C. C. Venn diagram representing
the degree of DEP overlap between the two experimental conditions
under investigation. DEP, differentially expressed protein

citric acid cycle [TCA cycle], formation of ATP by chemios-
motic coupling). These Reactome pathways contain complex
networks of chemical reactions essential for energy metabo-
lism and lead to simple precursors that function as building
blocks for anabolic reactions. The maintenance and regula-
tion of anabolism are vital for enhancing the healing pro-
cess. Notably, metabolic disruption can substantially impact
neuronal plasticity (Formolo et al. 2022). Developing drugs
that induce healthy neuroplastic changes represents a poten-
tially attractive chronic pain treatment strategy (Sibille et al.
2016). The enrichment of GO cellular components provides
information complementary to the Reactome pathways by
identifying cellular compartments and structures. As shown
in Fig. 7B, mitochondrial and child terms were significantly
enriched following treatment with both Can A and Can B.
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Fig.7 Functional characteriza- A
tion using Metascape combined
with the Reactome (A) and
Gene Ontology cellular com-
ponent (B) databases. Analysis
was performed with all DEPs
(JFC| > 2 and p-value <0.05).
Within the heatmap, the cell
color densities were derived
from -log,, (p-value). The

rows are clustered based on the
degree of overlap of the proteins
within each set that led to the
enrichment of each pathway.
DEPs, differentially expressed
proteins
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These findings were highly compatible with the enrichment
of energy metabolism associated with previously identified
Reactome pathways. As shown in Fig. 7B, there was a high
degree of cytosolic ribosome enrichment. Ribosomes are
the core molecules essential for catalyzing RNA translation
into proteins. Translational control is critical in chronic pain
(Khoutorsky and Price 2018).

Further analyses were performed using Can A- and
B-specific DEPs. As shown in Fig. 6C, 114 and 128 specific
DEPs were identified following treatment with Can A and
Can B, respectively. For each treatment group, hierarchi-
cal cluster analysis was performed for specific DEPs and
revealed certain distinct features. Treatment with Can A
demonstrated enrichment of immune and adaptive immune
systems (Fig. 8A and B). Cytokines and chemokines are key
effectors in the development of chronic pain (Zhou et al.
2023). Immune cells are important modulators of neuronal
activity. Furthermore, interferon signaling includes impor-
tant effectors associated with nociception and acute and
chronic pain (Tan et al. 2021). Therefore, we suggest that
interferon signaling could be a potential new drug target for
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pain management. Other enriched pathways following Can
A treatment were associated with catabolism and anabolism.
Following Can B treatment, Reactome pathway enrichment
using specific DEPs revealed the metabolism link process
(Fig. 8A and C). Maintenance of anabolism and regulation
of catabolism are the two hallmarks of chronic pain healing.

Conclusion

To the best of our knowledge, the present study is the first to
demonstrate that controlled and prolonged exposure to Can
A and Can B can induce antinociceptive effects. We estab-
lished that these molecules successfully impede the nocif-
ensive responses of C. elegans to noxious heat. Although
we did not identify specific C. elegans vanilloid targets,
functional redundancy between OCR-2 and OSM-9 was
anticipated. Notably, we documented some hierarchical dif-
ferences between Can A- and B-exposed nematodes. How-
ever, both groups were associated with eukaryotic translation
initiation (R-CEL-72613) and metabolic processes, which
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Fig.8 Functional characterization using Metascape combined with
the Reactome. Analysis was performed with DEPs (|JFC|>2 and
p-value <0.05) with no overlapping between the two experimental
conditions under investigation. A) heatmap comparing experiment
conditions. Parent to root node analysis of enriched Reactome terms

are strongly associated with pain development and may be
potential drug targets. Our findings improve the understand-
ing of the pharmacological activity of cannflavins isolated

derived from only specific DEPs observed following Caenorhabditis
elegans exposition to Can A (B) and Can B (C). Node analyses were
performed using ClueGO and CluePedia. Can A, cannflavin A; Can
B, cannflavin B; DEPs, differentially expressed proteins

from C. sativa. We postulate that cannflavins from C. sativa
have remarkable antinociceptive effects and should be evalu-
ated in animal models of pain.
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