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Abstract

Introduction Vanadium is a widely used transition metal in industrial applications, but it also poses significant
neurotoxic and environmental risks. Previous studies have shown that exposure to vanadium may lead to neurode-
generative diseases and neuropathic pain, raising concerns about its impact on human health and the ecosystem.

To address vanadium neurotoxicity, through targeting NMDA glutamate and dopamine signaling, both involved

in neurodegenerative disorders, shows promise. Using Caenorhabditis elegans as a model, we evaluated a novel com-
pound with a mixed NMDA glutamate receptor-dopamine transporter pharmacology, ZA-1I-05 and found it effectively
ameliorated vanadium-induced neurotoxicity, suggesting a potential neuroprotective role.

Methods Synchronized young adult worms were assigned to four different experimental groups; Controls; 100 mM
of Vanadium; Vanadium and 1 mg/ml ZA-II-05; and ZA-II-05 alone. These were examined with different markers,
including DAPI, MitoTracker Green and MitoSox stains for assessment of nuclei and mitochondrial density and oxida-
tive stress, respectively.

Results Exposure to vanadium in C. elegans resulted in decreased nuclear presence and reduction in mitochondrial

content were also analyzed based on fluorescence in the pharyngeal region, signifying an increase in the production
of reactive oxygen species, while vanadium co-treatment with ZA-II-05 caused a significant increase in nuclear pres-

ence and mitochondrial content.

Discussion Treatment with ZA-II-05 significantly preserved cellular integrity, exhibiting a reversal of the detrimen-
tal effects induced by vanadium by modulating and preserving the normal function of chemosensory neurons
and downstream signaling pathways. This study provides valuable insights into the mechanisms of vanadium-
induced neurotoxicity and offers perspectives for developing therapeutic interventions for neurodegenerative
diseases related to environmental toxins.
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Introduction

Vanadium, a transition metal widely used in industrial
applications, has garnered attention for its neurotoxic
and environmentally hazardous properties. Its increas-
ing presence in the environment poses a persistent threat
to both human health and the ecosystem [1]. Accu-
mulating evidence using animal models suggests that
exposure to vanadium can lead to neurodegenerative
diseases, including Alzheimer’s disease (AD) and Par-
kinson’s disease (PD), [2, 3] as well as neuropathic pain,
raising concerns about the potential impact on neurolog-
ical functions [4—6]. Vanadium can penetrate the blood—
brain barrier, allowing direct access to neural tissues.
Once inside the brain, it has been linked to various det-
rimental effects, such as cognitive deficits, neuronal dam-
age, and disruption of the blood-brain barrier integrity
[7, 8]. Additionally, the association between vanadium
neurotoxicity and the pathogenesis of neurodegenerative
diseases highlights the urgency to explore effective thera-
peutic approaches for mitigating its harmful impact. One
promising avenue for addressing vanadium neurotoxicity
lies in targeting NMDA receptors, a subtype of glutamate
receptors and dopamine transmission. These receptors
have been implicated in various neurodegenerative disor-
ders, and modulating their activity with specific antago-
nists has demonstrated efficacy against excitotoxicity, a
key mechanism underlying neural damage in several neu-
rodegenerative conditions [9-11].

ZA-11-05 (Fig. 1) is a compound initially designed as
an NMDA receptor antagonist but also exhibits affin-
ity for other neurotransmitter receptors like dopamine
transporter, opioid receptors, and sigma receptors [11].
This versatility, known as “off-target” binding, arises
from structural similarities among receptors. In binding
assays, ZA-11-05 showed significant affinity for dopamine
transporter, opioid receptors, and sigma receptors, with
Ki values ranging from 5.5 nM to 3161 nM. It also mod-
erately bound to GluN1/GluN2A and GluN1/GluN2B
subtype receptors. These characteristics position ZA-II-
05 as a promising candidate for treating neuropsychiatric

Page 2 of 20

disorders, especially those related to NMDA receptor
dysfunction or neurotoxicity [9, 11]. In studies on vana-
dium-induced neurotoxicity using mice, ZA-I1-05 dis-
played considerable protection against neuronal damage.
Moreover, in preclinical trials assessing maximal electro-
shock seizures, ZA-II-05 demonstrated anticonvulsant
properties at doses of 100 and 300 mg/kg (i.p.), suggest-
ing potential for managing seizures while preserving nor-
mal neurological functions. With rigorous safety testing
and NIH approval for animal experimentation, ZA-II-05
emerges as a versatile therapeutic agent for various neu-
rological and neuropsychiatric conditions [11].

To investigate the potential neuroprotective effect of
ZA-1I-05 on vanadium-induced neurotoxicity, the nem-
atode Caenorhabditis elegans (C. elegans) serves as an
ideal model system. This transparent, genetically trac-
table organism offers unique advantages for studying
neurotoxicity and neuroprotection due to its well-char-
acterized nervous system and rapid lifecycle [12, 13].
The neuronal system of C. elegans consists of 302 neu-
rons, organized into sensory, motor, and interneurons,
controlling the worm’s behavior and movement [14].
The nervous system includes a nerve ring (the brain)
and ventral and dorsal nerve cords, which regulate
movement [15]. Caenorhabditis elegans communicate
using neurotransmitters such as acetylcholine, GABA,
glutamate, dopamine, and serotonin [16]. Despite its
simplicity, the nervous system exhibits plasticity, allow-
ing the worm to respond to environmental stimuli
[17]. The fully mapped synaptic connections, or con-
nectome, make C. elegans a valuable model for neuro-
biology, particularly in studying molecular and cellular
mechanisms underlying neurotoxicity and neurode-
generation [18]. Neurons in C. elegans are categorized
into 118 classes based on function, location, and con-
nectivity [19]. Key examples include mechanosensory
neurons (PLM, AVM, PVD) responsible for touch sen-
sitivity, interneurons (AIB, RIA, RIM) involved in infor-
mation processing and movement coordination, and
D-type motor neurons controlling body wall muscles
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Fig. 1 ZA-II-05; novel uncompetitive NMDA-receptor antagonist. IUPAC name_2-(4-fluorophenyl)-N-(3-[(tetrahydro-2H-pyran-2 yl) oxy] propyl)

bicyclo [2.2.1] heptan-2-amine
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[20]. The mitochondria, as well, play a crucial role in
cellular function, are highly vulnerable to oxidative
stress and are considered the primary source of reactive
oxygen species (ROS) production [21, 22]. Researchers
have also identified several types of glutamate receptors
in this organism. These include: mGluRs, GluCl and
iGluRs (ionotropic glutamate receptors), iGluRs func-
tion as glutamate-gated ion channels, multiple gluta-
mate receptor subunits have been identified, forming
heteromeric glutamate-gated cation channels. These
include two NMDA-type receptors (NMR-1 and NMR-
2) and eight non-NMDA-type receptors (GLR-1 to
GLR-8). Unlike NMDA receptors, which are involved in
long-term potentiation and synaptic plasticity in mam-
mals, these iGluRs in C. elegans primarily mediate fast
excitatory neurotransmission [23, 24].

In C. elegans, DAT-1, the dopamine transporter, con-
trols the levels of extracellular dopamine (DA) at syn-
apses, thus modulating synaptic dopamine signaling
[25]. The DAT-1 protein is responsible for reuptake of
dopamine from the synaptic cleft into presynaptic neu-
rons, thereby terminating the action of dopamine at syn-
apses [26]. This is similar to the function of the dopamine
transporter in mammals. Dopamine signaling, found in
both vertebrates and invertebrates, plays a role in mem-
ory, motivation, hormonal regulation, rewards, recogni-
tion, motor control and adaptive responses. In humans,
disruptions in dopamine signaling are linked to numer-
ous neurological disorders such as Alzheimer’s disease,
Parkinson’s disease, and attention deficit hyperactiv-
ity disorder (ADHD) [27, 28]. In C. elegans, dopamine
signaling shares many key molecular components with
mammalian systems [29]. Studies using C. elegans have
identified a wide range of compounds with neurotoxic
effects, including heavy metals (e.g., vanadium, lead,
mercury, cadmium), pesticides, industrial chemicals, and
environmental pollutants (e.g., polychlorinated biphe-
nyls, polycyclic aromatic hydrocarbons) [30, 31]. These
toxicants can induce neuronal degeneration, oxidative
stress, mitochondrial dysfunction, and disruptions in
neurotransmitter signaling pathways [32, 33]. Research
in C. elegans has also elucidated various molecular and
cellular mechanisms underlying neurotoxicity, including
excitotoxicity, oxidative stress, mitochondrial dysfunc-
tion, protein aggregation, and inflammation [34, 35].
These studies have identified conserved genetic pathways
and molecular targets implicated in neurodegenerative
diseases in humans [36, 37]. Caenorhabditis elegans has
been instrumental in screening for neuroprotective com-
pounds and elucidating mechanisms of neuroprotection
against neurotoxic insults. Compounds like ZA-II-05
with antioxidant, anti-inflammatory, and chelating prop-
erties [9, 11] show promise in mitigating neurotoxicity
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and preserving neuronal function in C. elegans models of
neurodegeneration.

In this study, we aimed at exploring the efficacy of a
novel mixed NMDA receptor-dopamine transporter
antagonist-inhibitor, ZA-II-05, a multi-targeted directed
ligand (MTDL), in ameliorating vanadium-induced neu-
rotoxicity in C. elegans. MTDLs are a type of drug or
compound designed to simultaneously interact with
multiple biological targets, rather than just a single tar-
get, in order to achieve a therapeutic effect [38, 39]. This
approach contrasts with the traditional “one drug, one
target” model and is particularly relevant in treating
complex diseases, such as neurodegenerative disorders,
cancer, and cardiovascular diseases, where multiple path-
ways are involved [40, 41]. For example, in neurodegen-
erative diseases like Alzheimer’s, which involve multiple
pathways such as amyloid-beta aggregation, tau protein
dysfunction, oxidative stress, and cholinergic deficit, an
MTDL could simultaneously address several of these
issues [42, 43]. The design of MTDLs can involve com-
bining pharmacophores (the parts of a molecule that
interact with biological targets) into a single compound
or developing hybrid molecules that possess the activity
of more than one drug [44]. In essence, MTDLs represent
a modern approach to drug discovery and development
that aligns with the understanding that many diseases
involve multiple interconnected pathways, requiring a
more holistic therapeutic strategy.

By leveraging the transparency and genetic manipu-
lation capabilities of this model organism, we can gain
valuable insights into the mechanisms underlying vana-
dium neurotoxicity and the potential therapeutic benefits
of NMDA receptor-dopamine modulation [11]. The find-
ings from this research (Fig. 2) may pave the way for the
development of novel strategies for mitigating the neu-
rotoxic effects of vanadium exposure, offering hope for
future therapeutic interventions in the prevention and
treatment of neurodegenerative diseases related to envi-
ronmental toxin exposure.

Materials and methods

Chemicals

Sodium metavanadate (NaVO;) (Sigma, St. Louis, MO,
USA) was utilized in this study. Novel NMDA-receptor
antagonist ZA-II-05, a bicyclic aryl cyclohexylamine, was
designed and synthesized in our lab. Several tests estab-
lished safety of the compound at dosages envisioned in
this study.

Synthesis of the ZA-II-05

ZA-11-05 (2-[4-Fluorophenyl]-N-(3-[tetrahydro-2H-
pyran-2-yloxy] propyl) bicyclo [2.2.1] heptan-2-amine)
was synthesized as the fumarate salt (1:1) in our
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Fig. 2 Schematic diagram depicting the timeline of treatments and assays. CON-Control, VAN-Vanadium, V+ZA-Vanadium-+ZA-11-05, ZA-ZA-II-05

laboratory as a colorless crystalline compound, m.p. 163—
165 °C [45]. The structure was confirmed by NMR and
MS techniques.

'H NMR (400 MHz, CDCl)) d ppm 7.37-7.26 (m,
2H), 7.06-6.95 (m, 2H), 4.51 (s, 1H), 3.80 (s, 1H), 3.70
(s, 1H), 3.48 (d, J=5.53 Hz, 1H), 3.37 (d, J=6.11 Hz,
1H), 2.45 (s, 1H), 2.35 (s, 1H), 2.32-2.21 (m, 1H), 2.21—
2.11 (m, 1H), 2.11-2.03 (m, 1H), 1.81 (dd, J=19.13 Hz,
3H), 1.67 (s, 1H), 1.64-1.43 (m, 7H), 1.43-1.26 (m,
3H), 1.03 (d, /=6.97 Hz, 2H); 13C NMR (400 MHz,
CDCl;) d ppm;162.30, 159.97, 140.34, 129.22, 114.24,
98.47, 67.74, 66.19, 62.19, 46.79, 46.56, 41.89, 41.62,
37.09, 36.00, 30.71, 30.56, 29.15, 25.49, 24.37, 19.62; F
(400 MHz, CDCly) d ppm -117.64; MS (ESI+) m/z:348
(100%), [M +H].

ZA-11-05 primary screen for neuroprotection

Primary screen experiment according to methods previ-
ously done [46], was carried out as a qualitative assess-
ment of the ability of ZA-II-05 to prevent excitotoxic
cell death. This assay offers a powerful and versatile
approach for understanding drug effects on brain func-
tion, providing critical insights into both neurotoxicity
and therapeutic potential in the drug discovery process
[47, 48]. Organotypic hippocampal slice cultures were
treated with N-methyl-D-aspartate (NMDA) at 10 uM
to induce neuronal cell death. The hippocampus is par-
ticularly vulnerable to neurotoxic insults, including
excitotoxicity (e.g., from excessive glutamate receptor

activation), oxidative stress, and metal toxicity such as
lead and vanadium [11]. Hippocampal slices allow for in-
depth investigation of the specific anatomical effects of
toxicants on neuronal health, including synaptic connec-
tions and degeneration, dendritic damage, and cell death
[49]. Propidium iodide (PI), a membrane-impermeant
compound, was included in all wells of the culture plate.
Dying cells have compromised cell membranes, thus PI
in-vitro preliminary studies using hippocampal slice
culture neuroprotection assay (NP) may diffuse into the
cell, intercalate with DNA and fluoresce. The intensity
of the PI fluorescence is proportional to the amount of
cell death in the individual slices. Hippocampal slice cul-
tures were treated with the excitotoxin, NMDA (10 pM)
alone, and with the excitotoxin, NMDA and ZA-II-05 at
the concentrations indicated (10 uM, 10 mM, 100 uM and
100 mM). After the experimental incubation period, the
media was replaced with normal culture media contain-
ing PI, and images were captured again after an addi-
tional 24 h (t24). Media containing 50 mM glutamate was
added and incubated for 1 h, then removed, and slices
were re-imaged after 24 h in normal culture media with
PI (tGLUT) to induce maximal staining intensity in each
slice. Relative intensity ratios were calculated for each
slice using the following equation: (t24—t0)/(tGLUT-
t0). Cell death was assessed by quantifying the uptake
of 2 uM propidium iodide, with fluorescence intensity
measured using an EVOS FL digital inverted microscope
equipped with a Texas Red filter. The settings included
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80% transmittance, a 1.0 s exposure, and 4 X magnifica-
tion. Statistical analysis was conducted using one-way
ANOVA to evaluate significant differences in propidium
iodide uptake between the experimental groups with
GraphPad Prism 7.0. All analyzed groups consisted of a
random sample size of 15-18 slices collected from 2-3
different litters of rat pups. Slice images were evaluated
for staining intensity at each time point using NIH Image
] software.

Strain growth, maintenance, and synchronization

The Bristol N2 (WT) strain of worms was employed for
this study. The animals were cultured on standard NGM
agar plates with OP50 E. coli as food, bacteria at a tem-
perature range of 15-20 °C. To ensure synchronized
growth, eggs were obtained by hatching overnight after
treatment with sodium hypochlorite bleach, following
the protocols previously outlined [50]. Subsequently,
approximately 200-250 worms were transferred onto
NGM agar plates seeded with OP50 and allowed to grow
until reaching adulthood.

Dose response assay

The dose response of vanadium was carried out to deter-
mine the effects of its various concentrations on the
worms. This assay helped in identifying the dose-depend-
ent relationship between vanadium and its biological
impact on the worms. It established the toxic threshold of
vanadium, to evaluate its potential side effects in a con-
trolled and measurable manner. 5000 synchronized L1
N2 worms were exposed to acute treatment in M9 buffer
for 1 h in siliconized tubes with varying concentrations of
vanadium, namely 5, 10, 50, 100, 150, and 200 mM, and
a Control group without vanadium following the proce-
dures previously outlined [13, 22, 51]. The tubes with the
treated worms were centrifuged at 7000 rpm for 2 min
and rinsed four times with 85 mM NaCl. Afterward,
worms were plated in triplicates onto OP50-seeded NGM
plates. Forty-eight hours after treatment, the total num-
ber of worms that survived was assessed as a percentage
of the initial worm count that were used. The experiment
was repeated six times using independent worm prepa-
rations, and the dose of vanadium that exhibited toxicity
without causing total lethality was determined.

Growth pattern measurement

Growth patterns reflect the overall health and develop-
mental progress of C. elegans. Inhibition of growth is a
common endpoint in toxicity studies and can help evalu-
ate the efficacy of potential therapeutics in drug discov-
ery [52, 53]. Growth pattern assessment was carried out
according to methods previously done [54]. Synchro-
nized eggs were placed on NGM plates coated with OP50
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E. coli bacteria, pre-treated ZA-11-05 and vanadium cor-
responding to the different experimental groups: Con-
trol group, 100 mM Vanadium, 1 mg/ml ZA-II-05, and
a ZA-11-05-only group, with all treatments dissolved in
sterile water or M9 buffer. The plates were incubated at
20 °C. Worm body length and survival were monitored
at specific developmental stages based on the typical life
cycle of wild-type C. elegans at 20 °C: 9 h (L1 larvae), 21 h
(L2 larvae), 29 h (L3 larvae), 37 h (L4 larvae), 47 h (young
adult), and 55 h (mature adult) post-egg laying [55].
Worm images were captured using an Evos FL digital
inverted microscope and analyzed for body length using
Image] software (http://rsbweb.nih.gov/ij/, National
Institutes of Health, USA). The tests were independently
repeated 3-5 times, with approximately 20-30 worms
scored in each experiment.

Assessment of mitochondrial density and membrane
potential
To evaluate the overall health and functionality of mito-
chondria, assessment of mitochondrial density and
membrane potential were carried out. Mitochondrial
density provides insights into changes in the number of
mitochondria, which can reflect cellular energy needs or
mitochondrial biogenesis. Membrane potential is a key
indicator of mitochondrial functionality, as it reflects
the ability of mitochondria to produce ATP and main-
tain ionic balance [56]. Changes in mitochondrial density
and membrane potential was used to assess the impact
of vanadium on mitochondrial health and to evaluate the
effectiveness of potential therapeutic interventions of
ZA-11-05 in restoring normal mitochondrial function.
Briefly, synchronized adult worms belonging to differ-
ent experimental groups comprising of 2500 worms per
group (Control group; 100 mM of Vanadium, and 1 mg/
ml of ZA-II-05; and ZA-II-05 only, all dissolved in ster-
ile water or M9 buffer) were incubated at a tempera-
ture of 20 °C for 24 h. 1 mg/ml (2 pM) of ZA-II-05 was
used for the treatment of worms based on preliminary
data obtained (Unpublished) and previous studies with
memantine, an NMDA receptor antagonist, used over a
range of concentrations (0.1-10 pM), to rescue the motor
deficits in an AD model [57]. The worms were placed
on NGM plates coated with OP50 E. coli bacteria that
had been pre-treated with 0.1 M tetramethylrhodamine
ethyl ester perchlorate (TMRE) for relative quantitation
of mitochondrial membrane potential, the same number
protocol was repeated with 10 pM MitoTracker Green
FM (Invitrogen, Carlsbad, CA) for assessing mitochon-
drial density according to methods previously done [58].
The worms were then transferred to fresh NGM plates
containing only OP50 E. coli for 1 h to clear their intesti-
nal tracts of any remaining dye. Following this, they were
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immobilized in situ on the NGM plates by the addition of
10 mg/ml levamisole (Sigma, St. Louis, MO) [58, 59]. It
is important to note that the localization of MitoTracker
Green FM dye within mitochondria is largely independ-
ent of membrane potential, while TMRE dye specifically
measures mitochondrial membrane potential. The fluo-
rescence intensity of the terminal pharyngeal bulb (PB)
was measured using EVOS FL digital inverted micro-
scope with GFP filter at 4 X magnification.

Assessment of nuclei expression using DAPI staining
(acetone fixation)

DAPI staining is used to visualize and quantify the num-
ber of cells and to assess nuclear integrity [60]. DAPI
(4,6-diamidino-2-phenylindole) is a fluorescent stain
that binds strongly to DNA, allowing for the identifica-
tion of nuclei in cell populations. This technique was per-
formed following a previously outlined procedure [61]
in the different treatment groups. This method would
evaluate and detect nuclear changes in the treated groups
and determine the effect of vanadium and therapeutic
potentials of ZA-II-05 on cellular health. It would assess
nuclear morphology and detect abnormalities in the
nucleus, such as fragmentation or condensation, which
are indicative of cell stress or damage. To determine the
nuclear localization in the different experimental groups
at a temperature of 20 °C for 24 h, the acetone fixation
method with DAPI staining was employed, as it effec-
tively highlights distinct nuclei in nematodes within
a reasonable timeframe (less than 1 h). After treating
the worms belonging to different experimental groups,
placed on NGM plates coated with OP50 E. coli bacteria,
they were rinsed off from the plate using M9 buffer. The
resulting suspension was then subjected to centrifugation
at 1000 x g for 60 s, and the supernatant was disposed of.
The pellets obtained were washed with 1 mL of dH20,
collected, and the supernatant was discarded. Subse-
quently, 400 pL of 30% acetone was added to the pellets
and incubated for 15 min. The suspension was then cen-
trifuged at 1000x g for 1 min at room temperature, and
the supernatant was discarded. The worms underwent
two additional washes with 500 pL of dH2O, and the
supernatant was discarded after each wash. To label the
worms, 50 pL of a 4/,6—diamidino—2-phenylindole (DAPI)
solution (10 pg/mL) was added to the tube and incu-
bated for 15 min. The sample was put in the centrifuge
and spun at 1000x g for 60 s, and the supernatant was
disposed of. The pellets were washed twice with 500 pL
of dH20. The worms were subsequently transferred onto
glass slides, covered with coverslips, and sealed with
transparent nail polish gel. The animals were observed
using a fluorescence microscope. Viable neurons in the
ventral nerve cord (VNC) were identified by assessing
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the morphology and size of the nuclei according to meth-
ods described [62]. Photos were captured immediately
at 4xmagnification using Evos fluorescence FL digital
inverted microscope with DAPI filter in a dark room.

Assessment of mitochondrial superoxide levels

Vanadium, a heavy metal and environmental toxicant,
triggers oxidative stress by impairing mitochondrial
function [9]. Evaluating mitochondrial superoxide levels
would help to assess the toxic impact of vanadium and
its detrimental effects on mitochondrial health [22]. A
reduction in superoxide levels following treatment with
ZA-1I-05 would indicate its potential therapeutic effec-
tiveness. After 24 h of incubation belonging to the differ-
ent experimental groups, placed on NGM plates coated
with OP50 E. coli bacteria, the worms were changed to
new plates for an hour to remove any residual dye from
their digestive tracts. The worms were then immobilised
with levamisole at a concentration of 1 mg/mL. Fluores-
cence studies were conducted in the different experimen-
tal groups in low-light conditions at a temperature of 20
degrees. The mean fluorescence intensity of the termi-
nal pharyngeal bulb (PB) was measured in synchronized
young nematodes from all experimental groups after 24 h
of exposure to 10 uM MitoSox, following the protocol
previously outlined [58]. Photos were captured imme-
diately with an exposure time of 1 s at 4 X magnification
using Evos fluorescence FL digital inverted microscope
with CY5 filter in a dark room.

Microscopy

Microscopy (EVOS FL digital inverted microscope) was
utilized to validate the precise subcellular localization of
fluorescence within the terminal pharyngeal bulbs (PB)
of the worms and the entire anatomy of the worms. Indi-
vidual worms were exposed for 24 h, either individually
or in combination with MitoTracker Dye (Green, Red,
or Deep Red, Invitrogen, Molecular Probes, Carlsbad,
CA), MitoSOX (Mito-HE), or TMRE. Subsequently, fol-
lowing a 1 h intestinal clearing process using unlabeled
E. coli, the nematodes were immobilized onto glass slides
in 20 pl of 10 mg/ml levamisole. Analysis of the captured
images was performed using Image J (http://rsbweb.nih.
gov/ij/).

Chemotaxis assay

The chemotaxis index (CI) was used to evaluate asso-
ciative memory (linking salt with food) in various
experimental groups, following the methods previ-
ously outlined [63]. Synchronized, fully developed adult
hermaphrodites were collected from a 60 mm NGM
dish into a 2 mL tube and washed four times with M9
buffer, after 24 h of incubation belonging to the different
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experimental groups and placed on NGM plates coated
with OP50 E. coli bacteria. Next, 2 pL (between 50 and
250 worms in each 2 pL) of adult worms were transferred
onto a chemotaxis dish (a 60 mm NGM agar plate with-
out OP50, with a quadrant layout consisting of two con-
trol “C” quadrants and two test “T” quadrants arranged
opposite each other). The worms were placed at the
origin where the two lines intersect. The agar plate was
sectioned into four quadrants, with quadrants A and B
containing NaCl as the chemoattractant and quadrants C
and D lacking NaCl. Each quadrant was also treated with
the anesthetic levamisole to paralyze the worms upon
contact. Once the worms and chemoattractant drops
were absorbed into the agar, the lids were replaced, and
the plates were inverted. Chemotaxis was allowed to pro-
ceed for 60 min, after which the plates were transferred
to a refrigerator at 4 °C to immobilize the worms. Images
of the plates were captured using a camera and analyzed
with Fiji software to calculate the chemotaxis index (CI).
The chemotaxis index (CI) was calculated based on the

obtained data. The results for each plate was calculated as
(A+B)—(C+D)

CI (chemotaxis index) = Total

Touch withdrawal assay

Touch withdrawal assay was carried out to assess the
nematode’s sensory and neuromuscular responses to
mechanical stimuli. This assay helps evaluate the function
of sensory neurons, motor neurons, and the overall health
of the neuromuscular system [24]. By gently touching the
worm with a pin used in insect taxidermy, observation
on whether the worm withdraws or changes direction in
response to the touch was made. The assay assessed the
effects of vanadium and ZA-II-05 on neuronal function
and behavioral responses. The touch response of the dif-
ferent experimental groups was assessed using previous
protocols [64]. After 24 h of incubation belonging to the
different experimental groups and placed on NGM plates
coated with OP50 E. coli bacteria, the worms were placed
in a 24-well plate on a shaker, with appropriate volumes
of M9 buffer. Four agar plates, each corresponding to a
different treatment group, were retrieved from the refrig-
erator and allowed to reach room temperature for 30 min
before the assay. The worms from each treatment group
were pipetted onto the designated plates and allowed to
dry using the fume hood to expedite the process. The
plates were appropriately labelled. Sterilised platinum
wire was utilised to individually pick up worms for the
assay. It is important to note that the wire was sterilised
before transitioning to different groups. To measure the
anterior touch response, worms were gently stroked
behind the pharynx, and their responses were observed
and recorded. The responses were categorized as follows:
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a. Responsive (quickly reacts and moves away — +1)

b. Partial response (moves away after 3 strokes — 0.5)

c. Non-responsive (does not move away after 3
strokes — 0)

This procedure was repeated for a minimum of 20
worms from each group. Each worm was subjected to
five anterior tests, unless otherwise specified [65]. A
group of 20 worms was evaluated in each session, at least
three to five times.

Statistics

The statistical analyses were conducted using Graphpad
Prism version 9.5.1 (733) for Windows, Graphpad Soft-
ware Inc. Data, presented as mean +standard deviation
(SD), were obtained from a minimum of 6 replicates
per group of a minimum of 2500 worms each. One-way
Analysis of Variance (ANOVA) was utilized for group
comparisons. Tukey’s test was employed to compare
the means of individual groups. A significance level of
p <0.05 was considered statistically significant.

Results

In-vitro hippocampal slice culture neuroprotective effect

of ZA-11-05

Neuroprotection occured as a consequence of the added
compound, ZA-II-05 after treatment with the excito-
toxin, NMDA (10 puM). Slice cultures (Fig. 3) showed
a visibly reduced fluorescent intensity at 100 uM and
100 mM concentrations when compared to 10 mM,
10 pM and the slice cultures that were treated with
NMDA alone. It established the effective dose range, and
the toxic threshold of ZA-II-05. Additionally, in-vitro
evaluation of ZA-II-05’s safety, efficacy, and potential
side effects was achieved in a controlled and measurable
manner.

Concentration-response curve of vanadium on mortality
of C. elegans

This concentration (100 mM) (Fig. 4) was chosen as it
induced neurotoxicity in the worms. The results revealed
that 100 mM of NaVO, exhibited toxicity and induced
partial lethality in the worms (50%).

Growth pattern assessment of C. elegans

following treatment with vanadium and ZA-11-05

In terms of the growth pattern analysis, we examined the
effects of vanadium treatment on the worms at a concen-
tration of 100 mM (Fig. 4). We observed delayed growth,
a significant alteration in the body length and body wall
of the vanadium-treated worms, additionally, repro-
ductive organs were absent, and the intestine appeared
shrunken, displaying characteristics reminiscent of the
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Fig. 3 Neuroprotection against 10 uM NMDA-insult in organotypic hippocampal slice cultures with different concentrations of ZA-II-05 (10 mM,
10 uM, 100 Mm). The data analysis revealed that ZA-1I-05 exhibited a significant neuroprotective effect at a concentration of 100 uM and 100 mM,
as indicated by a notable decrease in propidium iodide fluorescence intensity compared to the NMDA-treated group. The significance

of the observed difference was denoted by the symbol “*" indicating a statistically significant distinction (P <0.05) compared to the NMDA group.
Moreover, the comparison between the 100 mM group and the NMDA group showed a further reduction in propidium iodide fluorescence
intensity, signified by the symbol “*", also indicating a statistically significant difference (P <0.05)

dauer stage of worm development. Co-treatment with
ZA-11-05 however reversed this effect (Fig. 5). There
was a significant difference in the growth pattern of the
control group, compared to the vanadium and ZA-II-05
treated groups. The panels demonstrate the absence of
the intestinal tract and reproductive organs in the vana-
dium-treated group as opposed to the ZA-II-05-treated
group. Vanadium treated groups appeared to have

stunted growth patterns with aberrated body wall and
body length. Growth patterns were however preserved in
ZA-11-05 treated groups.

Relative quantitation of nuclei expression in C. elegans

by fluorescence microscopy

DAPI staining in the control and ZA-II-05 treated
groups consistently showed a highly condensed and



Ladagu et al. BMC Neuroscience (2024) 25:56

Lethal toxicity test

150-
=X 1004
2
=
5
b | i
GIIIII“I/\f
Q B O OO 0 OO &
N IR P S

Vanadium Concentration (mM)

Fig. 4 Depicts the dose response of vanadium in worms.
Synchronized L1 worms were subjected to varying concentrations
of sodium metavanadate ranging from 0 to 200 mM. A total

of 30-60 worms were plated, and the percentage of surviving
worms 48 h after treatment was recorded as a measure of lethality.
The experiment was repeated six times using independent

worms and the mean + standard deviation (SD) of n=6 was used
to determine the lethal toxicity

round fluorescence pattern of nuclei, resembling puncta,
compared to vanadium treated worms that showed loss
of both hypodermal and neuronal nuclei in the ven-
tral nerve cord. ZA-II-05 treated groups preserved the
nucleus. The ventral nerve cord (VNC) encompasses
a series of motor neurons that extend along the ventral
midline, from the retrovesicular ganglion (RVG) (Insets:
Fig. 6A and B). VNC showed a significant loss of both
hypodermal (A) and neuronal (B) nucleus in vanadium
treated group, there was however a reversal effect in the
groups that received ZA-I1-05, showing preservation of
neuronal morphology, similar to that of control. Approxi-
mately more than 50 worms were used in the imaging.
Large-scale sample collection is suitable for quantitative
analysis (over 50 worms).

Relative quantitation of mitochondrial density in C. elegans
by fluorescence microscopy

The intensity of fluorescence in the control and ZA-II-05
treated groups indicate a dense presence of mitochondria
(Fig. 7). In these groups, the integrity of the intestinal
tract and the presence of mitochondria in the pharynx
were preserved when compared to the vanadium-treated
group. Worms exposed to vanadium showed a decrease
or absence of mitochondrial content in the pharyngeal
tissue. Both the control group and the group treated with
the compound exhibited higher fluorescence density
compared to the vanadium treated group. (A) The vana-
dium-treated group exhibited a significant reduction in
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mitochondrial membrane potential (DWm) compared to
the control and ZA-II-05-treated groups. The mean fluo-
rescence in the pharynx and intestinal tract of the vana-
dium-treated group decreased to 41%. (B) Mitochondrial
density in the pharynx was higher in the control and
ZA-11-05 treated compared to the vanadium treated
groups indicative of cell death. Approximately more than
50 worms were used in the imaging. Large-scale sample
collection is suitable for quantitative analysis (over 50
worms).

Relative quantitation of mitochondria superoxide levels C.
elegans by fluorescence microscopy

To evaluate the levels of oxidants specific to mitochon-
dria, the fluorescent probe MitoSOX Red was utilized.
MitoSOX Red is a dye that specifically detects mitochon-
drial superoxide and emits red fluorescence upon oxida-
tion by superoxide molecules. It can be employed to stain
the pharyngeal bulbs of C. elegans, which is rich in mito-
chondria. Notably, both groups of worms treated with
vanadium compared to worms treated with ZA-II-05,
distinct and prominent fluorescent foci were consistently
observed in the densely populated pharyngeal mitochon-
dria region after MitoSOX treatment. Panel (a) shows
large fluorescent foci were observed at the pharyngeal
mitochondria dense region following MitoSOX treat-
ment for vanadium treated worms as compared to ZA-II-
05 treated worms with or without vanadium exposure.
Panel (b) shows a light micrograph of an adult wild-type
(N2) nematode from vanadium-treated worms, with the
cephalad portion (highlighted by a white circle) indicat-
ing the two pharyngeal bulbs (m: metacorpus and tb: ter-
minal bulb) and the initial section of the gastrointestinal
tract. Approximately more than 50 worms were used in
the imaging. Large-scale sample collection is suitable for
quantitative analysis (over 50 worms).

Chemotaxis and touch withdrawal behavioral assays
Worms were placed in a defined area, and their response
to an odorant (NaCl) was observed. The chemotaxis
index (CI) of the ZA-II-05-treated group showed a
positive response compared to the group treated with
vanadium alone. Interestingly, an impaired response
was observed in the chemotaxis index (CI) and touch
response of worms exclusively treated with ZA-II-05
when compared to both the control group and the group
treated with vanadium+ ZA-II-05. Vanadium treated
group had lower response to external stimuli as com-
pared to the group treated with ZA-II-05 and control.
Not more than 250 worms were used in the chemotaxis
assay, crowding can impede worm movement.



Ladagu et al. BMC Neuroscience (2024) 25:56

CON.

VAN.

Transmitted

Growth pattern

< 100- #
o
2
S s T
©
=]
£
5 601
©
e
7]
E 40+
S
H
= 20‘ T
CON VAN V+ZA ZA
Groups

Page 10 of 20

VAN.+ ZA.

Fig. 5 lllustrates the growth pattern of the worms, revealing a substantial deviation in body length and body wall structure

in the vanadium-treated group compared to the ZA-II-05-treated group. The symbol “*” denotes a significant difference compared to the control
group at a significance level of P <0.05, while the symbol “#"indicates a significant difference compared to the vanadium + ZA-11-05 (V+ZA) group
at the same significance level. Vanadium (100 mM) and ZA-1I-05 (1 mg/ml). CON, control; VAN, vanadium; ZA-II-05; ZA. Approximately less than 50

worms were used in the imaging

Discussion

Excessive stimulation of glutamate receptors is recog-
nized as a key factor in neurotoxicity, contributing to
the gradual deterioration of neurons. Prior research
has demonstrated a progressive loss of apical dendrites
and cytotoxic effects in the pyramidal cells of the CA1l
and CA3 regions in mice exposed to vanadium [11].
These substantial neuronal losses and alterations in
the hippocampus induced by vanadium exposure likely
contribute to memory impairment [7]. It has been
observed that disturbances in calcium homeostasis

(See figure on next page.)

lead to increased production of reactive oxygen spe-
cies (ROS) through the mitochondrial permeability
transition pore, particularly in the CA1 region [66]. The
administration of ZA-II-05 displayed neuroprotective
properties against neuronal cell death in the pyrami-
dal cells of the prefrontal cortex (PFC) in mice induced
by vanadium exposure. This intervention mitigated
morphological changes, indicating an enhancement in
neuronal functionality. Moreover, it regulated neuroin-
flammatory responses, thereby shielding neurons from
inflammatory damage [11].

Fig. 6 Fluorescent micrographs of wild-type Caenorhabditis elegans (N2) treated vanadium and ZA-II-05, subjected to DAPI staining

and subsequently imaged using fluorescent light. Micrographs show parts of the VNC showing neuronal (arrowheads) and hypodermal (arrow)
nuclei, note the absence of hypodermal nuclei in the vanadium treated group. The symbol "*" is used to represent a significant difference compared
to the control group at a significance level of P <0.05, while the symbol “#”indicates a significant difference compared to vanadium + ZA-II-05
(V+ZA) group at the same significance level. Vanadium (100 mM) and ZA-11-05 (1 mg/ml). CON, control; VAN, vanadium; ZA-II-05; ZA
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Fig. 7 lllustrates the in vivo quantification of relative mitochondrial potential and mitochondrial density in the terminal pharyngeal bulbs

and intestinal tract of C. elegans in the different experimental groups. The symbol “*" represents a significant difference compared to the control
group at a significance level of P <0.05, while the symbol “#"indicates a significant difference compared to the vanadium+ZA-11-05 (V+ZA) group
at the same significance level. The concentrations used were 100 mM for vanadium and 1 mg/ml for ZA-I-05. Abbreviations: CON for control, VAN
for vanadium, and ZA for ZA-1I-05
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In the nematode C. elegans, dopamine acts as an essen-
tial neurotransmitter, regulating various physiologi-
cal and behavioral processes within its simple nervous
system. It has specific receptors in C. elegans, and their
functions have been extensively studied [67]. Dopamine,
synthesized in dopaminergic neurons like CEP, ADE, and
PDE, is involved in locomotion, learning, memory, and
response to environmental changes [25, 68]. The DOP-1
dopamine receptor is critical for associative learning,
dopamine signaling also contributes to stress responses
and thermotaxis [69, 70]. The study of neurotransmitters
in C. elegans offer valuable insights into their conserved
roles in regulating neuronal functions and behavior
across organisms and provides a useful model for inves-
tigating neurotransmitter signaling and its relevance to
human neurological disorders [25, 71]. In the modern
era, there has been a utilization of the concept of multi-
target-directed ligands (MTDL) [38, 39] to design a vari-
ety of compounds that address multiple biological factors
linked to neurodegenerative conditions [72—74].

While NMDA receptor antagonists, including ZA-II-
05 were primarily developed to interact with NMDA
receptors, it also demonstrates a moderate and high
affinity also for the dopamine transporter, opioid and
sigma receptors, respectively [11]. This phenomenon is
commonly referred to as “off-target” binding or cross-
reactivity, and it arises due to structural resemblance and
shared binding sites [11, 75]. ZA-II-05 underwent evalua-
tion of its binding affinities (Ki) at the PCP site within the
NMDAR channel and various neurotransmitter recep-
tors via competitive radioligand binding assays using
[*H]-MK-801 [11]. The studied receptors encompassed
5-HT,,, Dopamine-1 (D,), Dopamine-2 (D,), Dopamine
Transporter (DAT), Opioid receptors (KOR), p-opioid
receptors (MOR), Norepinephrine Transporter (NET),
and Sigma receptor [11]. Notably, ZA-II-05 exhib-
ited notable affinity for Dopamine Transporter (DAT)
(Ki=3161 nM), Opioid receptors (KOR) (Ki=361 nM),
p-opioid receptors (MOR) (Ki=3038 nM), and Sigma2
receptor (Ki=5.5 nM), demonstrating higher binding
affinity compared to other receptors with over 10,000 nM
affinity (Ladagu et al, 2023). Moreover, ZA-II-05 dis-
play moderate similar affinities for both GluN1/GluN2A
and GIuN1/GluN2B subtype receptors, with mean
IC;, values of 518 nM and 430 nM, respectively [11].
These distinctive attributes likely contributed to more
precise and tailored therapeutic interventions against
vanadium-induced neurotoxicity in this investigation. A
combination of these receptor modulators with NMDA
receptor-targeted drugs could potentially yield synergis-
tic effects in certain neuropsychiatric disorders [11].

NIH’s maximal electroshock seizure (MES) assess-
ment of ZA-II-05 revealed its activity at doses of 100 and
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300 mg/kg (i.p.) [11]. This substantial protection indi-
cates its anticonvulsant potential, particularly at doses
of 100 and 300 mg/kg. ZA-II-05 demonstrated the capa-
bility to modulate seizure threshold without impairing
locomotion or normal neurological functions. Consist-
ent results across multiple trials validated its efficacy and
reliability in targeting seizure activity while preserving
regular behavioral and motor functions. ZA-II-05 has
been rigorously tested and proven safe for animal experi-
mentation, as endorsed by the NIH approval number:
(NIH-6/28/10).

Neuroprotection of ZA-1I-05 on hippocampal slices

The use of organotypic hippocampal slice cultures as a
model for drug discovery has been extensively reviewed,
particularly for studying brain damage, neuroprotec-
tion, and neuro-repair [76, 77]. Since the hippocampus is
the brain’s memory center, it is commonly used in such
in vitro studies. Hippocampal slices retain the natural
architecture and cell-cell interactions of brain tissue,
making them highly representative of in vivo conditions
for assessing drug effects on neurons [78, 79]. The hip-
pocampus, being vulnerable to excitotoxicity, is ideal for
testing neuroprotective compounds, providing an ideal
model for studying neurodegenerative diseases like Alz-
heimer’s and Parkinson’s, as well as ischemic brain injury
and epilepsy to test the efficacy of drugs targeting these
conditions, making it a valuable tool for eliminating
harmful compounds early in the drug development pro-
cess [80, 81].

Drugs that protect neurons from damage, especially
against excitotoxicity via NMDA receptor modulation,
can be identified through this assay [11, 82]. In this con-
text, the hippocampal slice cultures (Fig. 3) demonstrated
that ZA-II-05 provided neuroprotection against NMDA-
induced toxicity in rat hippocampal slices. This model
has proven to be valuable in investigating NMDA recep-
tor (NMDAR) excitotoxicity and developing neuropro-
tective strategies [11, 83]. The neuroprotective effect of
ZA-11-05 likely stems from its ability to antagonize exci-
totoxic NMDA receptors, thereby mitigating excitotoxic-
ity—an excessive stimulation of glutamate receptors that
can result in neuronal damage and apoptosis [84, 85].
ZA-11-05 demonstrated neuroprotection against NMDA-
induced toxicity probably through preservation of cal-
cium ion homeostasis [9].

Growth pattern in C. elegans following treatment

Caenorhabditis elegans serves as an effective model for
conducting toxicity assessments across its entire life
cycle [54]. Growth rate, reproduction, and locomotion
are widely used in toxicity evaluation [86]. Recent stud-
ies [87] indicate that the p38 and ERK-MAPK signaling
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pathways regulate vanadium-induced neurodevelopmen-
tal toxicity, potentially impacting growth, mitochondrial
function, metal bioavailability, and neurotransmitter
levels. The pronounced physical changes in the worms
(Fig. 5) could potentially serve as a survival strategy or an
adaptive response to cope with the adverse environmen-
tal conditions induced by vanadium administration [13,
87]. Furthermore, the vanadium-treated worms exhib-
ited the absence of an intestinal tract and reproductive
organs, indicating a disruption in normal growth pro-
gression. In contrast, the ZA-II-05 treated group main-
tained these features, suggesting that ZA-II-05 possesses
the ability to mitigate inflammation and oxidative stress,
which could otherwise hinder proper growth and devel-
opment as shown in the measurement of superoxide
levels in the worms. Additionally, ZA-II-05 enhanced
dopamine signaling which serves as a possible mecha-
nism to ensure that the worms steadfastly remained close
to a food source.

Nuclei expression in C. elegans following treatment

The organization and distribution of neuronal nuclei
within the VNC play a critical role in maintaining neu-
ronal connectivity and function. Both neurons and nuclei
in the ventral nerve cord of C. elegans provide valu-
able insights into the molecular and cellular mechanisms
underlying neuronal development, function, and plas-
ticity [88]. Putative neurons in the VNC are identified
based on the size and morphology of the nuclei [89, 90].
Physical assessment of the worms previously described
[81, 91] suggests that the changes observed probably
lead to disruptions in their structure and function. Loss
of nuclei in the vanadium treated worms possibly lead
to defects in axon maintenance within the ventral nerve
cord (VNC). Inappropriate or failed gene expression in
animals affect the development of the VNC [92, 93]. This
can be attributed to the loss of developmental proteins,
ultimately resulting in significant disruption of axonal
organization in the VNC in the vanadium treated worms
[94]. Heavy metal toxicity can have profound effects on
the ventral nerve cord of C. elegans, causing neuronal
degeneration, impaired synaptic transmission, altered
morphology, disrupted neuronal activity, and functional
impairments in locomotion and behavior which ulti-
mately leads to abnormal movement patterns, paraly-
sis, or altered behavioral responses as observed in our
behavioural assays [95]. The preservation of the nucleus
in ZA-II-05-treated worms (Fig. 6) is likely attributed to
its ability to minimize oxidative damage to the nucleus by
preserving redox balance and contributing to the main-
tenance of nuclear integrity. ZA-I1-05 may have also pro-
moted the activity of DNA repair enzymes and facilitated
the restoration of damaged DNA [96], which preserves
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the structure and function of the nucleus. Additionally,
NMDA receptor antagonists have been shown to sup-
press neuroinflammatory processes, including the release
of pro-inflammatory cytokines [97]. By reducing neuro-
inflammation, these antagonists indirectly protect the
nucleus from inflammatory-mediated damage.

Mitochondrial density and membrane potential in C.
elegans following treatment

C. elegans, exhibit a high concentration of mitochondria
in the pharyngeal region the inner membrane potential
of mitochondria plays a critical role in determining their
function [98, 99]. ZA-II-05 probably preserved mito-
chondrial density (Fig. 7) by reducing the production of
reactive oxygen species (ROS) and enhancing antioxi-
dant defense systems generated by vanadium adminis-
tration as previously reported [11]. This preservation of
redox balance helps protect mitochondrial integrity and
maintain mitochondrial density [100, 101]. Additionally,
we suggest ZA-1I-05 regulated energy metabolism, by
promoting mitochondrial respiration and ATP produc-
tion, this supports and maintains a healthy population
of functional mitochondria and preserves mitochondrial
density. NMDA receptor antagonists are known to pro-
mote mitochondrial quality control mechanisms such as
mitophagy, a process by which damaged or dysfunctional
mitochondria are selectively removed.

Mitochondria superoxide levels in C. elegans

following treatment

Numerous studies have indicated a strong association
between vanadium toxicity and reactive oxygen species
(ROS) [87, 102]. Vanadium exposure has been found to
induce cellular apoptosis through increased levels of
ROS and ROS-related signaling pathways, but the precise
mechanism is not fully understood and requires further
investigation [103, 104]. On the other hand, the admin-
istration of antioxidants, either as complex ligands [105]
or co-administered compounds [106], has shown signifi-
cant reduction in vanadium toxicity [107, 108]. The high
intensity of fluorescence (Fig. 8) indicates an elevated
production of reactive oxygen species (ROS) and con-
sequently oxidative stress, potentially attributing it to
vanadium’s ability to cause cellular hypoxia. This effect
was however alleviated by ZA-II-05. Therefore, we can
infer that ZA-II-05 likely possesses antioxidative and
anti-inflammatory properties. NMDA receptor antago-
nists have been found to preserve mitochondrial function
by preventing calcium overload [11], which can disrupt
mitochondrial integrity and enhance ROS production
[109]. By maintaining mitochondrial function, NMDA
receptor antagonists contribute to the reduction of oxi-
dative stress. Overall, we propose that ZA-I1-05 exhibited
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anti-oxidative properties by attenuating excitotoxicity,
modulating calcium homeostasis, inhibiting NOS activ-
ity, suppressing inflammation, and protecting mitochon-
drial function.

Chemotaxis and touch withdrawal response
Caenorhabditis elegans, with its well-characterized nerv-
ous system, transparency, short life cycle, and genetic
manipulability, serves as an excellent model organism for
studying the molecular and circuitry aspects of mecha-
nosensation [21]. Numerous studies in literature have
utilized behavioral changes in C. elegans as an indicator
for neurotoxicity assessment. Previous findings showed
behavioral deficit (reduced movement) observed after
just 4 h of exposure to heavy metals, lead (Pb) and copper
(Cu) [110].

This positive chemotaxis index (Fig. 9) may be attrib-
uted to the preservation of the ventral nerve cord, as
indicated by DAPI staining. ZA-II-05 might have miti-
gated this damage by modulating and preserving the nor-
mal function of chemosensory neurons and downstream
signaling pathways involved in chemotaxis. Addition-
ally, previous studies have shown that NMDARs are a
requirement for the memory component of salt chemo-
taxis learning (Kano et al., 2008). The DOP-1 dopamine
receptor has also been shown to be critical for associative
learning. Dopamine signaling also contributes to stress
responses and thermotaxis [111]. The impaired move-
ment observed in the touch withdrawal assay aligns with
the findings from the DAPI stain, which revealed damage
to the ventral nerve cord (VNC) responsible for overall
movement control. Disrupted wiring in the motor cir-
cuitry likely contributed to the impaired movement [112].
Neurotoxicity due to vanadium led to impaired sensory
neurons, which probably resulted in reduced touch sensi-
tivity and delayed or absent response [113], while motor
neuron damage probably reduced the worms’ ability to
move properly [114]. The touch withdrawal behavior
detected and quantified the effects of vanadium, lead-
ing to dysfunction in the nervous system that reflected
in altered or absent responses to touch stimuli [25]. In
contrast, treatment with ZA-II-05 significantly restored
touch sensitivity. The specific mechanisms by which
ZA-11-05 exerted its protective effects on chemotaxis

(See figure on next page.)
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and touch response are not fully understood and may
involve multiple cellular and molecular pathways. Fur-
ther research is necessary to unravel the precise mecha-
nisms underlying the preservation of chemotaxis and
touch response by ZA-II-05 in vanadium-treated worms.

Notably, previous investigations conducted in our labo-
ratory have indicated that the administration of antioxi-
dants can exhibit prooxidative effects in the absence of
stressors, such as vanadium, as previously reported [115].
The absence of neurotoxic effects from vanadium, such
as the generation of reactive oxygen species (ROS) for
the compound to counteract, resulted in neurotoxicity
as observed in the group that was treated with ZA-II-05
only especially in the chemotaxis assay (Fig. 9). Addition-
ally, this outcome could be attributed to the concentra-
tion of ZA-II-05 exceeding a neuroprotective threshold
in the absence of a neurotoxicant. It’s worth noting that
a prior study demonstrated that a high concentration
of dietary glucose (250 mM) fails to confer protection
against polyglutamine toxicity [116]. This discrepancy
may arise from the utilization of polyglutamine con-
structs with varying lengths or the possibility that the
concentration of glucose does not exhibit neuroprotec-
tive effects beyond a certain threshold concentration.

Conclusions

In conclusion, our investigation into the neurotoxic
effects of vanadium and the potential neuroprotective
role of the mixed glutamate-dopamine drug, ZA-1I-05, in
the model organism Caenorhabditis elegans has yielded
valuable insights into the consequences of vanadium
exposure and the prospects for mitigating its harmful
impact. The results of our study were compelling, not
only shedding light on the mechanisms underlying vana-
dium-induced neurotoxicity but also offering promising
perspectives for the development of therapeutic interven-
tions. By exploring the potential of NMDA receptor and
dopamine modulation in countering the toxic effects of
vanadium exposure, we contribute to the broader under-
standing of neurotoxicity, particularly in the context of
environmental toxins. Ultimately, our study underscores
the importance of continued research into innovative
strategies for addressing the complex interplay between
environmental toxins and neurological well-being.

Fig. 8 lllustrates the labeling of nematode terminal pharyngeal bulbs using mitochondria-targeted dyes (MitoSOX) to measure superoxide

levels. MitoSOX fluorescence demonstrates consistent labeling within the C. efegans pharynx, with a particular emphasis on the terminal
pharyngeal bulb. A magnified image at 40 x magnification is presented, captured using a CY5 filter. The symbol “*"is used to represent a significant
difference compared to the control group at a significance level of P <0.05, while the symbol “#"indicates a significant difference compared

to vanadium + ZA-II-05 (V+ZA) group at at the same significance level. Vanadium (100 mM) and ZA-II-05 (1 mg/ml). CON, control; VAN, vanadium;

ZA-11-05; ZA
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(A)

C. elegans superoxide levels after treatment with Vanadium and ZA-11-05
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VAN.+ZA.

C. elegans superoxide levels after treatment with Vanadium and ZA-11-05.
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Fig. 9 lllustrates A Chemotaxis Assay: Measurement of memory associated with food; Vanadium treated group had significantly lower
chemotaxis index (Cl) compared to the control and ZA-II-05 treated groups. B Touch Withdrawal: The symbol “*"is used to represent a significant
difference compared to the control group at a significance level of P <0.05, while the symbol “#"indicates a significant difference compared

to vanadium +ZA-/-05 (V + ZA) group at the same significance level. Vanadium (100 mM) and ZA-/I-05 (1 mg/ml). CON, control; VAN, vanadium; ZA;

ZA-11-05
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