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Abstract 

Chemotherapeutic agents used for most common cancers are frequently associated 

with neurotoxicity, which often include debilitating side effects such as seizures. 

Docetaxel, one of the most widely and effectively used chemotherapeutic drugs, is 

associated with an array of symptoms referred to as Docetaxel-Induced Peripheral 

Neuropathies (DIPNs), including motor neuropathy, tingling, muscle weakness, and 

numbness. In this study, we use the electroconvulsive assay to model DIPN-related 

muscle weakness in C. elegans, via shock induction. We show that acutely or chron-

ically exposing nematodes to docetaxel increases time to recovery from shock- 

induced seizure-like behaviors. Additionally, we find that sildenafil citrate, a PDE-5 

inhibitor, and a novel bicyclic bridge compound, Resveramorph-3 (RVM-3), are both 

effective at rescuing the animals from prolonged seizure-like movement duration 

following acute and chronic exposure to docetaxel. The results demonstrate that 

sildenafil citrate and RVM-3 are potential candidates for mitigating the neurological 

deficits resulting from DIPNs.

Introduction

Although cancer remains a leading cause of death globally, significant strides in 
its diagnosis and treatment have dramatically increased survival rates. For exam-
ple, 69% of cancer patients in the U.S. receive a 5 + year survival prognosis [1]. 
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Consequently, addressing the long-term toxicity of cancer treatments is increasingly 
critical for quality of life [2].

Chemotherapy treatments, while effective against cancer, often result in significant long-
term toxicities. Among these, Chemotherapy-Induced Peripheral Neuropathies (CIPNs) are 
particularly debilitating, affecting the central and peripheral nervous systems and impacting 
up to 85% of the patients and survivors of cancer [3]. Docetaxel is a taxane which disrupts 
microtubule-mediated cell division and the dynamic assembly of polymer microtubule 
subunits, triggering peripheral neuropathies through damaged nerve terminals, neuronal 
axons, and cellular mitochondria [4]. Intravenously administered docetaxel has been shown 
to be effective for treating advanced, metastatic, or chemotherapy-resistant cancers, such 
as androgen-independent prostate cancer and head and neck squamous carcinoma, but 
its neurotoxic side effects often lead patients to abandon treatment [5,6].

Studies have shown that several drugs used in the treatment of cancer, can trig-
ger seizures [7]. Furthermore, there have been reported cases of docetaxel infusion 
leading to dose-dependent peripheral sensory [8] or motor [9] neuropathy in cancer 
patients. Exposure to taxanes, which includes docetaxel, can result in reduced motor 
and sensory nerve action potentials, along with decreased motor nerve conduction 
velocity [10–12]. Other studies in breast cancer patients treated with docetaxel reported 
motor peripheral neuropathy as more common than sensory peripheral neuropathy 
[13]. In this work we focus on the effects that docetaxel has in modulating time to 
recovery from shock-induced seizure-like behaviors in treated Caenorhabditis elegans.

The genetically tractable nematodes have a mapped neuronal circuitry, which facili-
tates identification of neuronal mechanisms that correlate with locomotive phenotypes 
[14–16]. Previous works have established C. elegans as a useful model for studying 
the cellular and molecular basis for structural changes in axons [17] that accompany 
peripheral neuropathy, particularly including following exposure to paclitaxel, a taxane 
[17]. As taxanes mainly disrupt microtubule-mediated transport and axonal integrity, we 
hypothesized that docetaxel, which is another taxane, may induce similar  
mechano-toxic effects observed following paclitaxel treatment in nematodes.

Our lab has previously used electroshock to model seizure-like behaviors in C. elegans, 
including drug exposure [18–21]. In this study, we use C. elegans to establish a model of 
shock-induced seizure-like behaviors and evaluate drug-induced changes in recovery time 
for the purpose of identifying potential rescue agents. We show that acute and chronic 
exposure to docetaxel increases the duration and severity of shock-induced seizure-like 
behaviors in worms. Furthermore, these docetaxel-induced effects were alleviated by con-
current administration of sildenafil citrate, an indirect protein kinase G (PKG) activator [20], 
and Resveramorph-3, a novel bicyclic compound [22]. The results from this study identify 
potential candidates for mitigating the neurological deficits resulting from DIPNs.

Materials and methods

C. elegans stocks and cultivation

All animals used in this study were C. elegans of the N2 strain, a commonly used 
control strain. The worms were acquired from the Caenorhabditis Genetics Center 
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(CGC) at the University of Minnesota. Stocks were maintained and transferred every 3–4 days on standard Nematode 
Growth Medium (NGM) agar plates seeded with OP50 E. coli. The animals were reared and maintained in a temperature- 
controlled setting (20 °C, except the day before the experiment). Worms were transferred using a platinum wire pick, ster-
ilized between transfers by a butane flame.

Acute exposure protocol

On day 1, adult worms with eggs were plated on NGM agar plates seeded with OP50 E. coli for 2 days at 20 °C. On day 
3, L4-stage worms were picked and plated on a new NGM agar plate seeded with OP50 E. coli for overnight incubation 
at 22 °C. On day 4, 1-day-old adult worms were incubated for 30 minutes in M9 saline (control) or in the respective test 
solution prior to the electroshock delivery. Docetaxel and sildenafil citrate were first dissolved in 1% dimethyl sulfoxide 
(DMSO), followed by a 1:10 dilution in M9 saline. Therefore, the tested solutions were dissolved in 0.1% DMSO of the 
total volume with a 99.9% M9 saline. RVM-3 was dissolved directly in M9 saline.

Chronic exposure protocol

For chronic exposure, E. coli-seeded NGM agar plates were coated with M9 saline containing the specified concentration 
of docetaxel or vehicle control (M9 with 0.1% v/v DMSO; see next section). In detail, docetaxel was first dissolved in 1% 
DMSO, followed by a 1:10 dilution in M9 saline (this is equivalent to the acute experiments). Therefore, the tested solu-
tions were dissolved in 0.1% DMSO of the total volume with a 99.9% M9 saline. As for plate preparation, 10 milliliters of 
NGM agar were first dispensed per plate and once the agar solidified, 2 milliliters of corresponding solutions were poured 
on the surface of the agar plates. Therefore, for chronic concentrations, DMSO was further dissolved in a total of 12 milli-
liters, resulting in a final DMSO concentration of ~0.01%, rather than the 0.1% used for acute experiments. The final drug 
concentrations used for chronic experiments take into account the additional volumes. Plates were then covered and left 
to dry for 24 hours, away from light at room temperature, to avoid light and temperature degradation. All plates used in this 
protocol were standardized. After plates air-dried with the coated layer of corresponding solution, these were ready to use 
for experiments. Ten plates were prepared per condition. New batches of plates were prepared every week to avoid drug 
degradation through time. Using the electroshock assay protocol, we tested each chronic plate per condition against the 
acute protocol to ensure compounds distributed evenly and retained bioactivity on the agar. For experiments, nematodes 
were placed on the surface of each plate. It is important to note that C. elegans do not burrow into the agar, but rather 
swim on the surface of the agar. On day 1, six gravid adult worms were transferred onto the surface of each coated plate 
and incubated for 2 days at 20 °C. On day 3, L4-stage worms were transferred to a new drug-treated plate for overnight 
incubation at 22 °C. On day 4, 1-day-old adult worms were incubated for 30 minutes in M9 saline (control) or the test solu-
tion, prior to the electroshock delivery.

Drugs and chemicals used

Drugs and solutions used in the electroconvulsive shock assay were: M9 saline (0.022M KH
2
PO

4
, 0.042M Na

2
HPO

4
, 

0.085M NaCl, 0.008M MgSO
4
), docetaxel (ThermoFisher Scientific, CAS: 114977-26-5), and sildenafil citrate (Viagra®; 

Alabama Pharmacy Industry Solutions, CAS: 171599-83-0). Resveramorph-3 (RVM-3) was synthesized by the Lepore 
Lab at Florida Atlantic University. Docetaxel and sildenafil citrate were dissolved first in 1% DMSO and subsequently 
diluted 1:10 in M9 saline to achieve the final desired drug concentrations. This means that tested solutions contained 
0.1% DMSO and 99.9% M9 saline. DMSO alone could have neuroprotective properties when employed at low concentra-
tions. However, previously in our lab a DMSO dose curve was completed showing that there is no significant difference in 
recovery from electric shock in concentrations up to 0.5% DMSO [19]. RVM-3 is a novel compound previously synthesized 
and studied for solubility by our lab [22]. RVM-3 has a molecular weight of 418.44 g/mol. For this study, lyophilized RVM-3 
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was stored in parafilm sealed amber glass vials away from light at 20 °C for a period of up to three months. The day of 
experiments, 1 milligram of lyophilized RVM-3 was resuspended directly into M9 saline to make a stock concentration of 
100 µM. RVM-3 solutions were stored in parafilm sealed amber glass vials away from light at 20 °C for a period of up to 
two weeks.

Electroshock assay

C. elegans possess 302 neurons, conserved neurotransmitter systems, a simplified neuronal circuitry, and a fully mapped 
connectome, making it a powerful model for neurological studies. Building on our previous work [18–21], we established 
an electroshock assay for pharmacological screening. This assay elicits a shock-induced seizure-like behavior that serves 
as a behavioral indicator of locomotor circuitry and neuronal function, enabling the identification of compounds that influ-
ence recovery time from these behaviors. The electroshock assay was conducted as previously published [18–21] with 
minor modifications. For the electroconvulsive shock assay, the setup consisted of a Grass SD9 stimulator, Grass SD44 
stimulator, a dissecting stereoscope (AmScope SM-1TSX) with a camera (HY-1139), and a computer with OBS Studio 
recording software. Briefly, approximately six 1-day-old adult C. elegans were transferred into silicone tubes. Following 30 
minutes of incubation, two 18-gauge copper wires were inserted into either end of the tube to a 1-cm distance between 
the electrodes. Alligator clips were attached to each electrode and connected to the stimulator. Worms were monitored 
for 30 seconds before and 5 minutes after a 3-sec shock delivery (200 Hz, 47 V). New electrodes were used for each 
test solution, and the experimental tubes were discarded after each trial. The shock delivery was visually confirmed as 
electrolysis in the form of bubbles released from either electrode. Video recordings were analyzed for the recovery time 
of each worm after the shock-induced seizure-like behaviors. Nematodes occluded from view or those that did not display 
normal movement before and after shock were excluded from analysis. Animals that recovered within the five-minute 
window of recording were counted as recovered. Recovery time of a worm was defined as time at which the nematode 
initiated three consecutive sinusoidal wave-like swimming motions, without considering the speed or depth of the wave. 
Animals that were active prior to shock but did not recover following shock, were considered as non- 
recovered (NR) and were used to calculate percent non-recovery (%NR) for each solution tested using the following 
formula: %NR = (Number of non–recovered worms)

(Total number of worms analyzed) × 100. For accurate screening, we ran six tubes per condition, each tube 
containing six nematodes. To avoid day effects on our screening, we ran two tubes per condition per day. For clarification, 
each day we included a trial of M9 saline as a negative control. To maintain drug screening and video analysis objectivity, 
two researchers were involved in collecting data for this study. Each researcher was responsible for completing randomly 
assigned dosage curves on different days of the week as mentioned previously. To eliminate personal bias during the 
video analysis process, videos were swapped between the two researchers and scores were blinded to condition.

Statistical methods

For recovery time, one-way ANOVA was followed by all pairwise Student-Newman-Keuls post hoc test. Chi-square tests 
were used to compare % NR. Detailed statistical results can be found in the supplemental material. An alpha value of 0.05 
to determine significance. All ANOVA statistics were performed using SigmaPlot (Version 13) and Chi-Square Tests were 
performed using the Standard Deviation Chi-Square Calculator.

Results

We first tested whether docetaxel is an agent that can increase time to recovery from shock-induced seizure-like behav-
iors in C. elegans. Acute exposure to 0.005, 0.01, and 1 mM docetaxel significantly increased time to recovery [Fig 1A] 
and percent non-recovery (%NR) [Fig 1B] following electroshock, as compared to M9 saline.

To simulate seizure-like behavior severity observed in cancer patients undergoing prolonged chemotherapeutic treat-
ments, we chronically exposed the nematodes to varying concentrations of docetaxel. Chronic exposure to docetaxel 
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increased time to recovery from shock-induced seizure-like behaviors [Fig 2A] and % NR [Fig 2B], in contrast to nema-
todes exposed to M9 saline, which did not exhibit such changes.

Sildenafil citrate (SC), the generic formulation of Viagra®, indirectly activates potassium channel conductance [23]. 
Acute treatment with 0.5 mM SC had no effect on time to recovery [Fig 3A]. However, when combined with acute exposure 
to 0.01 mM docetaxel, SC significantly suppressed the time to recovery at concentrations as low as 0.06 mM, although the 
protective effect was not statistically significant at the two highest concentrations of SC [Fig 3A]. Acute exposure to 0.5 mM 
SC on its own increased % NR over M9 saline [Fig 3B]. Additionally, co-administration of SC, at concentrations as low as 
0.06 mM, suppressed the increased % NR following acute 0.01 mM docetaxel [Fig 3B].

Resveramorph-3 (RVM-3) is a member of a family of bridged bicyclic compounds inspired by resveratrol [22]. Based 
on its structure and similarity to related compounds, RVM-3 has been proposed to function as an irreversible agonist, 
although its mechanism of action has not been established [24]. In our experiments, 100 µM RVM-3, when combined with 
acute exposure to 0.01 and 1 mM docetaxel, significantly reduced shock-induced seizure-like behavior duration [Fig 4A] 
and % NR [Fig 4B].

When combined with chronic exposure to 0.005 mM docetaxel, 0.1 and 0.25 mM acute SC suppressed time to recovery 
[Fig 5A], and 0.25 mM SC suppressed %NR below control levels [Fig 5B]. Acute treatment with 100 µM RVM-3 signifi-
cantly decreased time to recovery when the animals were chronically exposed to 0.005 mM docetaxel [Fig 6A]. However, 
RVM-3 did not suppress the increased % NR with chronic 0.005 mM docetaxel exposure [Fig 6B]. Additionally, acute treat-
ment with 100 µM RVM-3 significantly decreased the time to recovery [Fig 7A] and decreased % NR [Fig 7B] in animals 
subjected to a chronic treatment of 3.5 or 10 μM docetaxel.

Fig 1.  Acute docetaxel treatment increases time to recovery from shock-induced seizure-like behaviors with increasing concentration in 
C. elegans. (A) Acute exposure to docetaxel increases time to recovery in a concentration-dependent manner. Different letters denote a statistically 
significant difference in the mean values between the groups, where “a” stands for not statistically significantly different from M9 saline and “b” stands for 
statistically significantly different from M9 saline (Student-Newman Keuls, p < 0.05). Data shown as mean ± s.e.m. (B) Acute exposure to increasing con-
centrations of docetaxel increases the percentage of non-recovered worms following the electroshock. 0.001 mM DTX vs. M9, X2 = 16.6071, p < 0.0001; 
0.002 mM DTX vs. M9, X2 = 18.7615, p < 0.0001; 0.0035 mM DTX vs. M9, X2 = 19.3063, p < 0.0001; 0.005 mM DTX vs. M9, X2 = 21.698, p < 0.0001; 
0.01 mM DTX vs. M9, X2 = 20.7299, p < 0.0001; 1 mM DTX vs. M9, X2 = 24.2858, p < 0.0001. N > 30 for each group. ****, p < 0.0001, compared to M9.

https://doi.org/10.1371/journal.pone.0342236.g001

https://doi.org/10.1371/journal.pone.0342236.g001


PLOS One | https://doi.org/10.1371/journal.pone.0342236  February 6, 2026 6 / 13

Discussion

Docetaxel kills cancerous cells by disrupting the dynamic assembly of polymer microtubule subunits, which leads to 
Docetaxel-Induced Peripheral Neuropathies (DIPNs) [25]. In severe cases, DIPN-induced muscle weakness often leads 
patients to abandon their chemotherapy regimen, and there is an urgent need for effective agents and/or therapies 
that mitigate and/or prevent the development of DIPNs. In this study, we acutely or chronically exposed C. elegans to 
docetaxel, demonstrating that the drug can modulate time to recovery from shock-induced seizure-like behaviors in the 
invertebrate model. Based on our findings we can hypothesize that nematodes treated with acute docetaxel exposure dis-
played an increase in time to recovery from shock-induced seizure-like behaviors [Fig 1A]. We attribute drug effects seen 
from acute exposure to be concentration dependent such that after reaching threshold, drug toxicity led to the display of 
increased time to recovery from shock-induced seizure-like behaviors in nematodes. Regarding nematodes treated with 
chronic docetaxel exposure, we observed increased time to recovery from shock-induced seizure-like behaviors, unlike 
nematodes exposed to M9 saline, which did not exhibit such behaviors [Fig 2A]. In this scenario, we attribute drug effects 
to be due to time dependent toxicity with sensitization, not purely concentration dependent effects.

The NO-cGMP/PKG pathway is a potential target for seizure therapeutics, as it influences downstream K+ channel 
conductance through key players like PKG and PP2A [23]. Additionally, repurposing of sildenafil citrate has gained signifi-
cant interest within the pharmaceutical and healthcare communities, as it shows potential to improve drug tolerability and 
efficacy of chemotherapy [26]. In this study, we show that acute treatment with sildenafil citrate, a PKG pathway activator 
[23], significantly reduces time to recovery from shock-induced seizure-like behaviors following acute [Fig 3A] and chronic 
[Fig 5A] exposure to docetaxel.

Fig 2.  Nematodes treated with chronic docetaxel, display an increase in time to recovery from shock-induced seizure-like behaviors when 
compared to nematodes exposed to M9 saline alone. (A) Chronic exposure to docetaxel increases time to recovery with increasing concentrations. 
Different letters denote a statistically significant difference in the mean values between the groups where “a” stands for not statistically significantly differ-
ent from M9 saline, “b” stands for statistically significantly different from M9 saline, and “c” stands for statistically significantly different from M9 saline and 
solutions labeled “b” (Student-Newman Keuls, p < 0.05). Data shown as mean ± s.e.m. (B) Chronic exposure to increasing concentrations of docetaxel 
increases the percentage of non-recovered worms following the electroshock. C.E. 0.0035 mM DTX vs. M9, X2 = 11.9656, p = 0.0005; C.E. 0.005 mM DTX 
vs. M9, X2 = 8.4176, p = 0.0037; C.E. 1 mM DTX vs. M9, X2 = 24.7284, p < 0.0001. N > 30 for each group. The horizontal reference line (0.01 mM Docetaxel 
Acute Exposure) indicates the mean value observed for acute exposure to 0.01 mM docetaxel [Fig 1]. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; all 
compared to M9.

https://doi.org/10.1371/journal.pone.0342236.g002

https://doi.org/10.1371/journal.pone.0342236.g002


PLOS One | https://doi.org/10.1371/journal.pone.0342236  February 6, 2026 7 / 13

Docetaxel inhibits K+ currents in a dose-dependent manner [27], whereas sildenafil citrate activates the NO/cGMP/PKG 
pathway, possibly promoting K+ conductance as speculated by previous work in our lab [23]. Furthermore, the effects of 
sildenafil have been linked to the GABAergic system [28], suggesting that sildenafil citrate reduces neuronal excitability 
through mechanisms involving both K+ channels and GABA signaling, ameliorating DIPN-related effects. Being a PDE5- 
inhibitor, sildenafil works as a vasodilator, following the increase in cyclic guanosine (cGMP) levels, leading to smooth 
muscle relaxation and vasodilation [28] which can promote neuroprotective effects. In this study, sildenafil citrate signifi-
cantly reduced recovery time following shock-induced seizure-like behaviors [Fig 3, 5], consistent with prior findings that 
sildenafil citrate decreases recovery time in this assay [29]. Based on these observations, we interpret sildenafil citrate as 
a compound that reduces recovery time in this behavioral paradigm without evidence of altering shock induction. In terms 
of toxicity, from our findings [Fig 3, 5] we observed that acute co-exposure to high-dose sildenafil citrate and 0.01 mM 
docetaxel increased seizure-like behaviors, whereas chronic docetaxel exposure followed by acute sildenafil citrate treat-
ment did not produce this effect. This pattern suggests a time-dependent interaction in which simultaneous exposure may 
transiently heighten sensitivity to seizure-like behaviors, while chronic docetaxel exposure may induce adaptive responses 
that mitigate this sensitivity. This underlying mechanism remains unclear and warrants further investigation.

Fig 3.  Acute treatment with sildenafil citrate decreases the duration of shock-induced seizure-like behaviors that accompany acute exposure 
to docetaxel. (A) Acute treatment with sildenafil citrate significantly decreases time to recovery for worms acutely treated with 0.01 mM docetaxel. Dif-
ferent letters denote a statistically significant difference in the mean values between the groups where “a” stands for not statistically significantly different 
from M9 saline, “b” stands for statistically significantly different from M9 saline, and “a/b” stands for not statistically significantly different from M9 saline 
or solutions labeled “b” (Student-Newman Keuls, p < 0.05). Data shown as mean ± s.e.m. (B) Acute treatment with sildenafil citrate decreases the per-
centage of non-recovered worms following the electroshock. 0.5 mM S.C. vs. M9, X2 = 2.9668, p = 0.0850; 0.01 mM DTX vs. M9, X2 = 25.0325, p < 0.0001; 
0.01 mM DTX. vs. 0.06 mM S.C. + 0.01 mM DTX, X2 = 28.1521, p < 0.0001; 0.01 mM DTX vs. 0.125 mM S.C. + 0.01 mM DTX, X2 = 23. 4833, p < 0.0001; 
0.01 mM DTX vs. 0.25 mM S.C. + 0.01mM DTX, X2 = 24.9289, p < 0.0001; 0.01 mM DTX vs. 0.5 mM S.C. + 0.01 mM DTX, X2 = 29.0098, p < 0.0001; 0.01 mM 
DTX vs. 1 mM S.C. + 0.01 mM DTX, X2 = 18.9077, p < 0.0001. N > 30 for each group. ****, p < 0.0001, compared to M9. ####, p < 0.0001, compared to 
0.01 mM DTX. S.C., Sildenafil Citrate; DTX, Docetaxel.

https://doi.org/10.1371/journal.pone.0342236.g003

https://doi.org/10.1371/journal.pone.0342236.g003
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Moreover, resveratrol-inspired compounds, known as Resveramorphs (RVM), possess a three-dimensional structure 
that increases complementarity to a binding site leading to improved target selectivity and suggesting potential neuro-
protective effects [22,24]. Our lab has previously demonstrated that in C. elegans, shock-induced seizure-like behaviors 
decreased in duration when worms were exposed to acute combinations of Resveramorph-3 (RVM-3) and pentylenetetra-
zol (PTZ) solutions [24]. In our study, acute exposure to 100 µM RVM-3 in combination with docetaxel decreased the 
duration of shock-induced seizure-like behaviors [Fig 4]. Nematodes grown chronically in docetaxel and then treated 
acutely with RVM-3 showed a similar reduction [Fig 6]. These findings suggest that RVM-3 can reduce recovery time from 
seizure-like behaviors under both acute and chronic conditions. One interpretation is that the pathways or processes influ-
enced by RVM-3 remain responsive regardless of prior docetaxel exposure; however, the basis of these effects is not yet 
understood. RVM-3 is a novel compound and therefore further studies are required to evaluate its potential toxicity, define 
dose-dependent effects, and determine whether the observed reductions in recovery time reflect specific actions within 
this behavioral paradigm or broader effects on neuronal or locomotor function.

The mechanism by which docetaxel modulates time to recovery from shock-induced seizure-like behaviors in C. elegans is 
not clearly defined in this study, as electrophysiological changes during drug exposure were not examined. While there is no 
direct evidence linking docetaxel to axonal or neuronal degeneration in nematodes, prior studies show taxol-induced mecha-
notoxicity [17], therefore, we speculate the possibility of similar axonal damage from docetaxel. Docetaxel-induced neuropathy 
is typically mild to moderate, but high cumulative doses can cause severe clinical and electrophysiological abnormalities, with 

Fig 4.  Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like behaviors that accompany acute exposure to 
docetaxel. (A) Acute treatment with RVM-3 significantly decreased time to recovery for worms treated with 0.01 and 1 mM docetaxel. Different letters 
denote a statistically significant difference in the mean values between the groups where “a” stands for not statistically significantly different from M9 
saline, and “b” stands for statistically significantly different from M9 saline (Student-Newman Keuls, p < 0.05). Data shown as mean ± s.e.m. (B) Acute 
treatment with 100 µM RVM-3 significantly decreases the percentage of non-recovered worms treated with 1 mM docetaxel. 100 µM RVM3 vs. M9, 
X2 = 0.3233, p = 0.5696; 0.01 mM DTX vs. M9, X2 = 13.1767, p < 0.0001; 1 mM DTX vs. M9, X2 = 38.3749, p < 0.0001; 0.01 mM DTX vs. 0.01 mM DTX + 100 
µM RVM3, X2 = 1.5921, p = 0.2070; 1 mM DTX vs. 1 mM DTX + 100 µM RVM3, X2 = 12.2982, p < 0.0005. N > 30 for each group. ***, p < 0.001; ****, 
p < 0.0001; all compared to M9. ###, p < 0.001, compared to 1 mM DTX. RVM-3, Resveramorph 3.

https://doi.org/10.1371/journal.pone.0342236.g004

https://doi.org/10.1371/journal.pone.0342236.g004


PLOS One | https://doi.org/10.1371/journal.pone.0342236  February 6, 2026 9 / 13

Fig 5.  Acute treatment with sildenafil citrate decreases the duration of shock-induced seizure-like behaviors that accompany chronic expo-
sure to docetaxel. (A) Acute treatment with various concentrations of sildenafil citrate significantly decreases time to recovery for worms treated with 
chronic 0.005 mM docetaxel. Different letters denote a statistically significant difference in the mean values between the groups where “a” stands for not 
statistically significantly different from M9 saline, and “b” stands for statistically significantly different from M9 saline (Student-Newman Keuls, P < 0.05). 
Data shown as mean ± s.e.m. (B) Acute treatment with 0.10 and 0.25 mM sildenafil citrate decreases percent non-recovery following electroshock of 
nematodes exposed to chronic 0.005 mM docetaxel, while higher concentrations (0.5 and 1 mM) were less effective. 0.5 mM S.C. vs. M9, X2 = 0.0248, 
p = 0.8749; 0.005 mM DTX vs. M9, X2 = 5.1534, p = 0.0232; C.E. 0.005 mM DT vs.0.1 mM S.C. + C.E. 0.005 mM DTX, X2 = 5.3657, p = 0.0205; C.E. 
0.005 mM DTX vs. 0.25 mM S.C. + C.E. 0.005 mM DTX, X2 = 9.6243, p = 0.0019; C.E. 0.005 mM DTX vs. 0.5 mM S.C. + C.E. 0.005 mM DTX, X2 = 1.6623, 
p = 0.1973; C.E. 0.005 mM DTX vs. 1 mM S.C. + C.E. 0.005 mM DTX, X2 = 2.756, p = 0.0969. N > 30 for each group. *, p < 0.05, compared to M9. #, 
p < 0.05; ###, p < 0.001; all compared to 0.005 mM C.E. DTX. S.C., Sildenafil Citrate.

https://doi.org/10.1371/journal.pone.0342236.g005

Fig 6.  Acute treatment with RVM 3 decreases the duration of shock-induced seizure-like behaviors that accompany chronic exposure to 
docetaxel. (A) Acute treatment with RVM 3 significantly decreases time to recovery for worms treated with chronic 0.005 mM docetaxel. Different letters 
denote a statistically significant difference in the mean values between the groups where “a” stands for not statistically significantly different from M9 
saline, and “b” stands for statistically significantly different from M9 saline (Student-Newman Keuls, P < 0.05). Data shown as mean ± s.e.m. (B) Acute 
treatment with RVM 3 does not decrease the percentage of non-recovered worms subjected to chronic 0.005 mM docetaxel exposure. 100 µM RVM3 vs. 
M9, X2 = 0.1079, p = 0.7425; C.E. 0.005 mM DTX vs. M9, X2 = 3.6308, p = 0.0567; C.E. 0.005mM DTX vs. 100 µM RVM3 + C.E. 0.005 mM DTX, X2 = 0.0021, 
p = 0.9634. *, p < 0.05, compared to M9. RVM-3, Resveramorph 3; C.E DTX, chronic exposure to 0.005 mM docetaxel.

https://doi.org/10.1371/journal.pone.0342236.g006

https://doi.org/10.1371/journal.pone.0342236.g005
https://doi.org/10.1371/journal.pone.0342236.g006
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nerve biopsies in humans showing large, myelinated fiber loss and occasional axonal degeneration [3]. Future studies could 
test the effects of PKG activators on other proconvulsant such as PTZ or glyphosate-based compounds [18].

Future work may validate the involvement of the NO/cGMP/PKG pathway by using a secondary PDE5 inhibitor, 
such as tadalafil, or using genetic mutants of the PKG homolog egl-4 [29], or of relevant cGMP phosphodiester-
ases (pde-1, pde-5) [23]. Additionally, replicating the anticonvulsant properties of sildenafil citrate and RVM-3 
in mammalian models of seizure-like behaviors will prove useful for assessing their potential as a combinatorial 
therapeutic. Inclusion of full dose-response model fitting curves and associated EC50/IC50 values would provide 
additional quantitative insight. However, the primary aim of this study is to establish and demonstrate the utility 
of our electroshock assay as a screening platform rather than to generate complete pharmacological profiles for 
each compound. In this study, the concentration-dependent assessments are qualitative and exploratory, there-
fore, we acknowledge that there is a need for future studies to perform a full-dose response characterization.

Fig 7.  Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like behaviors associated with acute and chronic expo-
sure to docetaxel. (A) Acute treatment with RVM-3 significantly decreased time to recovery in worms treated with acute and/or chronic 0.0035 and 
0.01 mM docetaxel. Different letters denote a statistically significant difference in the mean values between the groups where “a” stands for not statisti-
cally significantly different from M9 saline, “b” stands for statistically significantly different from M9 saline, “c” stands for statistically significantly different 
from M9 saline and other labeled solutions, and “d” stands for statistically significantly different form M9 saline and other labeled solutions (Student- 
Newman Keuls, P < 0.05). Data shown as mean ± s.e.m. (B) Acute treatment with RVM-3 decreased %NR in animals treated with chronic 0.0035 and 
0.01 mM docetaxel, following the electroshock. 100 µM RVM3 vs. M9, X2 = 0.0888, p = 0.7657; Acute 0.0035 mM DTX vs. M9, X2 = 12.1153, p < 0.0001; 
C.E. 0.0035 mM DTX in M9 vs. M9, X2 = 9.7686, p = 0.0018; C.E. 0.0035 mM DTX in 0.0035 mM DTX vs. M9, X2 = 9.1983, p = 0.0024; C.E. 0.0035 mM 
DTX in 100 µM RVM3 vs. M9, X2 = 0.5822, p = 0.4455; Acute 0.01 mM DTX vs. M9, X2 = 10.4772, p = 0.0012; C.E. 0.01 mM DTX in M9 vs. M9, 
X2 = 10.3204, p = 0.0013; C.E. 0.01 mM DTX in 0.01 mM DTX vs. M9, X2 = 12.8355, p < 0.0001; C.E. 0.01 mM DTX in 100 µM RVM3 vs. M9, X2 = 1.2115, 
p = 0.2710; C.E. 0.01 mM DTX in 0.01 mM DTX + 100 µM RVM3 vs. M9, X2 = 1.1258, p = 0.2887. N > 30 for each group. **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001; all compared to M9. RVM-3, Resveramorph 3; DTX, Docetaxel.

https://doi.org/10.1371/journal.pone.0342236.g007

https://doi.org/10.1371/journal.pone.0342236.g007
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Supporting information

S1 Fig. One-way ANOVA: Acute docetaxel treatment increases time to recovery from shock-induced seizure-like 
behaviors with increasing concentration in C. elegans. 
(TIF)

S2 Fig. Chi-square test: Acute docetaxel treatment increases time to recovery from shock-induced seizure-like 
behaviors with increasing concentration in C. elegans. 
(TIF)

S3 Fig. One-way ANOVA: Nematodes treated with chronic docetaxel, display an increase in time to  
recovery from shock-induced seizure-like behaviors when compared to nematodes exposed to M9 saline 
alone. 
(TIF)

S4 Fig. Chi-square test: Nematodes treated with chronic docetaxel, display an increase in time to recovery from 
shock-induced seizure-like behaviors when compared to nematodes exposed to M9 saline alone. 
(TIF)

S5 Fig. One-way ANOVA: Acute treatment with sildenafil citrate decreases the duration of shock-induced  
seizure-like behaviors that accompany acute exposure to docetaxel. 
(TIF)

S6 Fig. Chi-square test: Acute treatment with sildenafil citrate decreases the duration of shock-induced  
seizure-like behaviors that accompany acute exposure to docetaxel. 
(TIF)

S7 Fig. One-way ANOVA: Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like 
behaviors that accompany acute exposure to docetaxel. 
(TIF)

S8 Fig. Chi-square test: Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like behav-
iors that accompany acute exposure to docetaxel. 
(TIF)

S9 Fig. One-way ANOVA: Acute treatment with sildenafil citrate decreases the duration of shock-induced  
seizure-like behaviors that accompany chronic exposure to docetaxel. 
(TIF)

S10 Fig. Chi-square test: Acute treatment with sildenafil citrate decreases the duration of shock-induced  
seizure-like behaviors that accompany chronic exposure to docetaxel. 
(TIF)

S11 Fig. One-way ANOVA: Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like 
behaviors that accompany chronic exposure to docetaxel. 
(TIF)

S12 Fig. Chi-square test: Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like 
behaviors that accompany chronic exposure to docetaxel. 
(TIF)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s013
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s014
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s015
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S13 Fig. One-way ANOVA: Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like 
behaviors associated with acute and chronic exposure to docetaxel. 
(TIF)

S14 Fig. Chi-square test: Acute treatment with RVM-3 decreases the duration of shock-induced seizure-like 
behaviors associated with acute and chronic exposure to docetaxel. 
(TIF)

S15 Fig. DMSO effects on C. elegans using the electroshock assay. A DMSO sham concentration curve at 0.1% 
and 0.5%, demonstrates these concentrations have no significant effect on wild-type recovery time after electric 
shock.
(TIF)

S16 Fig. RVM-3 concentration recovery comparisons. Recovery time for N2 worms in M9 saline or in the presence 
of PTZ.
(TIF)

Acknowledgments

We thank members of the Dawson-Scully Lab for feedback on the writing of the manuscript. C. elegans strains were pro-
vided by the CGC, which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440).

Author contributions

Conceptualization: Scarlet J Park.

Formal analysis: Crystal Lloyd.

Investigation: Paola Ximena Gonzalez-Lerma.

Methodology: Paola Ximena Gonzalez-Lerma, Ken Dawson-Scully.

Project administration: Paola Ximena Gonzalez-Lerma, Ken Dawson-Scully.

Resources: Ken Dawson-Scully.

Supervision: Ken Dawson-Scully.

Validation: Ken Dawson-Scully.

Visualization: Crystal Lloyd, Scarlet J Park.

Writing – original draft: Paola Ximena Gonzalez-Lerma.

Writing – review & editing: Paola Ximena Gonzalez-Lerma, Scarlet J Park.

References
	1.	 American Cancer Society. Cancer facts & figures 2025: Economic burden. https://www.cancer.org/content/dam/cancer-org/research/can-

cer-facts-and-statistics/annual-cancer-facts-and-figures/2025/2025-cancer-facts-and-figures-acs.pdf. 2025.

	2.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer statistics 2020: GLOBOCAN Estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209–49. https://doi.org/10.3322/caac.21660 PMID: 33538338

	3.	 Verstappen CCP, Heimans JJ, Hoekman K, Postma TJ. Neurotoxic complications of chemotherapy in patients with cancer: Clinical signs and optimal 
management. Drugs. 2003;63(15):1549–63. https://doi.org/10.2165/00003495-200363150-00003 PMID: 12887262

	4.	 Fukuda Y, Li Y, Segal RA. A mechanistic understanding of axon degeneration in chemotherapy-induced peripheral neuropathy. Front Neurosci. 
2017;11:481. https://doi.org/10.3389/fnins.2017.00481 PMID: 28912674

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s016
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342236.s012
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2025/2025-cancer-facts-and-figures-acs.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2025/2025-cancer-facts-and-figures-acs.pdf
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.2165/00003495-200363150-00003
http://www.ncbi.nlm.nih.gov/pubmed/12887262
https://doi.org/10.3389/fnins.2017.00481
http://www.ncbi.nlm.nih.gov/pubmed/28912674


PLOS One | https://doi.org/10.1371/journal.pone.0342236  February 6, 2026 13 / 13

	 5.	 Bernier J, Vrieling C. Docetaxel in the management of patients with head and neck squamous cell carcinoma. Expert Rev Anticancer Ther. 
2008;8(7):1023–32. https://doi.org/10.1586/14737140.8.7.1023 PMID: 18588449

	 6.	 Tan WW. Novel agents and targets in managing patients with metastatic prostate cancer. Cancer Control. 2006;13(3):194–8. https://doi.
org/10.1177/107327480601300306 PMID: 16885915

	 7.	 Singh G, Rees JH, Sander JW. Seizures and epilepsy in oncological practice: Causes, course, mechanisms and treatment. J Neurol Neurosurg 
Psychiatry. 2007;78(4):342–9. https://doi.org/10.1136/jnnp.2006.106211 PMID: 17369589

	 8.	 Ho MY, Mackey JR. Presentation and management of docetaxel-related adverse effects in patients with breast cancer. Cancer Manag Res. 
2014;6:253–9. https://doi.org/10.2147/CMAR.S40601 PMID: 24904223

	 9.	 Polyzos A, Daskalopoulou E, Giannitsiotis E, Gatzonis S, Sfikakis P. Transient Encephalopathy Followed by Seizures after Docetaxel Infusion. Clin-
ical Drug Investigation. 1999;17(3):251–4. https://doi.org/10.2165/00044011-199917030-00010

	10.	 New PZ, Jackson CE, Rinaldi D, Burris H, Barohn RJ. Peripheral neuropathy secondary to docetaxel (Taxotere). Neurology. 1996;46(1):108–11. 
https://doi.org/10.1212/wnl.46.1.108 PMID: 8559355

	11.	 Persohn E, Canta A, Schoepfer S, Traebert M, Mueller L, Gilardini A, et al. Morphological and morphometric analysis of paclitaxel and docetaxel- 
induced peripheral neuropathy in rats. Eur J Cancer. 2005;41(10):1460–6. https://doi.org/10.1016/j.ejca.2005.04.006 PMID: 15913989

	12.	 Pizzamiglio C, Ripellino P, Prandi P, Clemente N, Saggia C, Rossi V, et al. Nerve conduction, circulating osteopontin and taxane-induced neuropa-
thy in breast cancer patients. Neurophysiol Clin. 2020;50(1):47–54. https://doi.org/10.1016/j.neucli.2019.12.001 PMID: 31928832

	13.	 Cheng HL, Molassiotis A, Leung AKT, Wong KH. Docetaxel-induced peripheral neuropathy in breast cancer patients treated with adjuvant or 
neo-adjuvant chemotherapy. Breast Care (Basel). 2021;16(3):269–75. https://doi.org/10.1159/000507843 PMID: 34248468

	14.	 Bessa C, Maciel P, Rodrigues AJ. Using C. elegans to decipher the cellular and molecular mechanisms underlying neurodevelopmental disorders. 
Mol Neurobiol. 2013;48(3):465–89. https://doi.org/10.1007/s12035-013-8434-6 PMID: 23494747

	15.	 Sakaguchi Y, Mizukami M, Hiroka Y, Miyasaka K, Niwa K, Arizono K, et al. Evaluation of neurotoxicity of anticancer drugs using nematode Caenor-
habditis elegans as a model organism. J Toxicol Sci. 2023;48(6):311–21. https://doi.org/10.2131/jts.48.311 PMID: 37258236

	16.	 Cirrincione AM, Rieger S. Analyzing chemotherapy-induced peripheral neuropathy in vivo using non-mammalian animal models. Exp Neurol. 
2020;323:113090. https://doi.org/10.1016/j.expneurol.2019.113090 PMID: 31669484

	17.	 Lee Y, Jeong H, Park KH, Kim KW. Effects of NAD+ in caenorhabditis elegans models of neuronal damage. Biomolecules. 2020;10(7):993. https://
doi.org/10.3390/biom10070993 PMID: 32630651

	18.	 Naraine AS, Aker R, Sweeney I, Kalvey M, Adams A, Shanbhag V, et al. Roundup and glyphosate’s impact on GABA to elicit extended proconvul-
sant behavior in Caenorhabditis elegans. Sci Rep. 2022;12(1):13655. https://doi.org/10.1038/s41598-022-17537-w PMID: 35999230

	19.	 Risley MG, Kelly SP, Jia K, Grill B, Dawson-Scully K. Modulating behavior in C. elegans using electroshock and antiepileptic drugs. PLoS One. 
2016;11(9):e0163786. https://doi.org/10.1371/journal.pone.0163786 PMID: 27668426

	20.	 Risley MG, Kelly SP, Dawson-Scully K. Electroshock Induced Seizures in Adult C. elegans. Bio Protoc. 2017;7(9):e2270. https://doi.org/10.21769/
BioProtoc.2270 PMID: 34541255

	21.	 Suthakaran N, Wiggins J, Giles A, Opperman KJ, Grill B, Dawson-Scully K. O-GlcNAc transferase OGT-1 and the ubiquitin ligase EEL-1 modulate 
seizure susceptibility in C. elegans. PLoS One. 2021;16(11):e0260072. https://doi.org/10.1371/journal.pone.0260072 PMID: 34797853

	22.	 Bollinger WL, St Germain EJ, Maki SL, Sial NK, Lepore SD, Dawson-Scully K. Resveratrol-inspired bridged bicyclic compounds: A new com-
pound class for the protection of synaptic function from acute oxidative stress. ACS Chem Neurosci. 2019;10(1):221–5. https://doi.org/10.1021/
acschemneuro.8b00577 PMID: 30462482

	23.	 Dawson-Scully K, Bukvic D, Chakaborty-Chatterjee M, Ferreira R, Milton SL, Sokolowski MB. Controlling anoxic tolerance in adult Drosophila via 
the cGMP-PKG pathway. J Exp Biol. 2010;213(Pt 14):2410–6. https://doi.org/10.1242/jeb.041319 PMID: 20581270

	24.	 Stilley SE, Naraine AS, Yadavalli KP, Maki SL, Jutte EM, Kahn JM, et al. Bridged bicyclic compounds: Comprehending a novel compound class as 
potential anti-seizure agents. Epilepsia. 2023;64(11):2958–67. https://doi.org/10.1111/epi.17769 PMID: 37660326

	25.	 Staff NP, Grisold A, Grisold W, Windebank AJ. Chemotherapy-induced peripheral neuropathy: A current review. Ann Neurol. 2017;81(6):772–81. 
https://doi.org/10.1002/ana.24951 PMID: 28486769

	26.	 Haider M, Elsherbeny A, Pittalà V, Fallica AN, Alghamdi MA, Greish K. The potential role of sildenafil in cancer management through EPR augmen-
tation. J Pers Med. 2021;11(6):585. https://doi.org/10.3390/jpm11060585 PMID: 34205602

	27.	 Sun T, Song Z-G, Jiang D-Q, Nie H-G, Han D-Y. Docetaxel modulates the delayed rectifier potassium current (IK) and ATP-sensitive potassium 
current (IKATP) in human breast cancer cells. J Membr Biol. 2015;248(2):197–204. https://doi.org/10.1007/s00232-014-9757-6 PMID: 25421218

	28.	 Huang LJ, Yoon MH, Choi JI, Kim WM, Lee HG, Kim YO. Effect of sildenafil on neuropathic pain and hemodynamics in rats. Yonsei Med J. 
2010;51(1):82–7. https://doi.org/10.3349/ymj.2010.51.1.82 PMID: 20046518

	29.	 Risley MG, Kelly SP, Minnerly J, Jia K, Dawson-Scully K. egl-4 modulates electroconvulsive seizure duration in C. elegans. Invert Neurosci. 
2018;18(2):8. https://doi.org/10.1007/s10158-018-0211-9 PMID: 29845318

https://doi.org/10.1586/14737140.8.7.1023
http://www.ncbi.nlm.nih.gov/pubmed/18588449
https://doi.org/10.1177/107327480601300306
https://doi.org/10.1177/107327480601300306
http://www.ncbi.nlm.nih.gov/pubmed/16885915
https://doi.org/10.1136/jnnp.2006.106211
http://www.ncbi.nlm.nih.gov/pubmed/17369589
https://doi.org/10.2147/CMAR.S40601
http://www.ncbi.nlm.nih.gov/pubmed/24904223
https://doi.org/10.2165/00044011-199917030-00010
https://doi.org/10.1212/wnl.46.1.108
http://www.ncbi.nlm.nih.gov/pubmed/8559355
https://doi.org/10.1016/j.ejca.2005.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15913989
https://doi.org/10.1016/j.neucli.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31928832
https://doi.org/10.1159/000507843
http://www.ncbi.nlm.nih.gov/pubmed/34248468
https://doi.org/10.1007/s12035-013-8434-6
http://www.ncbi.nlm.nih.gov/pubmed/23494747
https://doi.org/10.2131/jts.48.311
http://www.ncbi.nlm.nih.gov/pubmed/37258236
https://doi.org/10.1016/j.expneurol.2019.113090
http://www.ncbi.nlm.nih.gov/pubmed/31669484
https://doi.org/10.3390/biom10070993
https://doi.org/10.3390/biom10070993
http://www.ncbi.nlm.nih.gov/pubmed/32630651
https://doi.org/10.1038/s41598-022-17537-w
http://www.ncbi.nlm.nih.gov/pubmed/35999230
https://doi.org/10.1371/journal.pone.0163786
http://www.ncbi.nlm.nih.gov/pubmed/27668426
https://doi.org/10.21769/BioProtoc.2270
https://doi.org/10.21769/BioProtoc.2270
http://www.ncbi.nlm.nih.gov/pubmed/34541255
https://doi.org/10.1371/journal.pone.0260072
http://www.ncbi.nlm.nih.gov/pubmed/34797853
https://doi.org/10.1021/acschemneuro.8b00577
https://doi.org/10.1021/acschemneuro.8b00577
http://www.ncbi.nlm.nih.gov/pubmed/30462482
https://doi.org/10.1242/jeb.041319
http://www.ncbi.nlm.nih.gov/pubmed/20581270
https://doi.org/10.1111/epi.17769
http://www.ncbi.nlm.nih.gov/pubmed/37660326
https://doi.org/10.1002/ana.24951
http://www.ncbi.nlm.nih.gov/pubmed/28486769
https://doi.org/10.3390/jpm11060585
http://www.ncbi.nlm.nih.gov/pubmed/34205602
https://doi.org/10.1007/s00232-014-9757-6
http://www.ncbi.nlm.nih.gov/pubmed/25421218
https://doi.org/10.3349/ymj.2010.51.1.82
http://www.ncbi.nlm.nih.gov/pubmed/20046518
https://doi.org/10.1007/s10158-018-0211-9
http://www.ncbi.nlm.nih.gov/pubmed/29845318

