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Abstract  

Neurotoxic agents such as 6-hydroxydopamine (6-OHDA) and reserpine are reported to cause neurodegenerative 

and neuroendocrine effects, respectively. Using the Caenorhabditis elegans (C. elegans) model, this study performs 

comparative transcriptomic profiling to elucidate molecular pathways that contribute to their neurotoxicity. Differentially 

expressed genes (DEGs) were identified following 6-OHDA and reserpine exposure, with subsequent analyses for Gene 

Ontology (GO) and KEGG pathway enrichment. Notably, 6-OHDA mainly disrupted ribosomal/proteasomal activity and 

neurodegeneration-related pathways, while reserpine primarily affected the extracellular compartment, neuropeptide-

based signaling, and metabolic processes. Meta-analysis of the top 3,000 DEGs, combined with comparative enrichment 

network analysis of the 2 neurotoxicants using Metascape, identified critical regulatory processes, including cell 

development, reproduction, cytoskeletal organization, cell cycle control, metabolic pathways, and post-transcriptional 

regulation. In addition, protein-protein interaction (PPI) network analysis revealed eight distinct Molecular Complex 

Detection (MCODE) modules, which correspond to biological clusters such as regulation of translation, fatty acid 

metabolism, glutamate/glutamine metabolism, ceramide metabolism, sphingolipid metabolism, porphyrin metabolism, 

and post-transcriptional regulation. Moreover, reserpine exposure altered neurobehavioral function in the ethanol 

avoidance assay without inducing dopaminergic (DAergic) neurodegeneration in C. elegans. Overall, these findings 

suggest a transcriptomic framework that reports both common and unique molecular signatures of neurotoxicant-mediated 

neurodegeneration and behavioral alterations. These results provide valuable insights for future studies on regulatory 

pathways involved in PD pathogenesis. 
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Introduction 

Neurodegenerative diseases are characterized by 

progressive dysfunction and neuronal loss in the central 

and peripheral nervous systems (CNS, PNS) [1]. This  

 

neuronal damage leads to various symptoms, including 

motor deficits, cognitive impairment, and behavioral 

changes [1]. Parkinson’s disease (PD) is one of the 
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progressive neurodegenerative disorders [2]. The 

hallmark of PD is the selective and progressive 

degeneration of dopaminergic (DAergic) neurons in the 

substantia nigra pars compacta (SNpc), leading to a 

dopamine deficiency. This deficit is responsible for the 

motor symptoms, including bradykinesia, rigidity, and 

resting tremor [2]. Neurotoxicants, exogenous 

substances that induce damage to the CNS, are known 

to contribute to the PD pathogenesis [3]. Long-term 

usage or adverse effects of drugs often arise because 

they act via mechanisms shared with the disease 

processes, such as increasing oxidative stress or 

neuroinflammation [4]. 

6-hydroxydopamine (6-OHDA) and reserpine are 

neurochemical compounds commonly used to mimic the 

pathological features of PD in pharmacological models. 

6-OHDA induces selective neurodegeneration of 

catecholaminergic neurons through its uptake via the 

dopamine transporter (DAT), resulting in rapid 

autooxidation and the generation of reactive oxygen 

species (ROS). This drives oxidative stress, 

mitochondrial dysfunction, and progressive 

neurodegeneration [5]. Furthermore, reserpine, a 

pharmacological agent used to treat hypertension, 

inhibits the vesicular monoamine transporter 2 

(VMAT2), preventing monoamine neurotransmitters 

such as dopamine into synaptic vesicles [6]. This leads 

to cytosolic neurotransmitter degradation and functional 

depletion at the synapse, suggesting the consequences of 

DAergic deficiency without directly causing neuronal 

damage [7]. Although some studies have reported that 

reserpine induces oxidative stress [8], it does not 

replicate the key neuropathological features of PD, such 

as inducing mitochondrial impairment, lysosomal 

dysfunction, or neuroinflammation [9]. Previous study 

demonstrated that reserpine has toxic effects in 

Caenorhabditis elegans (C. elegans) by impairing 

neurobehavioral functions, such as reducing survival 

and food intake, delaying development, altering 

defecation cycles, and increasing locomotor rate on food 

[10]. Therefore, both neurotoxicants appear to be 

involved in neurodegenerative processes, such as PD.  

Animal models can recapitulate certain aspects of 

PD pathology. However, they remain crucial for 

investigating the complex neural networks underlying 

brain disorders [11]. Non-mammalian species, such as 

nematode C. elegans, zebrafish, and fruit flies, have 

been recognized as valuable alternative models that 

allow results comparable to mammalian systems [12]. 

Among these, C. elegans serves as an advantageous 

model organism for elucidating the fundamental 

mechanisms underlying neurodegeneration [13]. It has 

been extensively employed to study aging and 

neurodegenerative processes, including toxin-induced 

DAergic neuronal degeneration relevant to PD [14,15]. 

Proteomic analyses have previously shown that 

approximately 83% of its proteome is homologous to 

human proteins [16]. Furthermore, its short lifespan 

(~20 days), optical transparency, conserved regulatory 

networks, and preserved neuronal pathways enhance its 

suitability for neurobiological research [17]. 

Consequently, C. elegans is widely used for screening 

and evaluating the neurotoxic effects of PD-related 

neurotoxicants. 

Despite the increasing use of C. elegans as a model 

to study neurotoxicant-induced PD pathology, 

comparative transcriptomic analyses of 6-OHDA and 

reserpine remain limited. This study hypothesizes that 

both neurotoxicants can offer valuable insights into the 

modulation of distinct and overlapping molecular 

pathways in C. elegans. To explore this, a comparative 

transcriptomic approach was employed to characterize 

the unique and shared molecular responses induced by 

6-OHDA and reserpine. The primary objectives were to 

identify differentially expressed genes (DEGs) and to 

perform Gene Ontology (GO) and Kyoto Encyclopedia 

of Genes and Genomes (KEGG) pathway enrichment 

analyses for each compound exposure. Furthermore, a 

comparative meta-analysis using Metascape was 

conducted to differentiate unique and common 

molecular pathways, and Molecular Complex Detection 

(MCODE) clustering was utilized to identify core 

functional protein-protein interaction (PPI) complexes. 

 

Materials and methods 

C. elegans strain, its culture, synchronization, 

and experimental procedures 

N2-Bristol (wild-type) strain of C. elegans was 

obtained from the Caenorhabditis Genetics Center 

(CGC, Minneapolis, MN, USA), while BY250 strain 

was kindly provided by Prof. Randy Blakely (Florida 

Atlantic University, USA). Both strains were cultured 

on nematode growth medium (NGM) agar plates seeded 

with E. coli OP50 and maintained at 20 °C in a 
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temperature-controlled incubator. To obtain a 

synchronized population, gravid worms were subjected 

to bleaching solution (12% (v/v) sodium hypochlorite 

and 10% (v/v) 1 M sodium hydroxide) for 10 min. 

Released embryos were collected by centrifugation, 

washed 3 times with M9 buffer, and subsequently 

placed on NGM plates without E. coli OP50. Incubation 

overnight at 20 °C enabled hatching and development to 

the L1 stage. L3 larvae were generated by transferring 

synchronized L1 worms onto NGM plates containing E. 

coli OP50 and incubating them overnight at 20 °C. 

Neurotoxin 6-OHDA (Sigma, St. Louis, MO, USA) was 

employed for induction in L3 larvae for 1 h as described 

in our previous study [18]. For reserpine induction, 

synchronized L1 larvae were exposed to reserpine 

(Sigma, St. Louis, MO, USA) on NGM plates 

supplemented with the chemical 5-fluorodeoxyuridine 

(FUdR) for 72 h [19]. In our study, exposure to 190 μM 

reserpine was found to induce ROS production and alter 

neurobehavioral functions. 

 

RNA extraction and sequencing 

Transcriptomic profiling was performed on 3 

experimental groups: control/DMSO, 6-OHDA/DMSO, 

and reserpine/DMSO. Following induction, total RNA 

was isolated using TRIzol reagent (Ambion, Life 

Technologies, NY, USA). RNA concentration and 

purity were assessed with a NanoDrop 2000 

spectrophotometer (Thermo Scientific, Waltham, MA, 

USA). RNA aliquot (20 µL) was submitted to 

GENEWIZ (Azenta Life Sciences, MA, USA) for 

mRNA library preparation and sequencing. Subsequent 

library preparation, sequencing, and bioinformatic 

analyses, including identification of DEGs, GO 

annotation, and KEGG pathway analysis, were 

performed according to our previously described 

protocols [20].  

 

Metascape dataset analysis 

Metascape (http://metascape.org) is a web-based 

platform compatible with all major browsers and 

supports C. elegans datasets by converting them into 

Gene ID-centric relational formats [21]. In this study, 

top 3,000 significant DEGs were selected for 

comparative analysis between the 6-OHDA- and 

reserpine-induced groups. By default, pathway 

enrichment analysis in Metascape integrates multiple 

databases, including GO, KEGG, and Reactome [21]. 

Pairwise similarities between enriched terms were 

calculated using the Kappa statistic, followed by 

hierarchical clustering of the similarity matrix [22]. 

Threshold of 0.3 was applied to partition the tree into 

discrete clusters, and within each cluster, the most 

statistically significant term (lowest p-value) was 

chosen as the representative. These representative terms 

were then visualized through heatmaps. 

For interactome analysis, Metascape employs 

physical protein-protein interactions (PPI) provided in 

BioGrid [23]. Candidate proteins were used to construct 

an interaction network, which was subsequently 

analyzed using the MCODE algorithm [24]. Terms with 

a similarity score greater than 0.3 were connected by 

edges, with edge thickness proportional to the similarity 

score. All network visualizations were generated using 

Cytoscape version 3.10.3 using a force-directed layout 

[25]. 

 

Ethanol avoidance neurobehavior 

Ethanol avoidance assay is a well-established 

approach for evaluating dopamine circuits related to 

neurobehaviors [26]. NGM plate preparation followed 

previously described protocols in our studies [18]. 

Briefly, worms were incubated at 20 °C for 30 min to 

stimulate locomotion. After incubation, the number of 

worms in each quadrant was recorded, and ethanol 

avoidance index (EAI) was calculated using the 

formula: EAI = [(number of worms in quadrants A and 

D) - (number of worms in quadrants B and C)]/ total 

number of worms. Worms located within the inner circle 

were excluded from the analysis. Each experiment was 

independently conducted in triplicate. 

 

Fluorescence imaging and analysis 

BY250 strain (dat-1p::gfp) was employed to 

evaluate the integrity of DAergic neurons. Preparation 

of worm slides for imaging followed the procedures 

described in our previous studies [18]. Briefly, GFP-

tagged cephalic (CEP) neurons were captured. 

Fluorescence microscopy was performed using a Nikon 

epifluorescence microscope (Eclipse Ci-L; Nikon Corp., 

Tokyo, Japan), and images were analyzed with ImageJ 

software (National Institutes of Health, Bethesda, MD, 

USA). Each experiment was independently repeated at 
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least 3 times, with 15 worms per group analyzed in each 

replicate. 

 

Statistics 

DEGs were identified using an adjusted p-value 

(Padj) threshold of ≤ 0.05. GO terms were annotated 

based on enriched gene sets with Padj ≤ 0.05. For 

functional enrichment analysis, pairwise similarities 

among enriched terms were computed using the Kappa 

statistic, and clusters were defined using a similarity 

threshold of 0.3. In network visualization, MCODE 

terms with similarity scores greater than 0.3 were 

connected by edges. Comparisons between control and 

reserpine-induced groups were performed using a 2-

tailed paired t-test. Statistical significance was defined 

as p ≤ 0.05. All experimental values are presented as the 

mean ± SEM from at least 3 independent experiments 

and were analyzed using GraphPad Prism version 10 

(GraphPad Software Inc.). 

 

Results 

RNA-seq analysis revealed enriched pathways 

in C. elegans in response to 6-OHDA and reserpine 

induction 

To investigate the transcriptional alterations 

underlying the phenotypic differences between 

control/DMSO vs. 6-OHDA/DMSO and control/DMSO 

vs. reserpine/DMSO, whole-genome transcriptome 

sequencing was performed. DEGs, GO, and KEGG 

pathway enrichment analyses were subsequently 

conducted (Figures 1 and 2). 

In the comparison of control/DMSO vs. 6-

OHDA/DMSO, volcano plot of DEGs identified a total 

of 8,518 significant genes, including 2,868 

downregulated and 5,650 upregulated transcripts 

(Figure 1(A)). GO enrichment analysis revealed 218 

significant terms, of which top 30 were visualized in a 

histogram. Enriched molecular functions primarily 

involved structural constituent of ribosome 

(GO:0003735; 1 up, 64 down), structural constituent of 

cuticle (GO:0042302; 36 up, 18 down), sequence-

specific DNA binding RNA polymerase II transcription 

factor activity (GO:0000981; 95 up, 25 down), 

endopeptidase activity (GO:0004175; 2 up, 13 down), 

and RNA polymerase II core promoter proximal region 

sequence-specific DNA binding (GO:0000978; 88 up, 

30 down). Enriched cellular components included 

components mainly linked to cytosolic large ribosomal 

subunit (GO:0022625; 1 up, 35 down), cytosolic small 

ribosomal subunit (GO:0022627; 0 up, 23 down), 

collagen trimer (GO:0005581; 38 up, 18 down), 

extracellular region (GO:0005576; 118 up, 24 down), 

and integral component of plasma membrane 

(GO:0005887; 103 up, 11 down). Enriched biological 

processes were mainly associated with cytoplasmic 

translation (GO:0002181; 0 up, 20 down), proteasomal 

ubiquitin-independent protein catabolic process 

(GO:0010499; 0 up, 11 down), proteasome-mediated 

ubiquitin-dependent protein catabolic process 

(GO:0043161; 6 up, 30 down), intraciliary transport 

(GO:0042073; 12 up, 0 down), and translation 

(GO:0006412; 3 up, 44 down) (Figure 1(B)). Top 30 

GO terms ranked by p-value are shown in Figure 1(C). 

Overall, GO enrichment analysis suggests a robust 

downregulation of ribosomal/proteasome activity and 

protein metabolism in response to 6-OHDA exposure 

(Supplementary material 1).  

KEGG enrichment analysis on the set of DEGs 

revealed 76 significantly enriched pathways, with DEGs 

predominantly annotated in neurodegeneration-related 

pathways, including multiple neurodegenerative 

diseases (ko05022; 43 up, 86 down, 10.84%), 

amyotrophic lateral sclerosis-ALS (ko05014; 25 up, 88 

down, 9.50%), Alzheimer’s disease-AD (ko05010; 36 

up, 73 down, 9.16%), Parkinson’s disease-PD 

(ko05012; 25 up, 76 down, 8.49%), Huntington disease-

HD (ko05016; 26 up, 71 down, 8.15%), Prion disease 

(ko05020; 29 up, 66 down, 7.98%), and pathways in 

cancer (ko05200; 40 up, 41 down, 6.81%) (Figure 1(D); 

Supplementary material 2). 

In the control/DMSO vs. reserpine/DMSO 

comparison, volcano plot revealed 5,133 significant 

DEGs, comprising 3,381 downregulated and 1,752 

upregulated genes (Figure 2(A)). GO enrichment 

analysis identified 120 significant terms, with top 30 

represented in a histogram. Enriched molecular 

functions were predominantly structural constituents of 

cuticle (GO:0042302; 28 up, 20 down), nutrient 

reservoir activity (GO:0045735; 6 up, 0 down), lipid 

transporter activity (GO:0005319; 7 up, 0 down), 

mRNA 3’-UTR binding (GO:0003730; 17 up, 0 down), 

and serine-type endopeptidase inhibitor activity 

(GO:0004867; 1 up, 8 down). Enriched cellular 

components mainly included the extracellular region 
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(GO:0005576; 31 up, 81 down), collagen trimer 

(GO:0005581; 26 up, 18 down), pseudopodium 

(GO:0031143; 28 up, 2 down), cilium (GO:0005929; 5 

up, 24 down), and messenger ribonucleoprotein 

complex (GO:1990124; 8 up, 0 down). Enriched 

biological processes were primarily associated with the 

neuropeptide signaling pathway (GO:0007218; 0 up, 19 

down), collagen and cuticle development (GO:0042335; 

14 up, 9 down), non-motile cilium assembly 

(GO:1905515; 1 up, 11 down), anatomical structure 

development (GO:0048856; 22 up, 16 down), and 

negative regulation of peptidase activity (GO:0010466; 

1 up, 8 down) (Figure 2(B)). Top 30 GO terms ranked 

by p-value are presented in Figure 2(C). Overall, GO 

enrichment analysis indicates a marked downregulation 

of the extracellular region and the neuropeptide 

signaling pathway, alongside an upregulation of 

structural cuticle constituents, including cuticle-like 

collagen trimers, in response to reserpine exposure 

(Supplementary material 3). 

In KEGG enrichment analysis, 44 significant 

enriched pathways were identified, with DEGs 

predominantly annotated in metabolic pathways 

(ko01100; 93 up, 47 down, 35.90%), cell cycle 

(ko04110; 24 up, 11 down, 8.97%), pathways in cancer 

(ko05200; 18 up, 16 down, 8.72%), salmonella infection 

(ko05132; 13 up, 17 down, 7.69%), oocyte meiosis 

(ko04114; 20 up, 7 down, 6.92%), protein processing in 

endoplasmic reticulum (ko04141; 15 up, 10 down, 

6.41%), and lysosome (ko04142; 16 up, 7 down, 5.90%) 

(Figure 2(D)); Supplementary material 4).

 

 

Figure 1 Transcriptomic profiling of C. elegans following 50 mM 6-OHDA induction compared with control. (A) 

Volcano plot illustrating DEGs, with upregulated genes (red dots) and downregulated genes (blue dots), identified using 

the DESeq2 Bioconductor package (V1.6.3) with Padj ≤ 0.05. (B) GO enrichment analysis showing top 30 terms based 

on the number of associated genes across molecular functions (e.g., sequence-specific DNA binding RNA polymerase II 

transcription factor activity), cellular components (e.g., nucleus), and biological processes (e.g., translation). (C) Top 30 

GO terms ranked according to p-value, highlighting ribosomal/proteasome activity and protein metabolism. (D) Bar chart 

representing top 30 significantly enriched KEGG pathways, predominantly associated with neurodegeneration-related 

processes. 
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Figure 2 Transcriptomic profiling of C. elegans exposed to 190 µM reserpine compared with control. (A) Volcano plot 

illustrating DEGs, with upregulated genes shown in red and downregulated genes in blue, identified using the DESeq2 

Bioconductor package (V1.6.3) with Padj ≤ 0.05. (B) GO enrichment analysis presenting top 30 terms based on the 

number of associated genes across molecular functions (e.g., structural constituents of the cuticle), cellular components 

(e.g., extracellular region), and biological processes (e.g., anatomical structure development). (C) Top 30 GO terms 

ranked according to p-value, involving the alteration of extracellular regions, neuropeptide signaling pathways, and 

structural cuticle constituents. (D) Bar chart displaying top 30 significantly enriched KEGG pathways, primarily 

associated with metabolic processes. 

 

Metascape analysis revealed differential GO 

term enrichment between 6-OHDA- and reserpine-

induced responses in C. elegans 

Top 3,000 significant DEGs were selected for 

comparative analysis between the 6-OHDA- and 

reserpine-induced groups, of which 1,085 genes were 

found to overlap (Figure 3(A)). Submission of these 

gene lists to Metascape (https://metascape.org/) 

generated a Circos plot illustrating overlap of genes and 

enriched GO terms (Figure 3(B)). In this plot, outer arcs 

represented the identities of the 6-OHDA (red) and 

reserpine (blue) gene lists. In contrast, inner arcs 

reported individual genes. Shared genes were 

highlighted in dark orange, whereas unique genes were 

shown in light orange. Purple lines connected shared 

genes across lists, and blue lines indicated GO 

functional overlap, restricted to statistically significant 

terms with a gene set size ≤ 100. 

To further examine functional enrichment, terms 

were visualized as a heatmap of both neurotoxicants 

based on –log10 (p-value) (Figures 3(C) and 3(D)). 

Dark brown gradients indicated strong significance, 

while non-significant terms were shown in gray. 

Heatmap of selected GO terms revealed major clusters 

associated with cell development (GO:0048468), 

multicellular organismal reproductive process 

(GO:0048609), cytoskeleton organization 

(GO:0007010), and cell cycle regulation (GO:0051726, 

GO:0007049) (Figure 3(C)); Supplementary material 

5). Similarly, GO parent-level analysis highlighted 
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enrichment in developmental processes (GO:0032502), 

reproductive processes (GO:0022414), cellular 

processes (GO:0009987), and regulation of biological 

processes (GO:0050789) (Figure 3(D)); 

Supplementary material 5). Overall, these findings 

indicate that both neurotoxicants predominantly affect 

key biological processes related to development, 

reproduction, cytoskeletal organization, and cell cycle 

regulation, resulting in their broad impact on 

fundamental cellular and organismal functions. Notably, 

the impact of 6-OHDA appears to be more pronounced 

than that of reserpine.

 

 

Figure 3 Top 3,000 genes significantly associated with 6-OHDA and reserpine exposure in C. elegans were analyzed. 

(A) Venn diagram displayed overlap of genes, generated using https://molbiotools.com/listcompare.php. (B) Circos plot 

depicted gene overlap and enriched GO terms, with 6-OHDA represented by the outer red line and reserpine by the outer 

blue line. (C), (D) Heatmaps displayed GO enrichment clusters of both shared and unique genes in response to 6-OHDA 

and reserpine exposure, emphasizing key biological processes involved in cell development, reproduction, cytoskeletal 

organization, and regulation of the cell cycle. Dark brown gradient indicated strong significance, whereas gray represented 

non-significant results. 

 

 

Metascape-based enrichment clustering and 

protein-protein interaction network analysis of 6-

OHDA- and reserpine-induced responses in C. 

elegans 

Pathway clustering analysis of DEGs was 

performed using Metascape (https://metascape.org/) and 

visualized in Cytoscape v3.10.3 (https://cytoscape.org/). 

In the enrichment network, each node corresponded to 

an enriched term, where node size reflected the number 

of associated input genes and node color indicated 

cluster identity (Figure 4(A); Table 1). Enrichment 

network comparison was further constructed to illustrate 

the functional overlap between the 6-OHDA- and 

reserpine-induced groups (Figure 4(B)). 

To identify functional protein complexes, the 

MCODE algorithm was applied to the PPI network, 

resulting in the identification of 8 distinct MCODE 

modules representing biologically meaningful clusters 

(Figure 5; Table 2). Overall, these results provide a 

comprehensive framework for understanding the 
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molecular basis of both neurotoxicant-induced 

neurotoxicity in C. elegans, supporting their use in 

studying mechanisms and pathways involved in 

neurodegenerative disease pathogenesis.

 

 

Figure 4 Enrichment network was generated using Metascape (https://metascape.org) and visualized in Cytoscape 

(https://cytoscape.org). (A) Network visualization illustrated the intra- and inter-cluster associations among enriched 

terms, with cluster annotations represented by distinct colors. (B) Enrichment network derived from the 2 gene lists, 6-

OHDA and reserpine, was presented, with color coding used to indicate the respective gene list identities. 

 

 

Table 1 GO enrichment across 6-OHDA and reserpine-induced groups analyzed by Metascape. 

GO Description % in GO 
Log10 

(p-value) 

Log10 

(q-value) 

GO:0048468 Cell development 9.19 −28.50 −24.64 

R-CEL-69052 Switching of origins to a post-replicative state 2.32 −17.86 −14.48 

GO:0048609 Multicellular organismal reproductive process 6.60 −16.51 −13.22 

GO:0007010 Cytoskeleton organization 6.91 −16.48 −13.22 

GO:0009790 Embryo development 7.31 −14.93 −11.92 

GO:0007049 Cell cycle 7.26 −12.87 −10.40 

GO:0010604 Positive regulation of macromolecule metabolic process 7.92 −12.87 −10.40 

GO:0010605 Negative regulation of macromolecule metabolic process 8.13 −12.51 −10.10 

GO:0051726 Regulation of the cell cycle 4.37 −12.46 −10.08 

GO:0045165 Cell fate commitment 3.81 −11.72 −9.42 

GO:0048513 Animal organ development 5.03 −9.78 −7.78 

GO:0045787 Positive regulation of cell cycle 1.78 −9.23 −7.29 

GO:0010608 Post-transcriptional regulation of gene expression 3.45 −8.97 −7.05 

GO:0050793 Regulation of the developmental process 7.26 −8.80 −6.89 
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GO Description % in GO 
Log10 

(p-value) 

Log10 

(q-value) 

GO:0030703 Eggshell formation 0.96 −8.42 −6.43 

GO:0018996 Molting cycle, collagen and cuticulin-based cuticle 2.46 −7.78 −5.83 

GO:0042127 Regulation of cell population proliferation 1.27 −7.45 −5.63 

GO:0051128 Regulation of cellular component organization 6.83 −7.33 −5.41 

GO:0045595 Regulation of cell differentiation 2.79 −7.29 −5.48 

GO:0032880 Regulation of protein localization 2.59 −7.16 −5.36 

 

 

Figure 5 The PPI network was generated through Metascape (https://metascape.org) and visualized in Cytoscape 

(https://cytoscape.org), with clusters represented by MCODE ID-based color coding. 

 

 

Table 2 Overlapping protein functional complexes in 6-OHDA- and reserpine-induced groups analyzed by Metascape. 

Component Annotation Gene symbol 
Biological significance linked to 

neurodegeneration 

MCODE 1 & 7 

cel00071: Fatty acid degradation 

cel01212: Fatty acid metabolism 

R-CEL-450513: Tristetraprolin 

(TTP, ZFP36) binds and 

destabilizes mRNA 

ech-9, imb-2, jnk-1, 

ech-4, oma-2, acs-16, 

ech-7, mak-2, acdh-1, 

mrp-4, mrp-2, mrp-7 

Dysregulated fatty acid metabolism 

disrupts neuronal membrane fluidity, 

impairs axonal growth, and alters lipid-

mediated signaling, thereby contributing 

to neurotoxicity and the development of 

neurodegenerative disorders [27]. 

MCODE 2 

GO:0017148: Negative regulation 

of translation 

GO:0051248: Negative regulation 

of protein metabolic process 

GO:0006417: Regulation of 

translation 

cgh-1, ifet-1, lin-41, 

oma-1, car-1, cpb-3, 

cpb-1, fog-1 

Protein synthesis modulation represents a 

fundamental cellular stress response, 

where translational repression functions 

as an adaptive mechanism to conserve 

energy and redirect resources toward 

protective and repair processes [28]. 

MCODE 3 

GO:0006541: Glutamine metabolic 

process 

GO:0009064: Glutamine family 

amino acid metabolic process 

gln-1, gln-5, gfat-1, 

glna-3, gfat-2 

Dysregulation of glutamate homeostasis 

can result in excitotoxicity and neuronal 

death [29], while glutamate uptake also 
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Component Annotation Gene symbol 
Biological significance linked to 

neurodegeneration 

cel00250: Alanine, aspartate and 

glutamate metabolism 

serves as a crucial precursor for neuronal 

glutathione biosynthesis [30] 

MCODE 4 

GO:0006672: Ceramide metabolic 

process 

cel00600: Sphingolipid metabolism 

GO:0006665: Sphingolipid 

metabolic process 

rpn-1, mlt-3, che-13, 

abu-14, abu-8 

Alterations in ceramide and sphingolipid 

metabolism have been implicated in 

multiple neurodegenerative diseases, as 

these lipids regulate critical signaling 

pathways, including Akt/protein kinase 

B, NF-κB, FOXO, and AP-1 [31]. 

MCODE 5 

GO:0016441: Post-transcriptional 

gene silencing 

GO:0035194: Regulatory ncRNA-

mediated post-transcriptional gene 

silencing 

GO:0031047: Regulatory ncRNA-

mediated gene silencing 

asm-3, gba-1, lagr-1, 

cgt-1 

Post-transcriptional mechanisms such as 

gene silencing enable rapid cellular 

adaptation to environmental stressors 

without initiating new transcription, 

offering an energy-efficient survival 

strategy [32]. 

MCODE 6 

R-CEL-9754706: Atorvastatin 

ADME 

R-CEL-189483: Heme degradation 

R-CEL-189445: Metabolism of 

porphyrins 

wago-1, sid-1, ergo-1, 

hrde-1 

Deficiencies in porphyrin metabolism 

lead to the accumulation of toxic 

porphyrin precursors, which impair 

cellular respiration and oxygen transport 

[33]. 

MCODE 8 

GO:0005879: Axonemal 

microtubule 

GO:0030036: Actin cytoskeleton 

organization 

GO:0009792: Egg hatching 

tba-5, act-2, ssl-1 Disruption of cytoskeletal organization is 

a key contributor to neurodegeneration. 

The neuronal cytoskeleton, composed of 

protein filaments essential for 

maintaining cell shape, axonal transport, 

and synaptic integrity, when perturbed, 

initiates a cascade of dysfunctions that 

accelerate neurodegenerative disease 

progression [34]. 

 

 

Neurotoxic agents mediated neurobehavioral 

alteration and DAergic neurodegeneration in C. 

elegans 

Dopamine plasticity plays a crucial role in 

behavioral responses of C. elegans, such as ethanol 

avoidance assays [35]. DAergic neurons were visualized 

using BY250 strain (dat-1p::gfp). In our previous study, 

exposure to 6-OHDA markedly reduced ethanol 

avoidance index (EAI) (p < 0.01) and significantly 

decreased GFP-labeled CEP neuronal bodies in BY250 

worms (p < 0.001) [18], supporting its role in inducing 

both behavioral impairments and DAergic 

neurodegeneration. To evaluate whether reserpine 

obtained similar effects, we assessed these endpoints. 

Reserpine induction led to a significant reduction in EAI 

(−0.51 ± 0.06, p < 0.01) compared with the control 

(−0.03 ± 0.08) (Figure 6(A)). In contrast, analysis of 

BY250 worms indicated that reserpine did not 

significantly affect CEPs DAergic neuronal viability (p 

= 0.0625) (Figure 6(B)). Collectively, these findings 

indicate that, unlike 6-OHDA exposure, reserpine 

disrupts behavioral performance without inducing 

DAergic neurodegeneration in C. elegans.
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Figure 6 Reserpine-induced toxicity altered neurobehavioral function in ethanol avoidance assay without inducing 

DAergic neurodegeneration in C. elegans. (A) Ethanol avoidance index (EAI) was measured as part of the 

neurobehavioral assessment (N = 50 - 100 worms per group). (B) CEPs DAergic neurons were visualized using the BY250 

strain (dat-1p::gfp) (N = 15 worms per group). Results are presented as the mean ± SEM from 3 independent experiments. 

Statistical significance was determined relative to the control threshold (**p < 0.01), with non-significant differences 

indicated as ns. 

 

 

Discussion 

Whole-genome transcriptome sequencing of C. 

elegans exposed to 6-OHDA and reserpine provides a 

comprehensive overview of their distinct and 

overlapping neurotoxic effects. Comparative 

transcriptomic analysis revealed that although both 

neurotoxicants exhibit some common fundamental 

mechanisms, they also exert distinct effects on cellular 

and stress response pathways related to 

neurodegeneration.  

Previous studies have reported that 6-OHDA is 

significantly associated with ROS generation, DNA 

damage, and the activation of PUMA (p53 upregulated 

modulator of apoptosis), a transcriptional target of p53 

[36]. These mechanisms collectively contribute to 

pathways that either facilitate DNA repair or promote 

apoptosis [36,37]. Additionally, proteasome-mediated 

ubiquitination is enriched, highlighting the cellular 

response to protein misfolding and oxidative damage. 

Ubiquitin-proteasome system (UPS) is crucial for 

protein homeostasis by eliminating damaged proteins 

and preventing aggregate formation [38]. In our study, 

GO enrichment of the 6-OHDA-induced model reveals 

a strong downregulation of ribosomal/proteasomal 

function and protein metabolic processes. Previous 

study demonstrated that LC-MS/MS proteomic analysis 

of 6-OHDA-treated differentiated SH-SY5Y neuronal 

cells shows a significant downregulation of 

ribosomal/proteasomal proteins. These suggest 

ribosomal/proteasomal dysfunction associated with 

unfolded/misfolded protein responses, resulting in an 

apoptotic induction and neurodegeneration [39]. 

Moreover, KEGG pathway analysis confirms 

enrichment in neurodegeneration-associated pathways, 

including ALS, AD, and PD, with abnormal processes 

such as impaired protein clearance cascades, oxidative 

and endoplasmic reticulum (ER) stress, and 

mitochondrial dysfunction. These results further 

associate the 6-OHDA-induced C. elegans model with 

human neurodegenerative pathogenesis [40]. 

Previous studies have demonstrated that induction 

of 2 mg/L reserpine to zebrafish affects genes enriched 

in DAergic synapses, voltage-gated ion channels, and 

Wnt signaling pathways, contributing to depression-like 



Trends Sci. 2026; 23(4): 11920   12 of 17 

phenotypes [41]. Similarly, 60 µM reserpine is found to 

induce DAergic neuronal loss in CEPs of the BY200 C. 

elegans strain, a change that correlated with an 

increased locomotion rate on food and decreased 

dopamine levels [10,19]. In the present study, exposure 

to 190 µM reserpine affects dopamine-dependent 

behavioral deficits without causing DAergic neuronal 

loss. Consistent with previous findings, although 

reserpine recapitulates certain Parkinsonian clinical 

features and biochemical PD alterations, it does not 

directly induce DAergic neuronal death [42]. 

Transcriptomic analysis, in comparison to the 6-OHDA-

induced model, revealed that reserpine toxicity 

predominantly downregulates genes associated with 

neuropeptide signaling while upregulating genes related 

to the structural constituents of the cuticle. These 

findings suggest that reserpine toxicity primarily 

disrupts neurotransmitter release and neuroendocrine 

function, thereby affecting neurodevelopment, 

neuroendocrine communication, and neurotransmitter 

homeostasis [43, 44]. Additionally, upregulation of 

structural cuticle genes, including col, nas, and dpy, 

which are involved in cuticle synthesis and integrity, 

reflects enhanced collagenous component synthesis and 

alterations in cuticle organization, particularly under 

acidic stress and in response to pH change [45]. 

Moreover, KEGG pathway analysis suggests robust 

changes in metabolism, such as increased tyrosine 

metabolism (Supplementary material 4) to 

compensate for depleted catecholamine 

neurotransmitter storage, like dopamine, caused by a 

stress condition [46]. Tyrosine is the precursor for 

synthesizing catecholamine neurotransmitters, 

including dopamine, norepinephrine, and epinephrine 

[47]. Additionally, the reserpine-induced model exhibits 

a metabolic shift toward branched-chain amino acid 

(BCAA) catabolism, particularly valine, leucine, and 

isoleucine, as well as pathways linked to fatty acid 

degradation [48,49]. Upregulation of BCAA and fatty 

acid catabolic processes is typically observed under 

conditions of limited cellular energy, suggesting a 

compensatory mechanism aimed at sustaining energy 

homeostasis during dopamine depletion-induced 

cellular stress [48,49]. While VMAT2 blockade by 

reserpine induces these metabolic adaptations [6], 

degeneration-associated signatures of reserpine were 

less evident compared to the 6-OHDA model. From a 

pharmacological perspective, these findings are 

consistent with the mechanism of reserpine, which 

reduces presynaptic monoamines and is the basis for its 

antihypertensive properties and the risk of depression 

through modulation of neurosignaling pathways [6, 7]. 

Moreover, transcriptomic analyses reveal alterations in 

structural, signaling, and metabolic gene networks in C. 

elegans, which may contribute to the onset of 

neurobehavioral deficits and progression of 

neurodegenerative processes. Interestingly, both 

neurotoxicants significantly affect the Wnt signaling 

pathways (Supplementary material 2 and 4). 

Dysregulation of Wnt/β-catenin signaling has been 

implicated in multiple neurodegenerative disorders. In 

this pathway, cytoplasmic β-catenin accumulates and 

translocates into the nucleus, where it interacts with 

Lef/Tcf transcription factors to stimulate over 50 Wnt 

target genes that are essential for neurogenesis, 

apoptosis, and inflammation [50]. These findings 

indicate potential target pathways for exploring diseases 

related to neurotoxicants and aim at highlighting novel 

therapeutic targets involved in disease mitigation 

pathways for further studies. 

Metascape and MCODE analyses additionally 

reveal common pathological mechanisms between 6-

OHDA and reserpine, especially involving various 

biological processes and metabolic regulation. Negative 

regulation of protein metabolism appears as a key 

cellular stress response, functioning as an adaptive 

mechanism to conserve energy by suppressing protein 

synthesis [28]. Consistent with this, previous studies 

have shown that phosphorylation of eukaryotic initiation 

factor 2α (eIF2α) during the integrated stress response 

(ISR) inhibits overall translation while specifically 

promoting synthesis of stress-adaptive proteins, such as 

transcription factor 4 (ATF4), involved in cell recovery 

and survival [51]. Post-transcriptional regulation, 

including gene silencing and mRNA degradation, 

additionally contributes to adaptation under stress by 

altering gene expression [32]. From a pharmacological 

perspective, agents that modify the ISR pathway, like 

small-molecule inhibitors targeting eIF2α phosphatases, 

are currently investigated for their potential 

neuroprotective roles, highlighting the translational 

relevance [52]. Disruption of cell cycle regulation is also 

implicated in neurodegeneration. Although terminally 

differentiated neurons normally exist in the quiescent 
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G0 phase, exposure to neurotoxic substances can trigger 

an abnormal re-entry into the cell cycle [53]. For 

instance, 6-OHDA has been reported to induce S-phase 

arrest through ROS-mediated DNA damage in PC12 

cells [54], whereas reserpine leads to a sub-G1 

population indicative of apoptosis-related cell cycle 

interruption in SH-SY5Y cells [6, 55]. This aberrant 

regulation contributes substantially to neuronal loss in 

PD and AD. Pharmacologically, this suggests that both 

ROS overproduction, damage to DNA, and disruption of 

cell cycle checkpoints are critical factors contributing to 

neurodegenerative disorders. Additionally, 

glutamate/glutamine metabolism is involved in 

neurodegeneration, highlighting its important function 

in synaptic neurotransmission, excitotoxicity, signaling 

of ionotropic glutamate N-methyl-D-aspartate (NMDA) 

receptors, and energy homeostasis. Impairment of this 

pathway leads to synaptic dysfunction and neuronal 

injury in neurodegenerative disorders [29]. This process 

is related to and supported by clinical evidence on the 

pharmacological modulation of glutamatergic signaling, 

such as NMDA receptor antagonists (e.g., memantine in 

AD) [56]. Disruptions in lipid metabolism also appear 

to be a convergent mechanism of neurotoxicity. 

Lipidomic studies have reported changes in various lipid 

families, including free fatty acids (FFAs), cholesterol 

esters (CEs), triglycerides (TGs), and eicosanoids, 

during 6-OHDA-induced DAergic neurodegeneration 

[57]. Likewise, reserpine exposure in zebrafish alters 

brain metabolites such as glutamate, glutamine, lactate, 

and glutathione, leading to oxidative stress, metabolic 

imbalance, and indirect interference with fatty acid 

metabolism [58]. These provide the pharmacological 

significance of drugs that act on lipid peroxidation. 

Common pathological mechanisms observed following 

6-OHDA and reserpine exposure indicate fundamental 

adaptations in dopamine metabolism and associated 

neurobehavioral alterations in PD pathology, thereby 

highlighting preserved targets in pathways and 

mechanisms linked to PD pathogenesis. 

This study employs transcriptomic sequencing to 

investigate neurotoxicant-induced PD pathologies in C. 

elegans model. This approach offers a valuable high-

throughput system for identifying compounds that can 

alter neurotoxicity mediated by molecular pathways 

[13,17]. Nevertheless, certain limitations exist, as C. 

elegans lacks several mammalian-specific anatomical 

structures, including a circulatory system, blood-brain 

barrier (BBB), hepatic metabolism, and renal filtration 

[59]. Therefore, findings obtained from this model 

should be further validated in complementary systems, 

including mammalian or rodent models [60], to confirm 

their conservation across species, involvement of organ-

specific processes related to neurodegeneration, and 

translational relevance to human neurodegenerative 

disorders. Importantly, transcriptomic profiling 

provides a deeper understanding of the mechanisms by 

which 6-OHDA and reserpine exert their effects in 

establishing PD models, thereby clarifying their role in 

recapitulating disease-relevant neurodegenerative 

processes. Collectively, this study provides important 

insights into the molecular mechanisms of 

neurodegeneration induced by these compounds, 

thereby enhancing our understanding of disease 

pathogenesis and related pathways. Moreover, these 

findings not only highlight potential pharmacological 

targets, including transcription repression function, 

post-transcriptional mechanisms, glutamatergic 

modulators, and fatty acid regulators, but also provide 

their value in guiding the discovery and development of 

therapeutic candidates in future research. 

 

Conclusions 

This comparative transcriptomic analysis of 6-

OHDA and reserpine in C. elegans establishes a 

molecular basis for understanding their neurotoxic 

effects. This study reveals that each compound induces 

a unique primary transcriptomic profile: 6-OHDA 

predominantly impacts ribosomal/proteasomal function 

and pathways linked to neurodegeneration, whereas 

reserpine primarily influences the extracellular region, 

the neuropeptide signaling, and metabolic pathways. 

Despite these differences, both neurotoxicants converge 

on overlapping mechanisms, including cell 

development, reproductive systems, cytoskeletal 

arrangement, cell cycle regulation, multiple metabolic 

pathways, and post-transcriptional regulation, as 

identified by Metascape and MCODE components. 

Furthermore, reserpine exposure causes dopamine-

dependent behavioral deficit without affecting DAergic 

neuronal damage. Collectively, these findings suggest 

that the identified pathways represent valuable insights 

into the molecular mechanisms of neurotoxicity and 

identify potential pharmacological targets and pathways 
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for future neurotoxicity research involved in PD 

pathogenesis. 
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