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Summary 
The expansion of industry and the use of pesticides in agriculture 
represent one of the major causes of environmental 
contamination. Unfortunately, individuals and animals are 
exposed to these foreign and often toxic substances on a daily 
basis. Therefore, it is crucial to monitor the impact of such 
chemicals on human health. Several in vitro studies have 
addressed this issue, but it is difficult to explore the impact of 
these compounds on living organisms. A nematode 
Caenorhabditis elegans has become a useful alternative to animal 
models mainly because of its transparent body, fast growth, 
short life cycle, and easy cultivation. Furthermore, at the 
molecular level, there are significant similarities between humans 
and C. elegans. These unique features make it an excellent 
model to complement mammalian models in toxicology research. 
Heavy metals and pesticides, which are considered environmental 
contaminants, are known to have affected the locomotion, 
feeding behavior, brood size, growth, life span, and cell death of 
C. elegans. Today, there are increasing numbers of research 
articles dedicated to this topic, of which we summarized the most 
recent findings dedicated to the effect of heavy metals, heavy 
metal mixtures, and pesticides on the well–characterized nervous 
system of this nematode.  
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Introduction 
 

Caenorhabditis elegans is a microscopic 
nematode measuring a little more than 1 millimeter in 
length. This nematode mainly feeds on bacteria and fungi 
found in the soil, as well as rotting fruit. The first 
evidence on the model organism C. elegans brought 
Sydney Brenner in the 1960-70s, and since then, this 
nematode has played a critical role in the knowledge of 
various basic aspects of biology, including apoptosis, 
RNA interference, and miRNA function [1]. Furthermore, 
the sequence of its genome is known and contains more 
than 19,000 genes [2].  

The advantage of this worm is that it can 
reproduce in a large number and at a rapid rate. Around 
72 h at 20 °C, development progresses from embryo to 
adult gravid hermaphrodites through four different larval 
stages, known as L1, L2, L3 and L4. Due to its 
transparent body, the interior development of all  
C. elegans cells and organs can be easily observed by 
light microscopy. In addition, the cultivation of  
C. elegans on plates containing the Escherichia coli 
OP50 strain is simple and affordable in any laboratory 
[1]. The anatomy and development of this nematode have 
been described in great detail. We know that adult  
C. elegans consists of basic body systems known in 
higher animals such as the digestive, excretory, muscular, 
and nervous system. All these unique features mentioned 
above make this nematode an excellent model for 
biomedical and environmental toxicology research [3]. 

Toxicological studies in animal models are 
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usually performed at high cost and are often described as 
time-consuming [4]. Furthermore, meta-analyses showed 
that rodent models accurately forecasted only particular 
toxic effects on humans. On the one hand, the 
employment of several mammalian species can improve 
predictability, on the other hand, it brings additional costs 
and reduces output. Predictive toxicology aimed to apply 
alternative methodologies, mainly non-animal, to forecast 
the effect of chemical and toxic substances on humans 
while lowering the expenses, time, and use of mammals 
in toxicity tests [5,6]. One of these alternatives represents 
a nematode C. elegans, which provides data from a whole 
animal with fully functional digestive, endocrine, 
reproductive, sensory, and neuromuscular systems. At the 
same time, it can be handled under in vitro conditions. 
Moreover, Hunt (2017) described several publications in 
which C. elegans and mammals shared the same pathway 
of toxic action [7]. C. elegans is a unique model that has 
been widely used in neurotoxicity research. 

Despite the fact that nematodes are very distant 
from humans in terms of evolution, C. elegans has many 
anatomical features and organs found in higher-level 
animals, such as those related to its nervous, 
reproductive, muscular, and digestive systems. However, 
it lacks many physiologically important organs that exist 
in humans, such as the organs of the circulatory and 
respiratory system. Additionally, C. elegans does not 
possess an adaptive immune system and specialized 
immune cells, which are essential for mammalian 
immunity. Another disadvantage is that the number of 
compounds that can be screened is currently limited 
because all substances examined in C. elegans must be 
water soluble. Furthermore, small changes in 
temperature, nutrition, or salt concentration trigger 
adaptive responses that, sometimes over numerous 
generations of the species, can drastically alter analytical 
results. Good culture practice and particular handling 
procedures are crucial for this reason, as well [8,9,10]. 

In the following paragraphs of this review, we 
discuss the applications of C. elegans in biomedical 
toxicology with a focus on the neurotoxicity of selected 
chemical substances. For a better understanding of the 
effect of chemicals on this living organism, we first 
describe the nervous system of this nematode. 
Furthermore, we focus on the effect of heavy metals and 
pesticides, which have been directly linked to several 
neurodegenerative diseases. 

 
 

C. elegans nervous system 
 
C. elegans is the only genetic model organism 

with a completely mapped and well-defined nervous 
system. Worms have almost the same number of genes as 
humans, approximately 20 000, and almost all 
mammalian neurotransmitters, making them the simplest 
model to study the mechanisms underlying neural 
activities, as well as global brain states, such as sleep and 
wakefulness [11]. 

The nervous system of this nematode consists of 
cells organized into ganglia, which are located in the head 
and tail. Most neurons are located in the area around the 
pharynx, which forms the brain of C. elegans. Additional 
neurons are found in the area of the centre axis of the 
body in a continuous row adjacent to the ventral 
hypoderme. Moreover, there are two other lateral ganglia, 
as well as several neurons scattered throughout the body. 
The nervous system of C. elegans hermafrodite consists 
of 302 neurons and 56 glial cells, each of which is unique 
in morphology and location. Males have a larger nervous 
system consisting of 473 cells with additional 79 neurons 
and 36 glial cells. Most of these extra cells are involved 
in the mating process and are located at the back of the 
body [12]. Neurons with similar morphologies and 
connections are grouped into 118 classes. All neurons are 
interconnected through synapses. An adult hermaphrodite 
has two independent nervous systems, namely the large 
somatic nervous system and the small pharyngeal nervous 
system. These systems communicate with each other 
through interneurons, which provide the transmission of 
nerve impulses [13]. In the case of the somatic nervous 
system, neurons are located between the hypodermis and 
the muscles of the body wall. Neurons of the small 
pharyngeal system are situated right in the middle of the 
pharyngeal muscles and are not separated by a basal 
lamina [14].  

The C. elegans nematode contains 4 types of 
chemosensory organs: amphid, phasmid, external, and 
internal labial organs. Chemosensory organs consist of 
cells that form the capsule and cells that create pores [15]. 
In addition to connecting individual neurons, synapses 
are the main places of information processing. Synapses 
consist of presynaptic and postsynaptic cells. Individual 
information is transmitted through neurotransmitters 
released by pro-synaptic cells. C. elegans neurons were 
divided into 3 functional groups: a) motor neurons  
b) sensory neurons and c) interneurons. In C. elegans, the 
connections of those neurons have been mapped into  
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a complete wiring diagram, also known as connectome 
[16].  

C. elegans moves on solid surfaces by 
"crawling" and in liquid media by "swimming". 
Approximately 113 of the total 302 neurons are 
responsible for this movement, but also for intestinal 
peristalsis. Seventy-nine neurons out of 113 innervate the 
muscles in the head and neck. These neurons fall into  
8 classes: AS, DA, DB, DD, VA, VB, VCa VD. Type A 
and B motor neurons are cholinergic, which use 
acetylcholine to transmit nerve impulses. Type D motor 
neurons release a neurotransmitter called γ-aminobutyric 
acid (GABA) [17].  

C. elegans responds to environmental stimuli 
through chemotaxis and thermotaxis and therefore avoids 
harmful substances or, conversely, seeks food through 
these properties. This worm senses mechanical stimuli, 
temperature, water-soluble substances, volatile chemicals, 
osmolarity, oxygen levels, pH, and light through sensory 
neurons. A chemosensory neuron contains two types of 
glial cells, namely sheath and socket cells. Interneurons 
act as information processors, receiving a signal from one 
or more classes of neurons and sending that signal to 
other neurons. In most cases, the worms could detect 
attractive compounds using the AWA and AWC olfactory 

neurons, whereas the AWB neurons were responsible for 
sensing repulsive volatile compounds [18]. 

 
Application of C. elegans in neurotoxicology 
research 

 
The use of worms as model organisms to study 

neurotoxicity is strengthened by many advantages. One 
of the most important benefits is the fact that the 
anatomical and functional components of the C. elegans 
nervous system are mapped and known, and, moreover, 
they share homology with the one in humans. Nobel prize 
winning experiments that used C. elegans to explore the 
nervous system, its development, and function, helped to 
substantially understand brain physiology [1]. The effects 
of many toxic substances, including metals and 
pesticides, have been studied in the nervous system of  
C. elegans. The results of these studies demonstrated 
similar adverse effects of chemicals that are often seen in 
mammalian systems [19,20,21].   

In Table 1, we summarize the effect of selected 
pesticides and heavy metals on C. elegans. The following 
paragraphs are dedicated to the neurotoxicity of  
C. elegans caused by these substances in detail.   

 
 
Table 1. The effect of selected pesticides and heavy metals on Caenorhabditis elegans. 
 

Compound Effect 

Heavy 
metals 

nickel 
• reproductive toxicity generated through oxidative stress and apoptosis [26] 
• toxic effects on locomotion, growth, brood size and feeding [24] 
• decreased cholinergic and dopaminergic neuronal function [25] 

manganese 
• dopaminergic neurodegeneration [31,32,33] 
•  reduction of olfactory adaptive learning and memory [34,35,36] 

mercury 
• neurodevelopmental toxicity  
• DAergic and GABAergic neurodegeneration [45,46,47] 

arsenic 
• changes in behavior and movement [50] 
• increased ROS production [52] 
• neurodegeneration [51,53] 

lead 

• degeneration of AFD, DAergic and GABAergic neurons [45] 
• formation of different neurobehavioral abnormalities [64] 
• changes in locomotion [65] 
• reduction in body length [66] 

cadmium 
• affected feeding and movement [74, 70] 
• decreased growth, life span and reproduction [72] 
• loss of superoxide dismutase 1 enzymatic activity [75,73] 
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Table 1. (continued) 
 

Pesticides 

paraquat 
• impact on reproduction, longevity, gene expression, and mitochondrial 

function [95,98,99,100] 

rotenone • impact on mitochondrial DNA replication and gene expression [95,96,97] 

dichlorvos • changes in several neural growth/repair-related gene expressions [104] 

malathion • decreased survival, reproduction, feeding, and locomotion [109, 111] 

monocrotophos 
• aggravated the dopaminergic neuronal dysfunction, changes in locomotion, 

significant reduction in AChE activity [115,116,137] 

glyphosate 
• increased levels of ROS and hydrogen peroxide production [122,123] 
• an increase in the oxidative stress response [124] 

thiocarbamate • neurodegeneration and specific dopaminergic cell dysfunction [130] 

dithiocarbamate 
(mancozeb) 

• neurodegeneration of GABAergic and dopaminergic neurons [132, 133] 

 
 
Table 2. Comparison of C. elegans aquatic lethality to Daphnia and other invertebrate data. Adapted according to Williams and 
Dusenbery (1990) [23]. 
 

96-h LC50 (µg/l) 
Metal C. elegans (95 % C.I.) Daphnia (range) Avg. of all invertebrates 

Cr 59 6,400  16,326 
Cd 61 55 3,091 
Pb 62  1,158 7,745 
As 173,000 2,687 7.690 
Be Data not available Data not available Data not available 

 
Neurotoxicity induced by heavy metals 

 
C. elegans has been used successfully to explore 

the toxicity and toxicological pathways of the following 
heavy metals: aluminium, arsenic, barium, cadmium, 
copper, lead, manganese, mercury, nickel, uranium, and 
zinc. The main end points of these experiments included 
changes in C. elegans lethality, reproduction, life span, 
and protein expression. Additionally, behavioral, reporter 
expression, and neuronal morphology analyses were used 
to investigate the effect of these metals on the nervous 
system of this worm [22].  

The first evidence on the effect of soluble forms 
of silver, mercury, copper, beryllium, aluminium, lead, 
chromium, arsenic, thallium, zinc, cadmium, nickel, 
strontium, and antimony on C. elegans was described by 
Williams and Dusenbery in 1990 [23]. During these 
experiments, the nematodes were exposed to heavy 
metals from day 1 to day 4. The lowest lethal 
concentration of metal that killed 50 % of the worms 

(LC50) after 96 h was documented for lead, chromium 
and cadmium, while the highest LC50 was demonstrated 
for strontium, compared to data retrieved from studies in 
invertebrates (Table 2). Furthermore, C. elegans was 
more sensitive to lead, chromium, and beryllium and less 
susceptible to arsenic than any of the other invertebrates 
examined [23]. In the following section, we describe that 
acute and chronic exposure of C. elegans to selected 
heavy metals caused toxic effects on the central nervous 
system (CNS).  
 
Nickel  

Nickel (Ni), which is a common metal found in 
the environment, has been increasingly used in industry. 
Although Ni compounds cause toxicity in various organs, 
such as the kidney, lungs, liver, skin, and gonads, their 
neurotoxic consequences have not yet been thoroughly 
explored. Ijomone et al. (2020) described a particular 
neuronal susceptibility in the C. elegans model of acute 
Ni neurotoxicity [24]. In these experiments, C. elegans 
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wild type and worms expressing green fluorescence 
protein (GFP) in both cholinergic, dopaminergic 
(DAergic), or GABAergic neurons at the first larval (L1) 
stage, were exposed to nickel chloride (NiCl2) for 1 hour. 
Analyses of the morphology of GFP-expressing worms 
revealed a considerable increase in the degeneration of 
cholinergic, DAergic and GABAergic neurons. Next, 
significant functional alterations in locomotion and 
baseline slowing response experiments showed that Ni 
administration decreased cholinergic and DAergic 
neuronal function. Surprisingly, their data demonstrated 
that exposure to Ni during development caused oxidative 
stress, which was directly related to brain damage and 
altered behavior [24]. Similar findings were observed by 
Tang et al. (2020). They demonstrated that Ni caused 
multiple toxic effects on locomotion, growth, brood size, 
and feeding of C. elegans [25]. Moreover, Kong et al. 
(2017), discovered that nickel nanoparticle-induced 
reproductive toxicity in C. elegans was generated by 
oxidative stress and apoptosis [26]. Several scientific 
studies demonstrated that exposure of human blood 
lymphocytes to nickel chloride in vitro manifested 
increased levels of intracellular reactive oxygen species 
(ROS), hydroxyl radicals, and lipid peroxidation, 
supporting the idea that inorganic nickel induced 
oxidative stress [27,28,29].  

 
Manganese 

Manganese (Mn) is one of the most abundant 
trace elements found in nature, as well as in all tissues of 
living organisms. It regulates a variety of cellular 
activities at physiological levels, including lipid, protein, 
and glucose metabolism, the immune system, 
development, and growth. However, at high doses, it can 
be toxic to the brain [30]. The acute and long-term 
exposure to Mn has been used to elucidate Mn 
neurotoxicity in C. elegans. Several studies described that 
Mn treatment of C. elegans in the early stage of 
development (L1) caused DAergic neurodegeneration in 
L1, L4 and young adults [31,32,33,34]. Additional 
important findings published by Raj et al. (2021) 
demonstrated that exposure of C. elegans larvae to Mn 
significantly reduced adaptive olfactory learning and 
memory [35]. Despite the fact that the fundamental 
mechanism of Mn neurotoxicity is still unknown, 
Neumann et al. (2020) showed, while using genetically 
manipulated worms, that Mn-induced oxidative stress 
contributed to the pathogenesis of several neurological 
diseases [36]. Together, all of these data point to the toxic 

effect of Mn on the central nervous system of this 
nematode. Furthermore, in humans, overexposure to Mn 
negatively affected both higher-order cognitive functions 
and motor function. Motor control was particularly 
impaired by disruption of DAergic function [37]. This 
phenomenom was observed mainly in workers who 
experienced occupational exposure to manganese [38] 
[39]. Moreover, the adverse effects of occupational 
exposure to Mn have also been associated with 
neurodegeneration and learning deficiencies [40].  

 
Mercury 

Mercury (Hg) is a dangerous pollutant, which 
occurs in different chemical forms, namely elemental Hg 
(Hg°), inorganic Hg compounds (Hg2+) and organic Hg 
forms, also known as methylmercury (MeHg). In 
particular, MeHg is considered one of the most dangerous 
neurotoxins found in the environment. By direct contact 
with thiols and other indirect mechanisms, MeHg can 
change the oxidation state of -SH groups in proteins, 
modifying their oxidation state and hence their activities 
[41]. Human exposure to MeHg is primarily due to eating 
contaminated fish and vegetables, but also by 
occupational exposure and anthropogenic mercury 
emissions [42]. Some extensive research has been 
dedicated to the developmental neurotoxicity of MeHg in 
humans and animals. While chronic exposure to MeHg 
during the developmental stage caused long-term effects 
on neurobehavioral functions, acute exposure at high 
doses permanently damaged neurons. MeHg posed  
a major threat to the developing brains of fetuses and 
newborns because it could pass through the placental 
barriers [43]. These data indicated ROS accumulation, 
oxidative stress, disturbance of neurotransmitters, or 
metallothioneins homeostasis after exposure to MeHg 
[44]. Numerous neurobehavioral studies conducted in  
C. elegans confirmed MeHg-induced neurode-
velopmental toxicity, while neuronal visualization 
revealed DAergic and GABAergic neurodegeneration 
later in their life [45,46,47]. 

 
Arsenic 

Arsenic (As) and its compounds are well-known 
carcinogens that are abundant in the environment. 
Elevated concentrations of these heavy metals were found 
notably in groundwater from different countries 
throughout the world. Exposure to As is known to cause 
various neurological disorders through diverse molecular 
mechanisms such as chromosomal aberrations, increased 
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ROS, cell DNA damage, and cytotoxicity [48,49]. 
Arsenic-induced neurotoxicity in C. elegans has been 
extensively documented. For example, significant 
changes in numerous locomotor activities of these 
nematodes were documented after exposure of C. elegans 
worms (stage L4) to different concentrations of As  
(10-200 µM) for 24 h [50]. Chronic exposure of  
C. elegans to As caused changes in behavior and 
movement of nematodes in a variety of ways that 
depended on the dose of this metal [51]. With elevated 
concentrations of As, the severity of the impairments 
increased. For instance, head thrash, body bend, track 
length, forward speed, reversal speed, mean wavelength, 
and mean amplitude all started to decrease after 24 h of 
exposure to As and this phenomenon persisted 
throughout the observation periods [51]. In addition, 
GFP-tagged worms in amphid finger neuron D (AFD) 
showed reductions in cell body size and fluorescence 
intensity compared to a control group. Early life As 
exposure of C. elegans was associated with increased 
ROS production, neurodegeneration, particularly of  
AFD neurons, and neurobehavioral alterations, such as 
decreased thermosensory function [50]. Additional 
studies also documented elevated ROS levels at different 
stages of C. elegans development after exposure to As. 
These changes were associated with mitochondrial 
dysfunction and accelerated aging [52,53]. According to 
epidemiological and toxicological research, As caused 
intellectual and cognitive deficits in humans [54,55]. In 
addition, a review by Tolins et al. (2014) described that 
chronic exposure of children, from different countries, to 
low concentrations of As (<10 µg/l) reduced their IQ and 
memory performance [56]. 

Although the toxicity of As has been extensively 
documented in C. elegans, studies dedicated to the 
toxicity of arsenolipids, which are lipid-soluble forms 
composed of As and a long aliphatic chain, are rare. 
Recently, Bornhorst et al. (2020) investigated the effects 
of three types of arsenolipids, such as arsenic-containing 
hydrocarbons (AsHC), a saturated arsenic-containing 
fatty acid (AsFA) and an arsenic-containing 
triacylglyceride (AsTAG), on C. elegans toxicity, 
bioavailability and metabolism [57]. Despite the fact that 
all arsenolipids were highly bioavailable in C. elegans, 
only AsHC was significantly metabolized to thioxylated 
or reduced metabolic products and caused severe toxicity 
that negatively affected survival and development. 
Furthermore, AsHCs were much more toxic than the 
hazardous reference arsenite [57]. Except Bornhorst et al. 

(2020) who used C. elegans to study arsenolipids, there 
are available data on the biotransformation of AsFA and 
AsHC studied using human liver cells [58,59]. It is 
known that AsFAs and AsHC interfered with the citric 
acid cycle, but the consequences of this process are not 
yet understood [59,60]. Therefore, further research on 
these pathways is still required to fully understand the 
harmful mechanisms of action of AsFAs, AsHCs, and 
their metabolites.  

 
Lead 

In human biology, lead (Pb) is described as  
a non-essential and naturally occurring heavy metal that 
can be found in the Earth's crust. Humans are often 
exposed to Pb as a result of its industrial use in numerous 
alloys and compounds. Examination of the impact of Pb 
on neurodevelopment discovered alterations and deficits 
in IQ, memory, attention, language comprehension, 
processing speed, motor function, and affect [61]. The 
complicated molecular mechanisms underlying  
Pb neurotoxicity have been shown to include membrane 
abnormalities, oxidative stress, dysregulation of cell 
signaling, and decreased neurotransmission [62]. 
Although C. elegans has been used to study the toxicity 
caused by Pb in general, the lack of literature in this area 
indicates that this model organism has not been explicitly 
utilized to study neurotoxicity and neurodevelopment. 
However, neuronal GFP labeling and very simple 
behavioral tests showed adverse effects of Pb on  
C. elegans larvae [63]. As documented by several 
researchers, exposure of C. elegans to Pb led to the 
degeneration of AFD neurons and GABAergic neurons, 
as well as to different neurobehavioral abnormalities  
[45, 64]. Additionally, Xing et al. (2009) demonstrated 
that younger C. elegans larvae (stage L1-L3) exhibited 
greater vulnerability to Pb-induced neurotoxicity, in 
terms of neuronal survival and synaptic function, 
compared to larvae in stage L4 and young adult 
nematodes [45]. DAergic dysfunction observed in  
C. elegans after exposure to Pb2+ for 1 h was also 
documented in another study [65]. Furthermore, the 
results of Tiwari et al. (2020) demonstrated that  
C. elegans exposed to lead nitrate (Pb(NO3)2) at three 
sublethal doses (3 µM, 15 µM and 30 µM) for 24 h 
manifested significant changes in locomotion and 
successive reductions in body length [66]. Similarities 
between the same pathways and cellular functions 
affected by lead exposure found in humans and  
C. elegans may be helpful in extrapolating the effects of 
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lead exposure on living organisms [66]. 
 
Cadmium 

Cadmium (Cd) is a non-essential transition 
heavy metal and an environmental pollutant that has been 
classified as a category 1 human carcinogen. Exposure to 
Cd was directly linked to mutagenic and teratogenic 
consequences. It was previously shown that occupational 
exposure to Cd was directly associated with lung cancer, 
as well as other cancers such as prostate, kidney, liver, 
hematopoietic system, urinary bladder, pancreatic, testes, 
and stomach [67]. In addition to these findings, Cd was 
also found to cause detrimental neuronal changes in 
humans. For example, the nervous system of children was 
more vulnerable to the negative effects of chronic 
exposure to Cd compared to adults [68]. These findings 
indicated that these neurotoxic effects could play  
a substantial role in the systemic toxic effects of exposure 
to Cd, especially during long-term exposure [69]. 
Research dedicated to the effect of Cd on C. elegans 
showed altered behavior, as well as decreased growth, 
life span, and reproduction [70]. Although previous 
studies have shown that Cd can have a negative impact 
on reproduction in C. elegans, rats, and mice [71,72], the 
specific molecular pathways involved in this process are 
still unknown. Based on transcriptome sequencing, Qu  
et al. (2022) found that Cd can influence reproductive, 
neurological, and aging processes in C. elegans by 
controlling the expression of circRNAs and lncRNAs 
[73]. Additional research demonstrated that Cd affected 
the feeding and movement of nematodes [74]. 
Furthermore, Bovio et al. (2021) demonstrated that Cd 
caused a loss of superoxide dismutase 1 (SOD1) 
enzymatic activity in all biological models, including  
C. elegans, E. coli BL21 cells, and the human SH-SY5Y 
neuronal cell line, without affecting protein expression 
[75]. A study by Gonzalez-Hunt et al. (2014) showed that 
exposure of C. elegans to cadmium chloride (CdCl2) 
caused more mitochondrial than nuclear DNA damage 
[76].  

 
Neurotoxicity of heavy metal mixtures 

Humans are exposed to many neurotoxic agents 
simultaneously and hence studies dedicated to combined 
exposures to these compounds remain crucial. 
Cedergreen published one of the first systematic reviews 
describing mixture toxicity studies within environmental 
toxicology in 2014 [77]. She concluded that despite the 
large number of studies conducted on metal mixtures, 

well-documented synergistic metal-metal interactions 
seem to be rare [77]. Although some metals are 
considered "essential elements" (manganese, selenium, 
and copper), at higher concentrations they can interfere 
with normal biological processes and trigger cellular 
stress responses, which can lead to the development of 
diseases [78]. Therefore, the following paragraph of this 
review is dedicated to the most recent findings on the 
effect of metal mixtures on C. elegans.  

Current investigations suggest the role of Mn 
and MeHg in the harmful effects on the nervous system. 
It should be noted that exposure to MeHg and Mn in 
combination resulted in detrimental effects compared to 
exposure to either metal alone. According to the study by 
Schetinger et al. (2019), co-exposure of C. elegans to 
these metals was associated with developmental delays in 
worms, an increase in antioxidant system-related 
enzymes, and cholinergic degeneration [79]. This study 
described exposure of C. elegans (stage L1) to these 
metals separately and simultaneously for 24 h. The 
nematodes accumulated Mn and MeHg in their bodies, 
and at the highest doses, the interaction between MeHg 
(trace metal) and Mn (biometal) did not increase the 
levels of Mn in worms, whereas Hg levels were elevated. 
In addition to the reduced survival of C. elegans, the 
combination of these metals also induced a delay in the 
development of the worm. Co-exposure of nematodes to 
both metals dramatically decreased the size of the brood. 
Furthermore, catalase and superoxide dismutase, two 
enzymes of the antioxidant system, were both  
up-regulated, probably demonstrating an adaptive 
response to resist an increase in ROS generation [79]. 
Additional research carried out by Lu et al. (2018) used 
C. elegans as a model organism to investigate the acute 
lethal toxicity of Mn, Cd, and Pb alone, as well as 
mixtures, namely Mn+Cd or Mn+Pb [80]. The acute 
toxicity (LC50) of the individual metals was consistent 
with previous reports [81, 82], with Pb being the most 
toxic and Mn the least [80]. Exposure to metal mixtures 
can have effects independent of each other, additive to 
the dose, interactive (synergistic or antagonistic), or both 
[83]. Using the toxic unit model, Lu et al. (2018) found 
that the Mn+Pb mixture showed synergistic lethal 
toxicity to C. elegans, while the Mn+Cd mixture 
demonstrated an antagonistic effect [80]. Interestingly, 
Moyson and her colleagues (2018) came to the same 
conclusion, studying the toxicity of zinc (Zn), copper 
(Cu), and cadmium (Cd) alone and in mixtures on the size 
and body length of the C. elegans population [84]. 
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Although single metals were less hazardous than 
mixtures, populations exposed to lethal concentrations of 
Cd, Zn+Cu, Cu+Cd, and Zn+Cu+Cd that killed 20 % of 
worms (LC20) decreased population growth, while all 
lethal levels of heavy metals and their combinations that 
killed 5 % of worms (LC5) showed population growth 
[84]. In addition, the very recent publication of Pei et al. 
(2022) investigated the combined toxicity of these metals 
in C. elegans compared to exposure to metals alone at 
low concentrations [85]. They demonstrated a synergistic 
effect between Cd and As at non-toxic doses on the 
development and reproduction of C. elegans. 
Furthermore, Cd stimulated C. elegans to absorb As, 
leading to increased accumulation of As in the gonad and 
intestine [85].  

 
Neurotoxicity caused by pesticides 

 
Pesticides are widely used in agriculture around 

the world. These substances are known for their high 
resistance to natural biodegradation and their increased 
tendency to accumulate in the environment. The main 
concern about their usage is constantly rising mainly due 
to their negative impact on both target and non-target 
species. Clinicians and environmental health specialists 
try to investigate the mode of action of these substances, 
as well as to assess their concentration and duration. 
Exposure to some environmental toxins, which are 
mentioned below, can have negative consequences on the 
nervous system and can cause neurodegenerative diseases 
[86]. Currently, there are more than 100 different 
pesticides available. Paraquat, rotenone, 
organophosphates and carbamates, which target the 
cholinergic system, were among the pesticides tested 
using C. elegans, as a model organism. In most 
organisms, including the nematode, acetylcholine is the 
main neurotransmitter involved in motor activity and 
inhibition of acetylcholinesterase (AChE) activity is the 
main toxic effect of these substances [87]. 

 
Paraquat (methyl viologen) and rotenone 

Paraquat is a non-selective contact herbicide, 
which is a known environmental contributor to the 
etiology of Parkinson´s disease (PD) [88]. The toxicity 
mechanism involves cyclic reduction–oxidation reactions, 
which produce ROS and depletion of reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) 
[89]. The toxicity of paraquat to the neuronal system was 
tested in frogs a few decades ago [90]. The insecticide 

rotenone is a well-established inhibitor of mitochondrial 
complex I, which was directly linked to the development 
of PD after acute and long-term exposures [91]. Until 
now, the adverse effects of these chemicals and their role 
in the development of PD have been studied in 
neurotoxin-induced models, including C. elegans [92]. In 
these models, the pathophysiological mechanisms of PD 
caused by the activity of paraquat and rotenone were 
characterized by mitochondrial dysfunction and oxidative 
stress [20]. Furthermore, in experimental models, 
paraquat and rotenone caused loss of nigral DAergic 
neurons and behavioral modification linked to human PD 
[93]. Human epidemiological studies indicate that 
exposure to heavy metals and pesticides, including 
paraquat and rotenone, increased the risk of PD [20] [94]. 
The research findings of Wu et al. (2018) confirmed the 
role of paraquat and rotenone in PD. More specifically, 
they showed that exposure of C. elegans to different 
concentrations of paraquat (0.5–10.0 μM) and rotenone 
(0.2–1.6 mM) for 3 days induced signs similar to 
Parkinsonism, including motor deficits and DAergic 
degeneration [95]. An additional study by Zhou et al. 
(2013) demonstrated that chronic exposure of C. elegans 
to low concentrations of rotenone (2 or 4 µM) over time 
acquired loss of dopamine neurons, which is a sign of 
Parkinsonism [96]. It should be noted that this 
phenomenon was accompanied by a significant change in 
mitochondrial biogenesis. In the C. elegans model, 
rotenone caused an early and permanent drop in 
mitochondrial DNA content and suppressed 
mitochondrial gene expression [96]. Very recently, Mello 
et al. (2022) utilized C. elegans to investigate the role of 
mitochondrial disruption in modulating conserved 
immuno-metabolic molecular pathways and disease 
susceptibility [97]. They found that rotenone disrupted 
nematode growth and mitochondrial bioenergetics, as 
expected, and modulated the expression of genes and 
pathways involved primarily in detoxification, energy 
metabolism, and defense of pathogens [97]. A recent 
study by Bora et al. (2021) demonstrated that paraquat 
had an impact on C. elegans reproduction, longevity, 
gene expression, and mitochondrial function [98]. 
According to these results, an acute exposure of the wild-
type strain of C. elegans (N2) to paraquat led to the 
response of mitochondrial unfolded protein (mtUPR), 
decreased mitochondrial membrane potential, increased 
expression of mitochondrial superoxide dismutase,  
a dose-dependent progression from linear to fragmented 
mitochondria and dose-dependent changes in longevity. 
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Furthermore, multiple generations of N2 exposed to  
a modest dose of paraquat (0.035 mM) demonstrated 
decreased fertility, eventually leading to the complete 
loss of viable embryo development in the third generation 
[98]. Mitochondrial dysfunction, as well as decreased 
survival of C. elegans after exposure to paraquat, was 
also documented by Lu et al. (2021) [99]. However, they 
found that the adverse effects of paraquat could be 
reduced by pretreating worms with peptides isolated from 
the sea cucumber Apostichopus japonicus. Due to their 
antioxidant activity at both the cellular and organism 
levels, sea cucumber peptides may be appealing as 
dietary supplements for healthy aging [99]. Very recently, 
Ji et al. (2022) confirmed that C. elegans can be used as  
a suitable model to search for the harmful effects of 
paraquat [100]. They evaluated ROS and 
malondialdehyde (MDA) levels, mitochondrial 
morphology, and the survival rate of worms after 
exposure to paraquat in solid media. Paraquat poisoning 
of nematodes resulted in elevated levels of ROS, MDA 
content, and mitochondrial fragments, significantly 
reducing life. These data were confirmed by experiments 
performed in mice [100].  

 
Organophosphates 

Organophosphates (Ops) represent an additional 
group of pesticides that have been associated with 
neurobehavioral changes described in the C. elegans 
model organism. In the following paragraph, we review 
some of the organophosphate insecticides.  

Dichlorvos, also known as DDVP, DDVF, 
denkavepon, and vapona, is widely utilized insecticide 
and acaricide throughout the world. This 
organophosphorus agent is often used mainly due to its 
high efficacy and inexpensive price. However, the World 
Health Organisation (WHO) classified dichlorvos as an 
extremely dangerous substance, which is highly 
poisonous to mammals with significant bioaccumulation 
potential [101]. In addition, the use of this agent in the 
environment displayed moderate to high toxicity to most 
biodiversity, including honeybees [102]. As  
a consequence of its mutagenic and neurotoxic potential, 
it could harm reproduction and development. 
Furthermore, its negative effects in humans were directly 
associated with several nervous system diseases even at 
relatively low doses [103]. In connection with these 
findings, the research of Lewis and his colleagues (2013) 
provided insight into the impact of dichlorvos on 
different stages of C. elegans development [104]. They 

found that exposure to this substance caused several 
changes in gene expression related to neural 
growth/repair in L4 worms [104]. Similar data were also 
obtained while doing research on rodents [105]. The 
genotoxic effect using human cell culture was also 
documented by Fiore et al. (2013) [106]. They showed 
that dichlorvos caused disruption of mitotic division, 
mitotic arrest production, and chromosome 
aneuploidy/polyploidy in cell population proliferation  
in vitro [106]. 

Malathion is another organophosphate 
insecticide widely used in agriculture. This agent is also 
known for its use during mosquito eradication in public 
well-being areas. Malathion, as well as its metabolite 
called malaoxon, was previously published to exert acute 
neurotoxic effects by inhibiting AChE activity. This 
situation resulted in accumulation of acetylcholine and 
subsequent cholinergic overstimulation [107]. These data 
were also confirmed by experiments performed by Patil 
and David (2010) in freshwater fish, Labeo rohita [108]. 
The first study, which described the neurotoxic potential 
of malathion in C. elegans, was published by Williams 
and Dusenbery (1990) [109]. Their results showed  
a remarkable decrease in the locomotion of exposed 
worms at concentrations, which did not affect the survival 
of nematodes [109]. Additional experiments conducted in 
rats demonstrated that this chemical agent induced 
significant neurobehavioral deficits and neuronal 
degeneration in the brain [110]. To prevent or alleviate 
malathion-induced toxicities, researchers sought 
alternative biotherapy. For example, the study by 
Kamaladevi et al. (2016) demonstrated the protective 
mechanism of Lactobacillus casei against malathion-
induced toxicity in C. elegans. In their study, nematodes 
exposed to malathion alone (300 mM) showed decreased 
survival, feeding, and locomotion. However, the presence 
of lactic acid bacteria, specifically L. casei, led to 
protective activity against malathion-induced toxicity and 
restored all physiological parameters of C. elegans [111]. 

Monocrotophos is an additional organo-
phosphate insecticide, which exerted a neurotoxic effect 
by inhibiting AChE activity [112]. Most countries, 
including the USA, EU, India, and many others, have 
banned its use mainly due to its toxicity, fast activity, and 
non-organism specificity [113]. In early 2001, Olivier  
et al. demonstrated that a high-glucose diet could 
exacerbate organophosphate toxicity in rats [114]. Further 
extensive research by Salim and Rajini, (2014) used  
C. elegans to investigate the role of such a diet in 
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developmental neurotoxicity caused by monocrotophos 
[115]. They found that exposure of C. elegans to a high 
glucose diet in the egg stage increased the toxic outcome 
of monocrotophos in terms of physiological, behavioral, 
and biochemical reactions [115]. Furthermore, the same 
group showed that the monocrotophos-induced glucose-
rich diet aggravated DAergic neuronal dysfunction in  
C. elegans N2, as well as transgenic strains [95]. A study 
related to the neurotoxicity of monocrotophos indicated 
that C. elegans treated with this agent exhibited changes 
in locomotion, as well as significant reduction in AChE 
activity, which are common features of PD [116]. These 
specific findings related to the decrease in AChE function 
were later confirmed in a mouse model [117] and also in 
humans [118].   

 
Glyphosate 

Glyphosate is a well-known herbicide with 
broad-spectrum activity that has been used since 1974 
worldwide. Due to its specific chemical structure (the 
phosphorus atom is attached to the residue of the 
molecule by a carbon atom, not oxygen), it is classified as 
an organophosphonate and not as an organophosphate 
[119]. Glyphosate is structurally similar to other 
organophosphate pesticides, but is toxicologically distinct 
and does not inhibit cholinesterase activity [120]. The 
mode of action of glyphosate is related to its ability to 
block the shikimic acid pathway, which is crucial for the 
synthesis of aromatic amino acids, such as tyrosine, 
phenylalanine and tryptophan, in plants, fungi, and some 
microorganisms [121]. Although glyphosate alone is 
essentially non-toxic, some studies performed in  
C. elegans revealed that exposure to glyphosate-
containing products was linked to mitochondrial 
dysfunction. For example, worms treated with  
a commercial formulation of glyphosate (glyphosate F) 
exhibited ROS production and an enhanced response to 
oxidative stress [122]. An additional study by Bailey  
et al. (2018) demonstrated that C. elegans treated with the 
glyphosate-containing herbicide TouchDown (TD) 
produced higher levels of ROS and hydrogen peroxide 
[123]. Furthermore, nematodes exposed to the same 
herbicide also showed neurotoxicity through inhibition of 
Complex II (succinate dehydrogenase), decreased ATP 
levels, and increased hydrogen peroxide production 
[124]. Occupational or chronic exposure to glyphosate 
(through inhalation and dermal routes) in humans can 
also cause neurotoxic effects [125]. According to a study 
by Fuhrimann et al. (2022), smallholder farmers exposed 

to glyphosate in Uganda developed visual memory 
impairment [126].  

 
Carbamate pesticides 

Carbamates are organic compounds synthesized 
from carbamic acid (NH2COOH), and more specifically, 
they are esters of carbamic acid. In terms of structure and 
mechanism, carbamates are related to organophosphates. 
Carbamates cause carbamylation of AChE at neuronal 
synapses and neuromuscular junctions. The difference 
between carbamates and organophosphates is in their 
binding to AChE. Whereas organophosphates cause 
irreversible phosphorylation of AChE, carbamates bind to 
AChE reversibly. Consequently, carbamates have  
a toxicological presentation that is comparable to OPs 
poisoning, with a typical toxicity period of less than  
24 hours [127]. 

Thiocarbamates and dithiocarbamates represent 
a group of pesticides, which is often used in the USA, 
EU, and many other countries around the world [128]. As 
suggested by its name, thiocarbamates are sulfur 
analogues of carbamates. Compared to monothiol-
carbamates, which contain one sulfur atom, 
dithiocarbamates are composed of two sulfur atoms in 
combination with zinc salts, ferric salts, and manganese 
salts giving them additional biological properties [129]. 
These compounds have greater efficacy, better stability, 
and less phytotoxicity than elemental sulfur. However, its 
frequent use has already been associated with the 
development of various diseases and health problems, 
including neuropathologies, such as PD, endocrine and 
reproductive disruption, and the development of cancers 
[128]. To date, extensive research has been done on the 
toxicity of these agents has been performed in C. elegans. 
For example, Caito et al. (2013) investigated that two 
thiocarbamate insecticides, as well as a reactive 
intermediate of their metabolism, promoted 
neurodegeneration and specific DAergic cell dysfunction 
in C. elegans, and may be an environmental risk factor 
for the development of PD [130]. However, other 
neurotransmitter systems, such as cholinergic, 
glutamatergic, and GABAergic, were not affected [130]. 
Two dithiocarbamates, mancozeb and maneb, are widely 
used manganese-containing ethylene-bis-dithiocarbamate 
(EBDC) fungicides, which helped producers manage 
several economically important plant diseases [131]. 
Possible developmental neurotoxicity of the glyphosate-
containing herbicide TD and mancozeb was also 
investigated using C. elegans as a model organism. In the 
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first study, worms (stage L2) were exposed to either 
product or both products acutely or chronically [132]. 
The results of this study demonstrated dose-dependent 
neurotoxicity, with exposure to mancozeb causing the 
highest level of neurodegeneration [132]. A follow-up 
study using the same design and chemical agents found 
that exposure to herbicides containing glyphosate and 
mancozeb is associated with neurodegeneration of 
GABAergic and DAergic neurons, showing that these 
drugs had a more specific impact on the nervous system 
[133]. Exposure to mancozeb through pesticide 
applicators was strongly associated with an increased 
incidence of thyroid cancer in humans [134]. Some 
existing systematic reviews have already discussed the 
issue related to the toxic effect in the liver, reproductive 
system, kidney, and central nervous system caused by 
mancozeb [127,131,135,136]. From February 2021, the 
European Commission banned the use of mancozeb 
mainly due to its toxic properties on the human organism 
[127].  

 
Conclusions 

 
In daily life, humans are continuously and 

simultaneously exposed to a variety of chemical 
compounds primarily through the environment, consumer 
products, and food. Therefore, it is reasonable to expect 
that hundreds of chemicals contained in the human body 
will interact with each other, resulting in additional 
effects that may be harmful to human health. In this 
review, we summarize the most recent findings on the 

neurotoxic effects of heavy metals, heavy metal mixtures, 
and pesticides, which are often used in agriculture, on  
C. elegans, a host model organism. Nematodes are  
a favorite and widely used experimental model in 
biomedical and environmental toxicology. According to 
existing studies conducted in C. elegans, heavy metals 
caused changes in lethality, reproduction, life span, and 
protein expression. Similar findings were observed in  
a case of pesticides, which had a strong impact on 
reproduction, longevity, gene expression, and 
mitochondrial function of C. elegans. Due to these 
reasons, heavy metals and pesticides must be strictly 
controlled in terms of persistence, bioaccumulation, and 
toxicity in agroecosystems. Furthermore, the toxic 
activity of heavy metal mixtures should not be neglected 
when assessing the hazard and environmental health risk 
because the activity of the mixtures could differ 
significantly from exposure to a single metal. In 
conclusion, the toxic consequences of heavy metals and 
their mixtures, as well as pesticides in the human body, 
their damage to ecosystems with respect to both short- 
and long-term exposure should be intensively reported.  
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