



Mitigating Paraquat-Induced Neurotoxicity in Caenorhabditis elegans: Evaluating the Role of Plant Extracts
ABSTRACT:
The global surge in the use of paraquat herbicide has been linked to increased neurotoxicity among exposed populations and a growing incidence of Parkinson’s Disease (PD), the second most prevalent age-related neurodegenerative disorder. In response, holistic approaches leveraging plant extracts present a promising strategy for mitigating PD symptoms. This study aimed to evaluate the neuroprotective potential of ten commonly used plant extracts against paraquat-induced neuronal damage, which could be beneficial for managing PD-like symptoms.

The selected plant extracts included Ashwagandha, Noni, and Lemon. The neuroprotective effects of these extracts were assessed in the Caenorhabditis elegans strain BZ555, which expresses green fluorescent protein in its dopamine neurons, allowing visualization of dopaminergic damage. Among the tested extracts, Ashwagandha exhibited the highest neuroprotection (60%), followed by Noni (20%), while Lemon showed the lowest neuroprotective effect (10%). Whereas, in praquat shown highest neurodegeneration of (80%).
These findings highlight the potential of Ashwagandha as a potent neuroprotective agent against paraquat-induced toxicity. Further research is necessary to elucidate the underlying mechanisms and validate its therapeutic potential for neuroprotection.
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Introduction

Advancements in therapeutic and preventive strategies, such as vaccination, antibiotic therapy, and antiviral interventions, have significantly reduced life-threatening infections and increased the average human lifespan. However, this extension of lifespan has not corresponded with an equivalent improvement in health span, particularly among the elderly population. Age-related non-communicable diseases, including neurodegenerative disorders, cancer, and cardiac conditions, significantly compromise the quality of life in older individuals (Anjanayulu et al., 2020).
Neurodegenerative diseases, characterized by irreversible neuronal damage, are among the most prevalent chronic neurological conditions affecting the elderly. Major neurodegenerative disorders include Alzheimer’s disease (AD), Parkinson’s disease (PD), Amyotrophic Lateral Sclerosis (ALS), and Huntington’s disease (HD). Among these, Parkinson’s disease is the second most common age-related neurodegenerative disorder, initially described by James Parkinson in 1817. It affects approximately 1% of individuals over the age of 55, with 5–24 new cases diagnosed per 100,000 people annually (Doelankar et al., 2020).
Environmental exposures are increasingly recognized as a significant factor contributing to neurodegenerative diseases, especially PD. Epidemiological studies have established a correlation between neurodegeneration and exposure to environmental chemicals, including pesticides and heavy metals. Laboratory studies further support the neurotoxic potential of certain chemicals, yet the relative genotoxicity within nuclear and mitochondrial genomes remains unexplored.
One of the most commonly used herbicides associated with neurotoxicity is paraquat (PQ). Its widespread application and high toxicity have resulted in numerous deaths globally, both through accidental exposure and intentional self-poisoning, particularly in developing countries. Despite the established link between PQ exposure and neurotoxicity, the exact mechanisms underlying PQ-induced damage, especially lung toxicity, are not fully understood (Cappelletti et al., 1998). Given the anticipated rise in the incidence of late-onset neurological disorders in the coming decades, it is crucial to investigate compounds that can mitigate or delay the progression of such diseases (Bagoudou et al., 2021).
Ayurveda, the traditional Indian medicinal system, emphasizes the use of plant-based extracts in preventing and managing age-related neurological diseases. Prominent herbs used in Ayurvedic treatments include Mucuna pruriens (Kapikachu), Bacopa monnieri (Brahmi), Withania somnifera (Ashwagandha), Centella asiatica (Mandookaparni), Sida cordifolia (Bala), and Celastrus paniculatus (Jyothishmati) (Anjanayulu et al., 2020). These herbs possess potential neuroprotective properties that warrant scientific exploration.

In recent years, Caenorhabditis elegans (C. elegans) has emerged as a powerful in vivo model organism for studying the neuroprotective effects of natural compounds. The organism’s relatively short lifespan, fully sequenced genome, and established neuronal wiring of 302 neurons make it a suitable model for assessing health span, lifespan, developmental rate, fertility, and neurobehavioral responses (Sulston et al., 1975). Moreover, the dopaminergic neuronal morphology of C. elegans is well understood, and genetically modified strains expressing green fluorescent protein (GFP) in dopamine neurons are available, enabling precise visualization of neuronal damage.
Previous studies have demonstrated the neuroprotective potential of plant extracts. For instance, Acai fruit extracts rich in anthocyanins have been shown to improve chemotaxis response and reduce neurotoxic protein aggregates in C. elegans (Peixoto et al., 2016). Similarly, other Ayurvedic herbs have shown promise in mitigating oxidative stress and maintaining protein homeostasis, thereby attenuating neurotoxicity.
Given the rising concerns regarding PQ-induced neurotoxicity and the potential of Ayurvedic plant extracts as neuroprotective agents, this study was designed to evaluate the effects of PQ on dopaminergic neurons in C. elegans and to screen ten commonly used plant extracts for their neuroprotective potential. Among the selected extracts, Ashwagandha, Noni, and Lemon were specifically assessed for their ability to mitigate neuronal damage, providing valuable insights into their therapeutic potential against PD-like symptoms.

MATERIALS & METHODS

Collection of plant materials
Plant materials like Noni, Lemon and Ashwagandha roots were purchased from the local market.
Preparation of plant extract:

After collection, the leaves, fruit and roots were thoroughly washed with distilled water and dried in shade. The powdered plant parts were dissolved in distilled water (1g sample/10ml of water) in an electric blender for 10 min. After 72 hr, they were filtered through a Whatman filter paper-1 and refrigerated at 4ºC in falcon tubes till further analysis. Final concentration of plant extract used for experimentation was 600µg/ml.
Strain maintenance and synchronization 

C. elegans strains such as wild-type N2 and transgenic BZ555 (dat-1p:: GFP; green fluorescent protein expression in DAergic neuronal soma and processes) were procured from the Caenorhabditis Genetics Center (CGC, University of Minnesota, USA). All procedures performed on C. elegans were carried out according to protocol number MUSC60-049-398 approved by the MUSC-ACUC (Nass et al). Briefly, worms were cultured on nematode growth media (NGM) with OP50 strain of Escherichia coli (auxotrophic for uracil) as a food source and maintained on 20ºC in an incubator. Synchronised eggs were isolated from adult worms by a process of bleaching (12% NaOCl and 10% 1 M NaOH) and subsequently washed with M9 buffer before being plated on NGM plates without the food source. They were subsequently incubated overnight at 20ºC to obtain newly hatched larvae of the L1 stage. The stock solution of paraquat was prepared in sterile distilled water at final concentration of 10mM (1/7th LC50 (71.54 mM), (Hwang et al., 2014). All experiments were repeated thrice at three different days using between 50-100 worms.

Dopamine neuron protection assay

The neurodegeneration and neuroprotection assay were performed following protocols from (Bijwadia et al., 2021, Anjaneyulu et al., 2020) with slight modifications. Briefly, synchronized L-1 BZ555 larvae were exposed to Paraquat 24% SL (10mM) and Paraquat 24% SL (10mM) +the plant extracts (600µg/ml) in a 24-well plate. After 24hrs of incubation, worms were washed with M9 buffer and further processed for the imaging of the dopamine neurons. Before imaging worms were immobilized using 20 mM of sodium azide (Ali and Rajini, 2012). Imaging was processed in 96 well imaging plates and degeneration of neurons and possible neuroprotection by plant extracts was accessed through analysis of the breaks, blebs and kink seen in the worm dendrites. Images were captured through LUMASCOPE 620 fluorescence microscope with excitation wavelengths ranging from 784 - 490 nm at 80X magnification. Worm were considered exhibiting neurodegeneration (seven point scale neurodegeneration) if one of the four CEP dendrites exhibited partial or complete loss of green fluorescence signal either as breakage in the dendrites (breaks), small continuous dots seen in the degenerate neurons (blebs) or zig-zag orientation of neurons instead of straight orientation (kinks). The number of worms exhibiting degeneration was counted in each group and the results were expressed as the percentage neurodegeneration. This experiment was conducted in triplicate and 10 images were analysed in each group of single experimentation.  

An average of 10 worms were analysed in each group. The experiments were repeated three times on three different days.

Mobility assay 
The mobility assay was done following protocols from (Kutzner, C.E., Bauer, K.C., Lackmann, JW. et al., 2024) that employs detecting the changes in the worm's positional movement through repeated scanning. Briefly worms were exposed to Paraquat 24% SL (10mM) and Paraquat 24% SL (10mM) + plant extracts (600µg/ml) in a 24-well plate for 6hrs. Infrared LED micro-beams from the WMicroTracker ARENA System tracked the movement and positioning of worms on the culture dishes and interruptions of the LED micro-beam by a worm's movement allowed real-time data to be processed at time points 0, 0.5, 1, 2, 4 and 6hrs. The accompanying software identified changes in the positions of the interrupted beams during scans and computed an activity score based on the successive scan differences. 70 worms were analysed in each group of experimentation which was repeated thrice at three different days. 

Assay for neurodegeneration of dopaminergic neurons and protection from plant extracts
The neurodegeneration assay was conducted with slight modifications. Initially, synchronized L1 larvae were obtained by hatching eggs isolated from gravid adults using a bleaching solution (1:1 solution of 4% sodium hypochlorite and 1 N sodium hydroxide). The assay was carried out in a 2.5ml reaction volume, with approximately 100 larvae (10 mL larval suspension), Paraquat 41% SL, and 1X phosphate buffer saline (pH 7.4), 6 mg/mL (w/v) of fresh overnight grown culture of E. coli OP50, and various plant extracts. This assay was performed in a 24-well plate, with stock solutions of extracts prepared in sterile distilled water. The solvent control group contained equivalent worms, E. coli, and buffer. The worms were incubated in the assay mixture at 23°C for 20 hours. Subsequently, the worms were washed with M9 buffer and placed in an Arena tracker to record mobility for 24 hours, then transferred to an imaging plate for visualization and assessment of degenerated neurons in the BZ555 strain of C. elegans. The worms were imaged in the 96 well imaging plates by immobilizing worms by using a 20 mM sodium azide solution of 250µl in each well and allowed to stand for the immobilization of worms for 5 minutes, later images were obtained in green filters with excitation wavelengths ranging from 455 nm to 490 nm in 80X. The impact of paraquat chemical herbicides on the dopaminergic neurons of BZ555 worms was assessed. A worm was considered to exhibit neurodegeneration if one of the four CEP dendrites showed degeneration, determined by partial or complete loss of green fluorescence. The number of worms exhibiting degeneration was counted in each group, and the results were expressed as the percentage of neurodegeneration. 

To study the dopamine neurodegeneration and universalize the scoring system of neuronal protection the score provided by the Bijwadia et al., (2021) was utilized in this study. Hence, this study has provided the score of the neuronal loss on seven point scale to assess the progression of neuron loss from the healthy dendrite based on dendrite morphology. Further, various new parameters have been included like Kinks, Blebs, and Breaks. This system provides complete scaling of changes that occur during ageing and also chemical induced changes and further can be used for the screening of neuroprotective agents. The scale provided is as follows and has followed the similar scale in this study. 


 
Breaks: The breakage in the degenerated dopamine neuron in which the dendrites are not clearly visible known as breaks.

Belbs: The small continuous dots seen in the degenerate neurons known as blebs.

Kinks: The zig-zag orientation of neurons instead of straight orientation is known as kinks.

This study followed the neurodegeneration and neuroprotection formula given by Bijwadia et al., (2021)
Neurodegeneration formula:

	Percentage of worms with neurodegeneration =
	Number of worms with degenerated neurons
	×100

	
	Total number of worms
	


Neuroprotection formula: 

Neuroprotection (%) = Percentage of worms with neurodegeneration in the chemically treated group - The percentage of worms with neurodegeneration in extract treated group (Bijwadia et al., 2021).
RESULTS 
Neuroprotective effects of plant extracts against paraquat induced neurotoxicity 
Paraquat, an active metabolite of a neurotoxin and herbicide, selectively triggers the degeneration of dopaminergic neurons. The Paraquat 24% SL (10 mM) exhibited a dose-dependent increase in neurodegeneration in the young adult larvae of BZ555 worms. Treatment with paraquat 24% SL resulted in approximately 70% of worms showing neurodegeneration (blebs, breaks and kinks), the second-highest percentage observed. To assess the neuroprotective effects of ten different plant extracts, a concentration of 10 mM for all extracts was utilized. The stock solution of paraquat 24% SL was prepared in sterile distilled water. In the control groups, 10% of worms exhibited neurodegeneration. Among the extracts tested, ashwagandha at 10mM showed the highest percentage of neuroprotection (60%). Noni showed 20% neuroprotection and lemon extract displayed 10% neuroprotection. 
The current findings are consistent with the results of a study by Anjaneyulu et al. (2020), which identified four out of the six selected herbs - Mucuna pruriens, Bacopa monnieri, Withania somnifera, Sida cordifolia, Centella asiatica, Celastrus paniculatus - as medhya rasayana (nootropics) in Ayurvedic texts. These herbs are also used as nootropics in clinical practice. Additionally, Withania somnifera (Ashwagandha) and Sida cordifolia were found to have neuroprotective effects, along with three other plant extracts, when studied in vitro against Caenorhabditis elegans. 

Among the six herbal extracts, the highest protection against MPP þ-induced neurodegeneration was exhibited by Bacopa monnieri (~50%), Mucuna pruriens (~29%), and Celastrus paniculatus (~29%). The extracts of Withania somnifera (ashwagandha) and Bacopa monnieri were the most effective in inhibiting the aggregation of a-synuclein and preventing neurodegeneration.
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Fig.1. Images depicting neurodegeneration and the effect of different plant extracts against paraquat -induced neurotoxicity in C. elegans A) Untreated Control B) &C) Paraquat D) Paraquat+ noni extract E) Paraquat+ Lemon extract F) Paraquat+ Ashwagandha extract
 Table.1. Neuroprotective effects of plant extracts against paraquat-induced neurotoxicity 

	Sl. No.
	Treatments
	Neuroprotection (per cent)

	1
	Paraquat
	00

	2
	Noni extract
	20

	3
	Lemon extract
	10

	4
	Ashwagandha extract
	60
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Fig.2. Neuroprotective effect of plant extracts against paraquat induced neurotoxicity in C. elegans
ARENA TRACKER 

The mobility assay utilized scans generated from infrared LED micro-beams from the WMicroTracker ARENA System that tracked the movement and positions of the worms as activity units on the culture dishes and allowed real-time data to be processed at different time points as 0, 0.5, 1, 2, 4 and 6 hrs. Results of the motility activity established that except the Ashwagandha arm all other treatment groups showed a time dependent decrease in the static and dynamic movement activities of the worms. At 0.5 hr the erratic increase in motility activity could be because of the initial acclimatization to culture conditions. From 1-4 hr plant extract from Ashwagandha arm showed a steady statistically significant increase in their motility that ranged from (0 hr-33.27 units IR activity vs 4 hr-31.82 units IR activity). Since at 6 hr exposure, worms failed to show any significant motility activity as compared to control arm, further exposure was terminated.
Table.2. Arena tracker-based screening to know movement activity in Caenorhabditis elegans (Strain-BZ-555) in Paraquat and Paraquat exposed to plant extracts (IR units)
	Treatments
	0 hr
	½ hr
	1 hr
	02hr
	4hr
	6 hr

	Control
	28.82
	31.55
	30.91
	33.09
	35.36
	33.73

	Paraquat
	22.64
	23.82
	22.45
	22.09
	19.45
	12.00

	Noni + Paraquat
	29.36
	32.82
	33.82
	39.91
	37.82
	38.20

	Lemon + Paraquat
	31.45
	30.73
	32.82
	26.45
	19.55
	14.82

	Ashwagandha + Paraquat
	33.27
	36.73
	25.64
	31.73
	31.82
	28.64
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Fig.3. ARENA tracker based movement behaviour of C. elegans worms in paraquat treated extracts
Discussion 
This study contributes to the growing body of evidence supporting the use of natural compounds as therapeutic agents against oxidative-stress-induced neurodegeneration. Using Caenorhabditis elegans (BZ555 strain) with GFP-labeled dopaminergic neurons, we evaluated the neuroprotective potential of various plant extracts against paraquat-induced neurotoxicity—a widely recognized model for Parkinsonian neurodegeneration due to its capacity to generate mitochondrial dysfunction and reactive oxygen species (ROS) (Liu et al., 2018; Zhao et al., 2017).

Consistent with previous studies, paraquat exposure resulted in significant dopaminergic degeneration, evidenced by morphological abnormalities such as dendritic blebbing, breaks, and kinks, with nearly 80% of the worms affected (Huang et al., 2024). Among the tested extracts, Ashwagandha exhibited the most robust neuroprotective effect (~60% protection), followed by noni (~20%). Notably, this is among the first studies to systematically compare Ashwagandha and noni in this model. Ashwagandha’s superior efficacy aligns with existing literature citing its antioxidant properties and suggests possible modulation of conserved stress-response pathways like DAF-16/FOXO and SKN-1/Nrf2 (Anjaneyulu et al., 2020; Chen et al., 2019).

In addition to preserving neuronal integrity, Ashwagandha-treated worms showed improved locomotor behavior compared to the paraquat-only group, indicating not only cellular protection but also functional benefit. These findings underscore the potential of botanical extracts to confer multifaceted neuroprotection.

Previous studies have shown that other plant-derived compounds—such as green tea, curcumin, resveratrol, and EGCG—exert neuroprotective effects through antioxidant and anti-inflammatory mechanisms (Abbas et al., 2020). Similarly, extracts from Hibiscus sabdariffa and GLE have demonstrated efficacy in reducing ROS accumulation and activating protective genetic pathways (Malar et al., 2023; Bagoudou et al., 2021). Our findings further support the therapeutic relevance of such plant-based interventions.

The use of C. elegans as a model organism offers several advantages, including a well-characterized dopaminergic system and ease of genetic analysis. However, its limitations—such as a simplified nervous system and the absence of a blood-brain barrier—necessitate cautious extrapolation to more complex organisms. Future studies should validate these findings in mammalian models and aim to delineate the molecular mechanisms underpinning the observed neuroprotection.

Overall, this study highlights Ashwagandha as a particularly promising extract for neuroprotective therapy. These findings not only pave the way for deeper mechanistic studies in higher organisms but also highlight the therapeutic promise of botanical neuroprotectants in combating neurodegenerative diseases like Parkinson’s.
CONCLUSIONS

This study aimed to assess the neuroprotective potential of natural plant extracts in mitigating oxidative stress-induced neuronal damage caused by paraquat exposure in Caenorhabditis elegans (BZ555 strain). Among the tested extracts Ashwagandha, Noni, and Lemon. Ashwagandha demonstrated the most significant neuroprotective effect, reducing dopaminergic neurodegeneration by approximately 60%. Noni provided moderate protection (20%), while Lemon exhibited minimal efficacy (10%). In contrast, the paraquat-only group showed severe neurodegeneration in nearly 80% of the worms.

These findings underscore the potential of Ashwagandha as a promising botanical candidate for protecting against herbicide-induced neurotoxicity. Further research is warranted to elucidate its underlying mechanisms of action and evaluate its therapeutic applicability in more complex models. These results contribute to the growing interest in plant-based neuroprotective strategies for addressing neurodegenerative disorders.
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