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Parasitic nematodes pose a significant global socio-economic threat and contribute to neglected
diseases. Current infection control relies on drug therapy, but increasing anthelmintic resistance
highlights the urgent need for novel treatments. In this study, we investigate the molecular targets
and mechanisms of action of trans-cinnamaldehyde (TCA), a principal component of Cinnamon
Essential Oil (Cinnamomum verum EO), using Caenorhabditis elegans as a model organism. Our research
offers new insights into the anthelmintic effects of TCA by identifying its specific interactions with
key Cys-loop receptors and detailing its inhibitory mechanisms. The anthelmintic activity of C. verum
EO and TCA manifests as rapid alterations in locomotor activity and inhibition of egg hatching. TCA
screening of mutant worms lacking Cys-loop receptors reveal multiple receptor targets, including the
levamisole-sensitive nicotinic ACh receptor (L-AChR), GABA-activated chloride channel (UNC-49) and
glutamate-activated chloride channel. The mechanism behind the egg hatching inhibition by TCA
remains unclear, as none of the mutants studied were found to be resistant to TCA. Furthermore,
TCA increases the paralyzing effects of the anthelmintics levamisole and monepantel in a synergistic
manner, offering a route for more effective polytherapy strategies. Electrophysiological studies on

C. elegans Cys-loop receptors, in both native and heterologous systems, were used to elucidate the
molecular mechanisms of TCA-induced paralysis. TCA reduces ACh- and GABA-elicited macroscopic
currents and decreases single-channel activity and open durations of native muscle L-AChR channels,
indicating an inhibitory action. Thus, by acting through a different mechanism to that of classical
anthelmintics, TCA may be beneficial to counteract resistance in combined anthelmintic therapies. Our
findings underscore the potential of the multitarget compound TCA as a valuable tool in integrated
pharmacological strategies.

Keywords Cinnamomum verum essential oil, Trans-cinnamaldehyde, Anthelmintic drug, Cys-loop receptor,
Electrophysiology, Caenorhabditis elegans

Abbreviations

EO Essential oils

UNC-49 Gamma-aminobutyric acid (GABA)-activated chloride channel
GluCl Glutamate-activated chloride channels

IVM Ivermectin

L-AChR  Levamisole-sensitive nicotinic acetylcholine receptor
LEV Levamisole

MNP Monepantel

N-AChR  Nicotine-sensitive ACh receptor

PZE Piperazine

TCA Trans-cinnamaldehyde

Essential oils (EO), extracted from diverse plants, are complex mixtures of natural compounds with centuries-
old therapeutic applications. Recently, significant attention has been directed toward exploring the potential
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of Cinnamomum verum J. Presl. (Lauraceae) EO as both a functional food and a medicinal agent!-. Several
studies underscore its antimicrobial, antibacterial, and anti-inflammatory activities, with recent investigations
emphasizing its potential as eco-friendly treatment against human, veterinary, and crop pathogens*~’. Interest
in C. verum EO is growing, particularly due to its major compound TCA, which has shown promising
therapeutic benefits in both pre-clinical and clinical trials against several pathologies, such as cardiovascular
diseases, Alzheimer’s disease as well as bacterial, fungi and parasitic infections!>8. Consequently, unraveling the
molecular mechanisms that drive these activities holds significant scientific interest.

Parasitic nematodes -roundworms that infect humans, animals, invertebrates and plants- cause important
economic losses in livestock and crop production and contribute to neglected diseases in human and animal
populations®12. Synthetic anthelmintic drugs, which target the nervous system, locomotion, and feeding of
worms, are vital for controlling infections, many of which act through Cys-loop receptors. Thus, nematode Cys-
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«Fig. 1. Effects of C. verum EO on C. elegans. (A) C. verum EO concentration-response curve for worm
paralysis. The results are shown as mean + SD of 5 independent experiments (n =5 agar plates with more
than 30 worms per agar plate). (B) Reduction of worm locomotive activity by C. verum EO exposure. Left:
Locomotive activity was recorded as a function of time in the absence or presence of C. verum EQ, results are
shown as mean + SD of 5 independent experiments (1> 12 wells per experiment, with more than 50 worms per
well). Right: locomotive activity versus C. verum EO concentration for conditions as explained in left panel,
constructed by measuring the reduction of activity at 1 h exposure (C) Body length measurements of C. elegans
exposed 2 h to 0.025% C. verum EO, 0.1 mM levamisole, DMSO (< 1%) and the respective controls without
DMSO on agar plates. Each point in the plot represents the body length of an individual worm (=30 worms
per condition) from a representative experiment, based on three independent experiments with similar results.
Measurements were normalized to the respective control condition. No statistically significant differences
were detected for control plates with or without DMSO, P=0.826 and C. verum EO vs. DMSO, P=0.836.
Normalized body length values (mean + SD): Control: 1+0.13, Control (DMSO): 1+0.12, C. verum EO:
1+0.139, levamisole: 0.81+0.085 (***p <0.001). (D) Plot showing the ability of 0.015% C. verum EO to inhibit
egg hatching following a 6-hour exposure. Each point in the plot represents the fraction of unhatched eggs
per agar plate (1 =200 eggs per plate, n>5 plates per condition) from a representative experiment, yielding
similar results across three independent experiments. Values for the fraction of unhatched eggs per condition
(mean + SD): control: 0.029 +0.027; control DMSO: 0.031 +0.026; 0.015% C. verum EO: 0.91 +0.054%.
*p<0.001.

loop receptors, crucial anthelmintic targets, are extensively studied in Caenorhabditis elegans, serving as models
due to their resemblance to parasite receptors™!°.

Among Cys-loop receptors, the levamisole-sensitive nicotinic acetylcholine receptor (L-AChR) and the
GABA-activated chloride channel (UNC-49) located in worm somatic muscle are activated by the anthelmintics
levamisole and piperazine, respectively'. These receptors are crucial for coordinating worm movement and
crawling. Additionally, glutamate-activated chloride channels (GluCl), which regulate neurotransmitter
release and pharyngeal pumping, are activated by macrocyclic lactones like ivermectin (IVM), widely used in
antiparasitic treatment'>. These Cys-loop receptors are key targets in current anthelmintic therapy. However, the
discovery of drugs with new mechanisms of action involving modulation rather than direct activation may offer
a promising pathway to counteract the resistance that current therapies are developing.

The effectiveness of anthelmintics is threatened by limited options and emerging resistance. Synthetic drugs
also pose environmental risks, highlighting the need for new natural compounds targeting different nematode
targets!*-1%. Various EOs, including C. verum EO, and several bioactive molecules exhibit anthelmintic effects
against parasites like Ascaris suum, Parascaris sp., Haemonchus contortus, Onchocerca ochengi, Strongyloides
ratti, Meloidogyne incognita, Bursaphelenchus xylophilus and Trichostrongylus species'*17-21. However, EO face
challenges in mammals due to rapid absorption and metabolism, limiting their efficacy. Future research should
focus on improving bioavailability for enhanced performance?*-24,

Combining classical anthelmintics with natural compounds broadens their spectrum of action by targeting
multiple pathways simultaneously. This approach is effective for treating complex diseases with fewer side
effects®>?°. Identifying synergistic effects between bioactive molecules and commercial anthelmintics is essential
for optimizing research efficiency and reducing costs.

Therefore, our study provides a detailed analysis of the anthelmintic activity of C. verum EO and TCA,
covering aspects from the whole organism to the molecular level in C. elegans. This has led to the identification of
TCA molecular targets and the elucidation of its mechanism of action. This comprehensive approach enhances
our understanding of the anthelmintic potential of these natural compounds and supports the development of
integrated therapeutic strategies.

Results

Inhibition of C. elegans locomotion and egg hatching by C. verum EO

Wild-type C. elegans worms were exposed to various concentrations of C. verum EO on agar plates. To measure
the percentage of paralysis, we determined the fraction of worms that responded to gentle touch (moving worms)
after 1 and 2 h. The results showed that C. verum EO effectively inhibited worms’ locomotion, with an IC50 value
of 0.02+0.001% and 0.0116+0.0012% (v/v) after 1 and 2 h exposure, respectively (Fig. 1A). This inhibitory
effect was time-dependent, as greater locomotion inhibition was observed after 2 h of exposure, demonstrating
enhanced impact with prolonged treatment.

Given that neural mechanisms for swimming are different from those for crawling, we further evaluated the
effect of C. verum EO as a function of time and concentration on adult worms using an automated thrashing
assay in liquid medium (Fig. 1B). After 1 h exposure, C. verum EO (0.005-0.05%) affected locomotor activity
of wild-type worms, yielding an IC50 value of 0.024+0.001% (Fig. 1B). In contrast, the motility of the control
group in the absence of the C. verum EO remained stable for the 2 h-period.

Detailed analysis of paralysis features and body length measurements on agar plates indicated that C. verum
EO induced paralysis of body wall muscles, along with the suppression of head and tail movements, without
altering the normal length of the worms. Measurement of worms treated 2 h with 0.025% C. verum EO did
not exhibit significant differences compared to the control (Fig. 1C). As a control for spastic paralysis, the
anthelmintic levamisole was used as it reduces worm length by acting as an agonist of L-AChR (Fig. 1C). In the
presence of levamisole, a statistically significant difference in worm length compared to the drug-free control
was observed (p<0.01).
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In our pursuit to investigate whether C. verum EO exerts direct influence on egg hatching, we performed
the egg hatching assay following our established protocol?”’. Remarkably, C. verum EO produced a marked
inhibition of egg hatching. At 0.015%, the fraction of unhatched eggs was 0.91+0.054% (Fig. 1D). Higher
concentrations further enhanced the inhibition, reaching 0.98 £0.026% at 0.0175% and 100 + 0% at 0.02%. These
findings indicate that C. verum EO exerts a direct negative impact on egg hatching, correlating with prolonged

anthelmintic effects.
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«Fig. 2. Action of bioactive molecules from C. verum EO on C. elegans (A) Concentration-response curves
for worm paralysis. Wild-type worms were exposed 2 h to TCA, linalool, linalyl acetate or -caryophyllene
at different concentrations. The results are shown as mean +SD of at least 5 independent experiments for
each condition (n =5 agar plates per condition per experiment, with more than 30 worms per agar plate).
(B) Analysis of worm locomotive activity over time and in response to varying concentrations of bioactive
molecules. Left: Locomotive activity was monitored over time in the absence or presence of TCA. Results
are shown as mean + SD of 5 independent experiments (#n > 12 wells per experiment, with more than 50
worms per well). Right: Concentration-dependent reduction in locomotive activity, plotted as a function
of TCA concentration, based on activity measured after 1 h of exposure. (C) Plot showing the normalized
body length of wild-type worms under different conditions. Each point in the plot represents the body
length of an individual worm (1 =30 worms per condition) from a representative experiment, based on
three independent experiments with similar results. Normalized body length values (mean + SD): Control:
1+0.11; Control (1% DMSO): 0.99 +0.125 (1% DMSO did not induce statistically significant changes in
body length compared to the control group without DMSO (P=0.826)); 0.5 mM TCA: 1.05+0.13; 6 mM
linalool: 0.98 +£0.11; and 0.1 mM levamisole: 0.74 +0.04. Statistical analysis revealed no significant differences
between controls and treatments (p>0.1) except for levamisole, which significantly reduced body length
(p<0.001 for all comparisons) (D) Plot showing the ability of 0.5 mM TCA and 6 mM linalool to inhibit
egg hatching after a 6-hour exposure. Results are presented as the fraction of unhatched eggs under the
specified conditions; each data point represents an agar plate containing over 200 eggs (n =5 agar plate per
condition) from a representative experiment, yielding similar results across three independent experiments.
Values for the fraction of unhatched eggs per condition (mean +SD): control: 0.1106 +0.0802; control DMSO:
0.0763 +£0.0493; TCA: 0.9545 + 0.0163; linalool: 0.8789 +£0.0793; linalyl acetate: 0.085 +0.0563; B-caryophyllene:
0.0864 +0.0573. No statistically significant differences were found between controls with or without DMSO
(P=0.104). ***p<0.001.

Profiling of EO composition and search for active compounds involved in the inhibition of C.
elegans locomotion

Several studies have compiled information regarding the composition of C. verum EO, emphasizing its variations
not only depending on the cinnamon species but also on specific plant parts and seasonal factors, among other
variables?,

The primary components found in the C. verum EO, namely trans-cinnamaldehyde (TCA, phenylpropene
aldehyde-type), linalool (a monoterpene), linalyl acetate (an acetate ester of linalool), and p-caryophyllene (a
bicyclic sesquiterpene), comprise approximately 90% of the oil's total composition (Table S1). A qualitative
analysis of the C. verum EO utilized in our experiments was conducted using GC-MS, and the compounds
detected are detailed in Table S2. The results of the composition of our C. verum EO demonstrated consistency
with previous reports and confirmed the presence of TCA, which constitutes the major component in all EO
samples (>60% TCA)?.

We selected TCA and three other compounds, linalool, linalyl acetate and B-caryophyllene, also reported to
be present in C. verum EO samples, due to their diverse chemical structures for further exploring their effects
on C. elegans. The primary objective was to identify the main contributors to the observed anthelmintic activity.

The assessment of the effects of these compounds on wild-type C. elegans worms on agar plates resulted
in IC50 values of 0.56+0.04 mM for TCA and 2.76+0.082 mM for linalool following a 2-hour exposure.
Remarkably, no paralysis was observed for linalyl acetate and -caryophyllene, even at concentrations as high
as 10 mM (Fig. 2A). We also assessed the changes in adult worms’ locomotive activity due to the exposure to
TCA as a function of time (Fig. 2B, left panel), and to TCA, linalool, linalyl acetate, and p-caryophyllene at
a range of concentrations (Fig. 2B, right panel) using an automated thrashing assay in liquid medium. The
compounds affected wild-type worms’ locomotor activity, with TCA showing the highest potency; IC50 values
as follows: 0.368+0.02 mM TCA >1.9026 +0.0535 mM linalool >2.5626 +0.0658 mM linalyl acetate (Fig. 2B).
Linalyl acetate, but not -caryophyllene, was capable of reducing locomotive activity of wild-type worms. These
findings propose TCA as a key bioactive molecule present in C. verum EO.

While previous studies have reported C. elegans motility inhibition in liquid medium caused by prolonged
exposure to TCA at high concentrations?®=3!, the detailed characteristics of the paralysis have not been described.
Thus, we measured body length of C. elegans as described for C. verum EO. No statistical differences were found
in the measurement of the mean worm body length calculated for the condition with 0.5 mM TCA and 2.5 mM
linalool compared to the control condition (Fig. 2C). The results for egg hatching assay showed that 0.5 mM
TCA and 6 mM linalool were capable of inhibiting egg hatching reaching values close to 90%, whereas 10 mM
linalyl acetate and 10 mM B-caryophyllene did not demonstrate such effects (Fig. 2D), consistent with the lack
of effects found in the paralysis assays.

In summary, we showed that TCA, which induces rapid paralysis and significant egg hatching inhibition, is
a key bioactive molecule of C. verum EO associated with its anthelmintic effect. While linalool also exhibited
anthelmintic activity, it was less potent than TCA, reinforcing the idea that TCA is a main contributor to the C.
verum EO effects.

C. verum EO, TCA and linalool act through multiple targets in C. elegans

The identification of the molecular targets is a crucial step in drug discovery, as it helps to understand how
a compound exerts its biological effects. By using mutant strains, we explored if several Cys-loop receptors,
which belong to the family of pentameric-ligand gated ion channels, are involved in the paralyzing effects of
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EO and its main components. The tested receptors include the glutamate-activated chloride channel (GluCl),
two nicotinic acetylcholine receptors (L-AChR and N-AChR), the GABA-activated chloride channel (UNC-49),
the serotonin-activated chloride channel (MOD-1), and the betaine-activated ion channel (ACR-23)*2. These
receptors play key roles in nematode motility and most of them are targets of classical anthelmintic agents'®.

To assess the contribution of GluCls, we utilized the triple null mutant strain, avr-14(ad1305);avr-
15(vu227);glc-1(pk54), which is resistant to IVM. Following 1 and 2-h exposure period to 0.02% C. verum EO,
0.5 mM TCA and 2.8 mM linalool on agar plates (Fig. 3A, B and C, respectively), the fraction of moving mutant
worms was significantly higher compared to wild-type worms. This indicates that specific subtypes of GluCls
play a role in the paralysis induced by C. verum EO, TCA and linalool.

We also performed paralysis assays on agar plates with mutant strains lacking Cys-loop receptors located in
somatic muscle: the unc-38(e264) strain lacking the L-AChR, the acr-16(0k789) strain lacking the N-AChR, and
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«Fig. 3. Deciphering molecular targets mediating 0.02% C. verum EO (A), 0.5 mM TCA (B) and 2.8 mM
linalool (C) effects by using C. elegans mutant strains. Each point represents the mean + SD of the fraction
of moving worms (n>30 worms per agar plate, with 5 agar plates per strain in each experiment) from a
representative whole experiment. Three independent experiments per strain were carried out yielding similar
results. Wild-type strain compared to mutant strains: avr-14(ad1305);avr-15(vu227);glc-1(pk54), unc-38(e264),
acr-16(0k789), unc-49(e407), mod-1(ok103) and acr-23(0k2804). The color-coding of the mutant strains,
introduced in panel (A), applies to all panels (B) and (C) as well. Mutant strains that did not differ significantly
from the wild-type strain showed p > 0.1, while significant differences are marked with asterisks, *p <0.05,
**p<0.01 and ***p < 0.001. Asterisks are color-coded to correspond with each mutant strain, matching the
colors used to represent their data points in the figure. (D) Plot showing the ability of 0.5 mM TCA or 6 mM
linalool to inhibit egg hatching in wild-type and mutant strains of C. elegans after a 6-hour exposure. Each
point in the plot corresponds to the fraction of unhatched eggs per agar plate (n>200 eggs per agar plate,
n>5 plates per condition) from a representative experiment, yielding similar results across three independent
experiments. Values for the fraction of unhatched eggs per strain are presented in Table S3. A significant
reduction in egg hatching is observed in the presence of TCA and linalool compared to the control group.
*p<0.001.

the unc-49(e407) strain lacking functional UNC-49 receptor. All mutant strains exhibited partial resistance to C.
verum, TCA and linalool (Fig. 3A, B and C, respectively). Nevertheless, at concentrations higher than the IC50
values (0.03% for C. verum EO and 1 mM for TCA), all tested mutant worms responded similar to the wild-type,
indicating that the partial resistance to C. verum EO and TCA is overcome by higher concentrations.

The mod-1(0k103) strain lacks the serotonin (5-HT)-activated chloride channel MOD-1, identified as a
potential anthelmintic target, and the acr-23(0k2804) mutant strain lacks ACR-23, a crucial target for monepantel
(MNP) anthelmintic effect!?. Both mutant strains did not show statistically significant differences in the fraction
of moving worms on agar plates compared to wild-type worms when exposed to C. verum EO, TCA or linalool,
suggesting that these receptors are not major contributors to the paralysis (Fig. 3A, B and C, respectively).

With the aim of further exploring the role of TCA and linalool as anthelmintic compounds and their potential
to reduce egg hatching in resistant nematodes, we also assessed the ability of TCA and linalool to inhibit egg
hatching in both wild-type and mutant strains. Our results demonstrate that both bioactive molecules effectively
reduce egg hatching in all tested strains, with similar effects observed in both wild-type and mutant strains
(Fig. 3D and Table S3).

In summary, our study using mutant strains identifies several key molecular targets for worm paralysis
induced by C. verum EO. It is important to note that while we propose that GluCl, L-AChR, N-AChR, and
UNC-49 contribute to the paralyzing effects of C. verum EO, TCA, and linalool, other potential targets—beyond
those examined in this study—cannot be ruled out.

Exploring combinations of TCA with classical anthelmintic drugs for enhanced efficacy

We selected for the drug combination assay the classical anthelmintics levamisole (LEV), monepantel (MNP),
ivermectin (IVM) and piperazine (PZE), all acting through different Cys-loop receptors'’. The novel compound
chosen as the reference drug was TCA.

For the combination TCA/LEV, we tested concentrations of TCA (0.05 mM-1.4 mM) and LEV (0.005 mM-
0.06 mM) alone and the combinations namely C1: 0.3 mM TCA +0.01 mM LEV; C2: 0.3 mM TCA +0.02 mM
LEV and C3: 0.4 mM TCA +0.01 mM LEV (Fig. 4A and S1A Fig.). The results revealed a higher paralyzing effect
for each respective combination of TCA/LEV compared to the sum of each drug alone at the same concentration,
indicating a synergistic effect. In the combination TCA/MNP, the tested concentrations were MNP (0.02 mM-1
mM); C1: 0.3 mM TCA +0.02mM MNP; C2: 0.3 mM TCA +0.03 mM MNP and C3: 0.4 mM TCA +0.02 mM
MNP. The TCA/MNP combination exhibited a greater paralyzing effect compared to the sum of each drug alone,
also suggesting a synergistic effect (Fig. 4B and Fig. S1B). In contrast, the results from the combinations of TCA
(0.05 mM-1.4 mM) with IVM (0.05-0.4 mM) or PZE (10-45 mM) showed no relevant changes in paralyzing
effect compared to each drug alone (Fig. 4C and D and Fig. S1C and S1D, respectively). This highlights the
importance of identifying ineffective drug combinations in preclinical stages to optimize the development of
therapeutic strategies.

To provide a more accurate assessment of the effect resulting from the drug combination, we calculated the
CI values using Chou-Talalay’s CI theorem. The resulting CI values were <0.85 for both TCA/LEV and TCA/
MNP combinations; C1: 0.65, C2: 0.75 and C3: 0.58 for TCA/LEV, and CI: 0.58, C2: 0.52 and C3: 0.62 for the
TCA/MNP, indicating a synergistic effect and valuable benefits of drug combination. In contrast, the CI values
were >1.45 for TCA/IVM and for TCA/PZE (TCA/IVM C1: 4.25, C2: 4.05 and C3: 1.61 and TCA/PZE C1: 5,
C2: 4.4 and C3: 3.4), indicating antagonistic action when the drugs are combined.

To gain deeper insights into the interaction between TCA and LEV, both of which paralyze the worms,
we explored the effect of their combination on worm body length. While levamisole, an agonist of L-AChRs,
reduced the body length, TCA alone did not affect body length, suggesting it does not directly activate L-AChRs.
The combination of TCA and LEV showed that TCA significantly reduced the levamisole-induced contraction
in body length of C. elegans (Fig. 4E; p<0.001). These findings distinguish the effects of TCA from those of
classical agonists.
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Modulation of cys-loop receptors by TCA: macroscopic currents of L-AChR and UNC-49 are
inhibited by TCA

To elucidate the molecular mechanism underlying the anthelmintic effects of TCA, we performed
electrophysiological studies of candidate receptors identified from paralysis assays in mutant worms.

To determine if TCA acts through L-AChR and UNC-49, we first recorded macroscopic currents of native
receptors from cultured L1 muscle cells elicited by 1 mM ACh or 1 mM GABA, respectively (holding potential:
-70 mV). Whole-cell current features of both L-AChR and UNC-49 receptors at L1 muscle cells have been
described in previous studies'’. Pre-exposure of L1 cells to 0.1 mM TCA for 1 min resulted in a statistically
significant decrease of the peak currents elicited by ACh or GABA to 75+ 15% and 73 + 16%, respectively (n=10
and n=9 cells per condition, respectively, Fig. 5A and B). Control currents treated with DMSO alone did not
exhibit statistically significant reductions in peak currents (94 + 8% peak current relative to the control). After a
1-min wash with ECS solution, the control peak currents were restored (84 +17% and 87 + 16%, respectively, of
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«Fig. 4. Exploring drug combinations with TCA for anthelmintic treatment. Plot showing the fraction of
moving worms after 1 h-exposure on agar plates to TCA, anthelmintic and TCA/anthelmintic combination.
Each point represents the fraction of moving worms per agar plate (n>30 worms per agar plate, with 5-9 agar
plates per condition) from a representative experiment, shown for each panel. (A) TCA, levamisole (LEV)
and TCA + LEV combos, C1: 0.3 mM TCA +0.01 mM LEV; C2: 0.3 mM TCA +0.02 mM LEV and C3: 0.4
mM TCA +0.01 mM LEV. Values for each condition (mean + SD): 0.3 mM TCA: 83.43+7.63; 0.4 mM TCA:
67.19+14.44;0.01 mM LEV: 84.23£2.31; 0.02 mM LEV: 53.17 £3.71; C1: 35.20 £ 13.25; C2: 24.20+9.03; C3:
41.83+7.65. (B) TCA, monepantel (MNP) and TCA + MNP combos, C1: 0.3 mM TCA +0.02 mM MNP; C2:
0.3 mM TCA +0.03 mM MNP and C3: 0.4 mM TCA +0.02 mM MNP. Values for each condition (mean + SD):
0.3 mM TCA: 90.83+4.67; 0.4 mM TCA: 87.17+2.61; 0.02 mM MNP: 92.12+7.27; 0.03 mM MNP:
93.34+5.03; C1: 42.01 £22.70; C2: 47.17 £8.59; C3: 38.57+7.77. (C) TCA, ivermectin (IVM) and TCA +IVM
combos, C1: 0.3 mM TCA +0.2 mM IVM; C2: 0.3 mM TCA +0.3 mM IVM and C3: 0.4 mM TCA +0.2 mM
IVM. Values for each condition (mean +SD): 0.3 mM TCA: 87.92 +5.80; 0.4 mM TCA: 80.40+7.52; 0.2 mM
IVM: 85.50+7.26; 0.3 mM IVM: 81.49+6.01; C1: 88.42+5.04; C2: 85.71£9.06; C3: 70.05 £ 11.55. (D) TCA,
piperazine (PZE) and TCA +PZE combos, C1: 0.3 mM TCA +20 mM PZE; C2: 0.3 mM TCA +20 mM PZE
and C3: 0.4 mM TCA +20 mM PZE. Values for each condition (mean +SD): 0.3 mM TCA: 70.12 + 8.66; 0.4
mM TCA: 69.17 +9.56; 20 mM PZE: 87.60 +£2.42; 30 mM PZE: 89.05+5.68; C1: 88.5 +4.04; C2: 85.99 +£5.39;
C3: 80.48 £4.73. Four independent experiments were carried out yielding similar results. Comparisons that
did not differ significantly showed p>0.1, while significant differences are marked with asterisks, * p <0.05
and ***p<0.001. (E) Plot showing the changes in body length of wild-type worms exposed to DMSO (1%),
0.5 mM TCA, 0.1 mM levamisole, and the combination of 0.5 mM TCA + 0.1 mM levamisole. Each point in
the plot represents the body length of an individual worm (=30 worms per condition) from a representative
experiment, yielding similar results across three independent experiments. Normalized body length values
(mean + SD): control: 1+0.14; control (1% DMSO): 1.04+0.12; TCA: 0.997+0.117; LEV: 0.789+0.13; TCA/
LEV: 1.05+0.13. Statistical analysis revealed no significant differences between controls and treatments
(p>0.1) except for levamisole, which significantly reduced body length (p <0.001 for all comparisons).
Fp<0.001.

the original currents measured in the same cell). Higher TCA concentrations (>0.5 mM) resulted in membrane
instability and could not be examined.

Additionally, the application of 0.1 mM TCA to cells expressing the receptor under study, in the absence of
agonists, did not generate macroscopic responses, indicating that it is not an agonist of these receptors (Table
S4).

Since GluClal/p heteropentamers have been previously expressed and electrophysiologically characterized
in BOSC-23 cells®, we used this system to measure macroscopic currents elicited by 3-5 mM glutamate in the
whole-cell configuration. Macroscopic currents of GluCla1/p induced by 3 mM and 5 mM glutamate were not
affected by 60-90 s pre-incubation with 0.1 mM TCA (n=8 and n=5, respectively, Fig. 5C). No statistically
significant differences in peak currents were detected compared to the control pre-incubated with DMSO alone
(Fig. 5C). Increasing both the concentration of TCA (to 0.5 mM) and the time of pre-incubation (to 120 s)
did not result in any significant change in the glutamate-elicited currents. Additionally, TCA was incapable of
generating currents by itself in the absence of the agonist (Table S4). Thus, this GluClI subtype does not appear
to be involved in the reduced sensitivity of the triple mutant worms to TCA, suggesting that other unexplored
GluCl subtypes may contribute to the paralyzing activity of TCA.

We expressed MOD-1 in BOSC-23 cells and measured macroscopic currents elicited by rapid application
of 1 uM 5-HT?%. After a 60-90 s preincubation period with 0.1 mM TCA, no changes in the peak currents
compared to the control currents were observed (n=5, Fig. 5D). In addition, TCA failed to generate currents in
the absence of an agonist (Table S4). These results support the findings from paralysis assays conducted on the
mutant strain lacking MOD-1, which showed no difference compared to the wild-type strain and exhibited no
resistance to TCA.

In summary, our whole cell analysis demonstrated that TCA modulates L-AChR and GABA receptors by
reducing the peak currents, indicating that it acts as an inhibitor of these receptors. This finding provides insights
into how TCA may exert its anthelmintic effects.

Effects of TCA on L-AChRs single-channel activity elicited by ACh and levamisole

To gain further insights into the molecular actions of TCA and to unravel its modulation of native L-AChR,
we recorded single-channel currents activated by ACh or levamisole in the cell-attached configuration from L1
muscle cells. Recordings of channel activity at 100 pM ACh revealed the presence of openings with an amplitude
of 3.5+0.38 pA (n=10) at a holding potential of 100 mV, which is consistent with previous reports*>*. As a
control, we verified that 0.02% DMSO did not produce any change in the single-channel activity pattern and
channel properties (n=5).

To assess the effects of TCA, L1 cultured cells were incubated for 15-20 min with 0.02% DMSO with or
without 100 uM TCA, and single L-AChR currents activated by ACh were recorded as described above (Fig. 6A).
In the control condition, the frequency of openings remained mainly constant during the recording, exhibiting
few long silent periods. In contrast, the long silent periods were more frequent in the presence of TCA (Fig. 6A).

Open time histograms for 100 uM ACh+ 100 uM TCA were fitted by one exponential component, with a
mean open duration significantly reduced compared to the control condition (0.12+0.013 ms and 0.23£0.04
ms, respectively, Fig. 6B; Table 1). Closed-time distributions of L-AChRs from both conditions were described
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by the sum of three or four components. The main closed component, about 32 ms, was displaced to smaller
durations in recordings from cells treated with TCA (Fig. 6B; Table 1).

At a lower TCA concentration (1 uM), openings elicited by 100 uM ACh were also briefer than the control
(0.12£0.02 ms, Table 1). Also, a higher frequency of long closed periods was observed in cells treated with 1 uM
TCA compared to the control (Fig. 6A).

The duration and number of the prolonged silent periods was variable among different recordings since it
also depends on the number of receptors in the patch. To quantify, we measured only the silent periods longer
than 0.5 s in the whole recording and calculated the percentage of time in which the channel is in these long-
closed states, relative to the total recording time. Although the percentages corresponding to silent periods were
variable, a systematic increase with TCA concentration was detected. The percentage for the control condition of
channels activated by 100 uM ACh was 9+ 12% (n=10), which is statistically significantly different to 29 +14%
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«Fig. 5. Inhibitory effects of TCA on L-AChR and UNC-49 macroscopic currents. Left: Typical whole-cell
traces from C. elegans L1 cultured muscle cells elicited by a 1 s-pulse of ACh (A) or GABA (B) before (DMSO
control current, black traces) and after 1 min incubation period with 0.1 mM TCA (treated current, red traces);
pipette potential: -70 mV. Macroscopic responses of GluClal1/f elicited by 3 mM glutamate (C) and MOD-

1 elicited by 1 uM 5-HT (D); pipette potential: -50 mV. For all panels, cells were first exposed to a pulse of
agonist in ECS (normalized current to 1), then to a 1 min pulse ECS alone (DMSO control) or 0.1 mM TCA
incubation period, and finally again to the agonist (DMSO control: black traces; treated current: red traces).
The red upper line shows the time of exposure to the agonist. For clarity, the maximal peaks are indicated by
black (DMSO control) and red (TCA treatment) lines at the left. Right: plot showing the relative peak current
for TCA treated currents compared to its DMSO control. Each point represents the average current for a single
cell. Values for the right panels in each condition (mean+SD): (A) control: 1+0.07; control DMSO: 0.96+0.1;
0.1 mM TCA: 0.75+0.15. (B) control: 1+0.066; control DMSO: 0.945+0.12; 0.1 mM TCA: 0.73+0.16. (C)
control: 1+0.08; control DMSO: 0.89+0.1; 0.1 mM TCA: 0.88+0.11. (D) control: 1+0.08; control DMSO:
0.967+0.1; 0.1 mM TCA: 0.978 £0.09. ***p <0.001.

(n=10, P=0.048) and 37+26% (n=11, P=0.004) for 100 pM ACh in combination with 1 or 100 uM TCA,
respectively.

We also thoroughly explored recordings in the presence of a lower ACh concentration, 10 uM ACh, in the
absence and presence of 100 uM TCA. At 10 uM ACh, open time histograms were described by one exponential
component whose duration was longer than that detected for 10 uM ACh+100 uM TCA (0.29+0.01 ms and
0.16+0.03 ms, respectively, Table 1). Also, the percentage of the silent periods was higher when TCA was present
(19£9% for ACh alone and 42 +19% for 10 uM ACh and 100 uM TCA, P=0.047).

To expand the analysis, we recorded single channel events evoked by 100 uM LEV alone and in combination
with 100 uM TCA (Fig. 6C). Open time histograms were fitted by one exponential component whose duration
was reduced compared to that detected in the control condition (0.13+0.03 ms and 0.27 +0.04 ms, respectively,
Table 1). We also observed long silent periods in the presence of TCA, whose durations were also variable
between recordings. However, the percentage of the time in these long silent periods was statistically significantly
different to the control, 45+21% (n=6) for 100 uM LEV alone (control) and 78 +20% (n=6, P=0.021) for 100
uM LEV in combination with 100 uM TCA.

To extend the analysis even more, we examined the duration of bursts, which correspond to the activation
episode of a single receptor molecule. We found that the mean burst durations were significantly briefer in the
presence of TCA compared to control conditions (p <0.05; Table 1). These results highlight TCA’s inhibitory
effect on receptor activation, providing additional insights into its mechanism of action.

In conclusion, TCA inhibits single-channel activity of L-AChR by increasing the proportion of long
electrically silent periods in which the receptor is not active and reducing the open and burst durations.

Discussion

In this study, we focus on identifying the molecular targets and mechanisms of action of TCA from C. verum EO,
examining its effects on the nematode model C. elegans from organismal to molecular levels. Although research
on the effects of essential oils on parasitic nematodes remains limited'®!7-?2, our research confirms TCA and
linalool as key components contributing to the anthelmintic activity of C. verum EO and builds upon and extends
the understanding provided by earlier studies on TCA’s anthelmintic potential®*-3!. Through TCA screening
of mutant worms, our results reveal that several Cys-loop receptors, including L-AChR, N-AChR, UNC-49
and GluCl receptors, contribute as novel targets to its anthelmintic activity (Fig. 7). Our electrophysiological
recordings demonstrate that TCA reduces macroscopic responses of L-AChR and UNC-49 receptors, indicating
its inhibitory action. Additionally, single channel recordings of L-AChR demonstrate that TCA decreases the
frequency and the duration of L-AChR channels, a change consistent with noncompetitive inhibition, suggesting
a distinct mechanism to the classical anthelmintics®’.

While the participation of GluCl receptors in the anthelmintic activity elicited by TCA has been suggested
through the screening of mutant worms, direct electrophysiological evidence supporting their involvement
remains to be elucidated, underscoring the need for further investigation.

Moreover, our study explores the synergistic potential of TCA when combined with conventional
anthelmintics, offering insights into future formulations aimed at mitigating resistance acquisition and enhancing
treatment efficacy. The strategy of using multitarget-directed ligands that simultaneously affect various Cys-loop
receptors crucial for worm function offers potential for advancing the development of anthelmintic therapies.

The anthelmintic activity of C. verum EO is evident through various experimental assays that revealed worm
paralysis on agar plates, reduced locomotor activity in liquid medium, and significant inhibition of egg hatching.
These assays cover various aspects of worm physiology and illustrate effects across different timeframes, from
immediate changes in locomotion to sustained anthelmintic impact by preventing egg hatching. TCA has been
shown to constitute more than 50% of the components of a great variety of C. verum samples (see Table S1). We
confirmed the presence of TCA in our C. verum EO sample by a qualitative analysis using GC-MS and tested its
effect on C. elegans in conjunction with other major EO components reported in the literature, linalool, linalyl,
and P-caryophyllene.

TCA and linalool mirror the effects of C. verum EO while linalyl acetate and p-caryophyllene, were mainly
ineffective. Although we have identified some active components, we cannot discard that other -non-selected-
compounds may exhibit anthelmintic activities. Indeed, eugenol, also detected in our EO sample, was previously
reported to show anthelmintic properties®®*°, Cinnamomum verum essential oil, at its IC50 value of 0.0175%
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Fig. 6. Inhibitory effects of TCA on L-AChR channel activity. (A) L-AChR single-channels activated by 100
uM ACh were recorded in the absence (top) and presence of 1 uM and 100 uM TCA (bottom). Three different
traces of the same recording separated by red dashes are shown for each condition; the first trace corresponds
to recording during the first minute and the other two traces, during the third minute. Channel openings are
shown as upward deflections. Pipette potential: 100 mV. Filter: 9 kHz. (B) Representative traces and open and
closed time histograms of channels recorded as explained in panel A. The long-closed periods were excluded
from histograms as they were examined and calculated through inspection across all recordings (7-10 min).
(C) L-AChR single-channels activated by 100 M levamisole were recorded in the absence (top) and presence
of 100 uM TCA (bottom). As described for ACh, three different traces separated by red dashes are shown for
each condition. Pipette potential: 100 mV. Filter: 9 kHz.
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01 (ms) C1 (ms) C2 (ms)
Agonist Treatment (area) (area) (area) Burst (ms) | n
0.29+0.01 0.037£0.012 52+35
0w ACH DMSO control a) (0.24+0.06) (0.67+0.15) 0.45+0.09 |8
" 100 uM TCA. 0.16+0.03 0.04+0.01 18+9 0204008 |6
H (1) (0.34+0.09) (0.58+0.31) e
0.23+0.04 0.057+£0.012 32+25
DMSO control a) (0.41+0.17) (0.57+0.18) 0.37+£0.09 |7
0.12+0.02 0.03+0.009 14+10
100 uM ACh | 1 uM TCA ) (0.52£0.09) (0.4420.1) 0.2040.04 |7
0.12+0.01 0.057+0.01 3.2+0.44
100 pMTCA |y (0.30+0.06) (0.5140.19) 0.18+0.018 | 5
100 UM LEV DMSO control | 0,27+0,04 (1+0) | 0,05+0,016 (0,10+0,04) | 35+7 (0,41 +0,14) | 0,33+0,05 |7
H 100 uM TCA 0,13+0,03 (1+0) | 0,04+0,01 (0,34+0,09) 18+9(0,58+0,31) | 0,23+0,10 |6

Table 1. L-AChR single-channel properties examined for ACh- and levamisole-activated channels in the
absence and presence of TCA. Single channels were recorded from C. elegans L1 muscle cells at a pipette
potential of 100 mV. L-AChR channels were recorded in the absence and presence of TCA. The mean
durations of the open component (O1) and closed components (C1 and C2) and mean burst durations were
obtained from the corresponding histograms. Data are shown as mean + SD and the number of recordings

for each condition is indicated (n). LEV: Levamisole. Statistical comparison of burst activity showed p <0.001
for 10 pM ACh (DMSO control) vs. 10 uM ACh + 100 uM TCA, 100 uM ACh (DMSO control) vs. 100 uM
ACh+1 uM TCA, and 100 pM ACh (DMSO control) vs. 100 uM ACh + 100 uM TCA. Comparison of 100 pM
LEV (DMSO control) and 100 uM LEV + 100 uM TCA showed p =0.046.

Strains J % ~ J 3 J J
Wild-type unc-38(e264) acr-16(ok789) unc-49(e407) avr-14(ad1305); mod-1(ok103) acr-23(0k2804)
avr-15(vu227);
glc-1(pk54)
Paralysis assay
C. verumEO Sensitive Partially resistant | Partially resistant Partially resistant | Partially resistant Sensitive Sensitive
TCA Sensitive Partially resistant | Partially resistant | Partially resistant | Partially resistant Sensitive Sensitive
Drug combination TCA+ LEV - TCA + PZE TCA+IVM - TCA + MNP
synergism antagonism antagonism synergism
Cys-loop Receptor L-AChR N-AChR UNC-49 GluCla1/B MOD-1 ACR-23
ACR-16 UNC-49B o MOD-1 ACR-23
UNC-38 LEV-1 |ACR-16 ACR-16 | unC-498 UNC-49C | O B MOD-1 MOD-1 | ACR-23 ACR23
UNC-39 UNC-63 ACR-16 ACR-16 UNC-49C UNC-498 B o MOD-1 MOD-1 ACR-23 ACR-23
Electrophysiology
TCA L-AChR NS UNC-49 GluCla1/p MOD-1 NS
inhibition inhibition no effect no effect

Fig. 7. Dissecting anthelmintic effects of C. verum EO and TCA on C. elegans. The figure represents the
comprehensive analysis of C. verum EO and TCA conducted in our study from the organism to the molecular
level, employing various mutant strains of crucial Cys-loop receptors. The figure shows: Results of the
sensitivity to C. verum EO and TCA of wild-type and different mutants worms lacking functional key Cys-
loop receptors; the effects of TCA combinations with conventional anthelmintic drugs (LEV, levamisole; PZE,
piperazine; IVM, ivermectin; MNP, monepantel); and the effects of TCA on receptor function evaluated by
electrophysiological studies. NS: not studied.

(v/v), demonstrates potent anthelmintic activity against C. elegans, with concentrations of 0.332 mM TCA,
0.00321 mM linalool, and 0.00754 mM eugenol—lower than the IC50 values of the pure compounds. This
indicates that the oil’s activity cannot be attributed solely to individual components but likely results from additive
or synergistic interactions among its constituents. These effects may involve complementary mechanisms of
action, enhanced bioavailability, or stabilization of active compounds within the oil matrix. Minor components,
such as linalyl acetate and p-caryophyllene, may also contribute to amplifying the oil’s efficacy.

We show that C. verum EO, TCA and linalool induce paralysis of body wall muscles, leading to the suppression
of head and tail movements, while maintaining the original length of worms. This denotes a distinct form of
paralysis compared to levamisole, which induces sustained muscle contraction and spastic paralysis by activating
L-AChR, leading to reduced worm length. This disparity may be attributed to the compounds functioning as
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negative modulators rather than agonists of L-AChR. Furthermore, their multitarget nature suggests that the
ultimate impact on body length may arise from the integrated effects across multiple receptors.

The identification of molecular targets stands as a crucial step in drug discovery. Therefore, drug screening of
mutant strains provides a valuable approach to achieve this goal. In this study, we explore the effects of C. verum
EO and TCA on selected mutant strains lacking Cys-loop receptors with importance in worm locomotion.
The rationale is based on the fact that the lack of the molecular target generates resistance to the drug. The
results suggest the involvement of GluCls, L-AChRs, N-AChRs, and UNC-49 receptors in the paralyzing
effects of C. verum EO, TCA and linalool. However, neither mutant strain became totally resistant to the drug,
indicating multiple contributions. In contrast, at the tested concentrations, TCA and linalool effectively reduce
egg hatching in all mutant strains similarly to the wild-type strain. This activity could have potential for use
against parasitic nematodes, including those resistant to commercial anthelmintics. Other potential targets, not
explored in this study, may also contribute to the anthelmintic effects of TCA. In this regard, TCA and several
other bioactive molecules have been shown to interact with receptors from diverse families, including transient
receptor potential channels found in C. elegans*!*2. Thus, it appears that bioactive molecules, which combine
multiple activities within a single compound, may be implemented as a polypharmacological strategy with
enhanced efficacy and reduced risk of drug-drug interactions®’.

In addition to its multitargeting properties, we investigated the potential of TCA in polytherapy with
conventional drugs, a strategy pivotal in modern clinical practice. Polytherapy combines drugs that act through
distinct mechanisms within the same organism, enhancing efficacy and mitigating drug resistance development*4.
This approach is particularly crucial in combating the escalating challenge of resistance in antiparasitic therapy,
affecting both animal and human health.

For combination therapies, we selected LEV, MNP, PZE, and IVM, which target Cys-loop receptorslo,
alongside TCA and examined them by paralysis assays on agar plates. Our results reveal strong synergistic
effects with TCA/LEV and TCA/MNP combinations, which significantly enhanced worm paralysis compared
to the sum of individual drugs. These findings are further supported by the CI values, where CI<1 indicates
synergism. Conversely, TCA exhibited antagonistic effects when combined with IVM or PZE (CI>1 for both
combinations), thus highlighting the critical need for careful drug selection and rigorous testing in model
organisms. Our approach not only ensures the efficient development of effective combination therapies for
anthelmintic treatments but also identifies antagonistic and ineffective combinations that reduce efficacy,
thereby conserving valuable time and resources. Overall, our findings provide crucial insights for formulating
successful anthelmintic treatments.

Building upon our findings from screening mutant strains that identified various Cys-loop receptors, our
focus shifted towards unraveling the underlying mechanism of action. In our electrophysiological experiments,
preincubation with TCA resulted in a reduction of macroscopic peak currents induced by endogenous agonists
in L-AChR and UNC-49 receptors, indicating TCA's role as an inhibitor of these receptors at the neuromuscular
junction. Notably, TCA exhibited a distinct mechanism of action from LEV and PZE, as evidenced by its
inability to generate macroscopic currents in the absence of the corresponding agonists. A direct correlation
between the TCA concentrations used in electrophysiological recordings with those used in paralysis assays is
not expected due to several factors: (i) the whole-cell recordings from the cultured cells allow neither extended
pharmacological studies nor exposure to high TCA concentrations over a relatively long time due to the
instability of the patches; (ii) both the concentration and time of application of TCA in the electrophysiological
experiments are smaller than those used to induce paralysis in the entire worm, for which absorption is required;
and, (iii) TCA modulates different receptors simultaneously. These factors may explain the apparent controversy
between the small effects on peak currents of GABA and L-AChR receptors and the paralysis induced by TCA.
Nevertheless, the peak reductions align with the clear partial resistance of the mutant worms lacking these
receptors.

TCA demonstrated no effect on the macroscopic currents of GluCla1/p elicited by glutamate when compared
to the control. Six genes in C. elegans encode GluCl subunits: avr-14 (GluCla3 subunit), avr-15 (GluCla2), glc-
1 (GluClal), glc-2 (GluClIp), glc-3 (GluCla4), and glc-4'°. Our observation that the triple mutant strain avr-
14(ad1305);avr-15(vu227);glc-1(pk54) exhibits partial resistance to TCA suggests the involvement of another
GluCl subtype not explored in this study. Furthermore, TCA did not affect MOD-1 macroscopic currents,
consistent with our paralysis assay findings, indicating that despite its multitarget feature, it does not modulate
all Cys-loop receptors.

To explore the inhibitory effect of TCA on native L-AChRs, we performed single-channel recordings from
L1 C. elegans muscle cells. Our study revealed a significant alteration in the channel activity pattern of L-AChRs,
characterized by a higher occurrence of prolonged silent periods devoid of activity, which varied with TCA
concentration. We developed a method to quantify this enhancement of channel inactivity by measuring the
percentage of time with silent periods longer than 0.5 s relative to total recording time. The precise mechanism
behind these prolonged closures, which could involve impaired opening, desensitization, or slow channel block,
remains unclear.

Furthermore, our analysis of L-AChR single-channel properties in the presence of TCA shows reduced
open channel and burst durations, along with shorter durations of the main closed state. The reduction in open
duration is compatible with open channel block, but the changes in burst duration and main closed component
duration suggest a block mechanism not consistent with fast open-channel block. Altogether, these observations
suggest that TCA inhibits native L-AChRs through a complex mechanism, potentially involving allosteric
inhibition and/or channel blockade.

The use of EO as anthelmintics shows promise against nematode parasites, with cinnamon bark extracts
containing TCA proving effective®”!822, However, challenges exist in practical applications for mammals, as
orally administered EO, including carvacrol, thymol, and cinnamaldehyde, are quickly absorbed and metabolized
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in the gastrointestinal tract?>-2%, This limits their availability, hindering their efficacy. Future research should
focus on enhancing EO bioavailability and stability for better anthelmintic performance in mammals.

The safety and toxicity of C. verum and its primary component, TCA, have been extensively investigated.
Safety assessments, including invertebrate and vertebrate animal trials and clinical studies, have determined
the low toxicity of C. verum, supporting its potential as a safe therapeutic agent>>*>~%". The collective evidence
reinforces cinnamon’s favorable safety profile, warranting consideration for health applications.

Conclusions

C. verum EO and its main bioactive components TCA and linalool exhibit potential anthelmintic activity.
Our electrophysiological and behavioral studies examining TCA effects on C. elegans reveal that the marked
anthelmintic effectiveness is mediated through modulation of several Cys-loop receptors. In particular, TCA
acts as an inhibitor of two key receptors involved in nematode mobility; the L-AChR and the GABA-activated
chloride channel (UNC-49). TCA combinations with other classical anthelmintics, particularly levamisole and
monepantel, represent promising strategies for further antiparasitic drug research. The utilization of multi-target
natural compounds in anthelmintic formulations holds potential as a novel therapeutic approach.

Materials and methods

Chemicals and essential oils: TCA, linalool, linalyl acetate, B-caryophyllene, levamisole, ivermectin, piperazine
and DMSO (Sigma-Aldrich Co), monepantel (Zolvix, Elanco) and bark cinnamon EO, C. verum EO (Saiku,
Argentina).

Caenorhabditis elegans strains
Nematode strains used were: N2: Bristol wild-type; PD4251: ccls4251;dpy-20(e1282); DA1316: avr-
14(ad1305);avr-15(vu227);glc-1(pk54); CB904: unc-38(e264); RBI18: acr-16(0k789); CB407: unc-49(e407);
MT9668: mod-1(ok103); RB2119: acr-23(0k2804).

All nematode strains were obtained from the Caenorhabditis Genetics Center, Nematode strains were
maintained as described in previous studies®.

Paralysis assays
Assays were performed with young adult hermaphrodites’ worms from synchronized NGM plates. Paralysis
was determined on fresh agar plates without bacteria and containing the tested drug or DMSO vehicle at room
temperature as described in previous studies®. Paralysis was defined as the lack of movement in response to
gentle prodding of the body as described previously*>3. All experiments were conducted in a blind manner.
For concentrations expressed in percentage (%) of C. verum EO, volume/volume (v/v) was considered.
The stock solutions of TCA (370 mM), linalool (640 mM), linalyl acetate (500 mM), and B-caryophyllene
(864 mM) were freshly prepared in DMSO on each experiment day. In all assays, DMSO concentrations were
maintained below 1% (v/v), as this concentration is unlikely to interfere with the results*>*°. However, higher
DMSO concentrations (1-2%) were required for the conditions involving 7 mM linalyl acetate and 10 mM
B-caryophyllene on agar plates. For these specific conditions, additional control groups with DMSO were
included to ensure there were no significant differences compared to conditions without DMSO.

Motility assays

Motility assays were conducted utilizing the WMicroTracker (Phylumtech, Argentina) in liquid medium.
Synchronized young adult hermaphrodite worms were transferred to flat bottomed 96-well microplates (about
50-60 worms per well in water) as described in previous studies*’. Worms’ basal movement (control of worms’
movement) was measured for 30 min to normalize the movement activity for each well at the beginning of the
assay (basal, 100% activity). Then, compounds were added to a final volume of 100 pl per well and motility was
analyzed in 5-min time bins during 60-120 min. For each well, the motility value at a given time (60-120 min)
was related to the basal one. All compounds were tested with a minimum of twelve replicates per plate. For
comparison among different concentrations, the assays were performed in parallel. Each condition was evaluated
in at least five independent experiments with different synchronized worm batches and always in parallel with
the respective control. The motility of the control group was consistently stable throughout the experiment, with
no significant differences observed between the 0-hour and 2-hour time points.

Body length measurement

For C. elegans body length measurements we used fresh-agar plates with or without C. verum EO or drugs.
Assays were performed with its respective controls as described in previous studies®®. Data are presented as the
body length of C. elegans after drug exposure, normalized to the control group, where the control group is set
as 1. At least three independent experiments were carried out for each condition. Levamisole was chosen for
experimentation due to its significant ability to induce spastic paralysis, which can be easily quantified.

C. elegans egg hatching assay

We determined the ability of drugs to inhibit egg hatching according to the method described previously?’.
The number of unhatched eggs and first-stage larvae or larva 1 (L1) was counted under a Stereoscopic Zoom
Microscope.
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C. elegans drug combinations assay
Synchronized young adult worms were transferred to agar plates containing individual commercial anthelmintics
or TCA at varying concentrations, or three distinct combinations of TCA with each anthelmintic (#>30 worms
per agar plate, 20 °C). Subsequently, the fraction of paralyzed worms was measured after 1 h of exposure. All
experimental conditions were performed in parallel and compared to the control without drugs. Initially, several
anthelmintic concentrations were tested in order to select concentrations that induce paralysis on agar plates in
less than 50% of worms, following the assay protocol described in detail in reference®® (the concentrations used
for each experiment are indicated in the respective figures and/or their captions and/or supporting information).

Commercial anthelmintics: Levamisole, piperazine, monepantel, and ivermectin were chosen for
experimentation due to their widespread commercial use against various parasitic nematodes in humans and
animals. They were selected for their efficacy in targeting Cys-loop receptors, making them effective treatments
for different nematode infections.

The Combination Index (CI) values were calculated using Chou-Talalay’s CI theorem from CompuSyn
software to provide a more accurate assessment of the combined effects’>™*. Additive effects, synergism, and
antagonism are indicated by values of CI=1, < 1, and > 1, respectively.

Gas Chromatography-Mass Spectroscopy (GC-MS)

The identification of the components of the C. verum EO was carried out at the Universidad Nacional del Sur,
INQUISUR, using an Agilent 7890B Gas Chromatograph with a Mass Selective Detector (MSD) 5977 A and a
HP5-MS UI (30 m x 0.25 mm x 0.25 um) column. The detector was operated under full scan chromatographic
conditions (Scan Mode). The identification of the main components was achieved by comparing the molecular
structure of detected chemical compounds with data from the NIST MS 2.0 Library of GC-MS. The BM: TCA,
linalool, linalyl acetate and B-caryophyllene, were tested on paralysis assays on agar plates, automated thrashing
assays, measurements of body lengths, and egg hatching assays.

Isolation and culture of C. elegans muscle cells

To dissect the molecular mechanisms, electrophysiological studies were conducted on C. elegans embryonic
muscle cells. Larva 1 (L1) muscle cells were obtained from C. elegans eggs and grown following previously
described methods®* and electrophysiological experiments were performed 1-5 days after cell isolation!%3>3%,

Heterologous cell expression of GluCl and MOD-1 receptors

GluCl (GluClal and GluClp subunits) and MOD-1 (MOD-1) receptors were transiently expressed in BOSC
23 cells, which are modified HEK 293T cells. Cells were transfected by calcium phosphate precipitation with
the subunit cDNAs (total 4 pg/35 mm dish) as described in previous studies®*>*. Cells were used for whole-
cell recordings 2 to 3 days after transfection, time at which maximal functional expression levels are typically
achieved.

Patch-clamp recordings

Patch-clamp recordings were performed on L1 cells to measure activity of native C. elegans Cys-loop receptors
(L-AChR and UNC-49 receptors) or in HEK cells expressing C. elegans Cys-loop receptors (MOD-1 and GluCl).
Recordings were carried out at 20 °C in the whole-cell configuration for macroscopic currents and in the cell-
attached patch configuration for L-AChR single-channel currents as described in previous studies!®*>,

Single channels were recorded at 100 mV pipette potential with 1-100 pM ACh in the pipette solution using
the program Acquire as described before, the bath and pipette were also described previously®>. Channels were
analyzed using TAC program (Bruxton Corporation). Open- and closed-time histograms and burst duration
histograms were plotted using a logarithmic abscissa and a square root ordinate and fitted to the sum of
exponential functions by maximum likelihood using TACFit (Bruxton Corporation).

Macroscopic currents were recorded in the whole-cell configuration from C. elegans L1 muscle cells®® or from
BOSC-23 cells transfected with the corresponding receptor subunit cDNAs**** with the Intracellular Solution
(ICS) and Extracellular Solution (ECS) as described in the mentioned references. To elucidate the modulatory
action of TCA, responses were evaluated following a preincubation protocol®*. Briefly, after whole-cell formation,
agonist-elicited currents (control currents) were first recorded by a pulse of ECS containing agonist at -50 mV
holding potential. Second, TCA in ECS was applied during 1-2 min in the absence of agonist (preincubation
protocol), third a second agonist pulse was applied (treated currents). The entire experiment concluded with the
application of ECS for an additional 60-90 s period followed by another pulse of agonist to check for current
recovery. The duration of the agonist pulse was specific for receptor appropriate activation. Treated currents and
recovered currents after ECS wash, were normalized to currents elicited by agonist alone in the same cell (control
current). The change in the amplitude of the treated current compared to the control one was normalized and
averaged among different cells.

Stock solutions for TCA (370 mM) were freshly prepared in DMSO for each experiment day and the final
DMSO concentration used in all assays was lower than 0.1%.

Statistics
The experimental data are shown as mean values with standard deviation (mean +SD).

Statistical comparisons were done using the Student’s t-test, one-way ANOVA followed by either Bonferroni’s
or Dunn’s method for multiple comparison post-tests. A significance level of p < 0.05 was considered as statistically
significant. All the tests were performed with SigmaPlot 12.0 (Systat Software, Inc.; http://www.systat.de/SPW
12_2infoEN.html). Dose-response curves were fitted by a nonlinear regression function using SigmaPlot 12.0,
from which the IC50 (half maximal inhibitory concentration) values were obtained and expressed as mean + SD.
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