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ARTICLE INFO ABSTRACT

Keywords: The growing body of evidence links exposure to particulate matter pollutants with an increased risk of neuro-
C-' elegans ) degenerative diseases. In the present study, we investigated whether diesel exhaust particles can induce neu-
Dlesell exhaust particles robehavioral alterations associated with neurodegenerative effects on glutamatergic and dopaminergic neurons
g;‘::vigient in Caenorhabditis elegans (C. elegans). Exposure to DEP at concentrations of 0.167 ug/cm? and 1.67 ug/cm?

resulted in significant developmental delays and altered locomotion behaviour. These effects were accompanied
by discernible alterations in the expressions of antioxidant genes sod-3 and gst-4 observed in transgenic strains.
Behaviour analysis demonstrated a significant reduction in average speed (p < 0.001), altered paths, and
decreased swimming activities (p < 0.01), particularly at mid and high doses. Subsequent assessment of neu-
rodegeneration markers in glutamatergic (DA1240) and dopaminergic (BZ555) transgenic worms revealed
notable glutamatergic neuron degeneration at 0.167 pg/cm? (~30 % moderate, ~20 % advanced) and 1.67 pg/
em? (~28 % moderate, ~24 % advanced, p < 0.0001), while dopaminergic neurons exhibited structural de-
formities (~16 %) without significant degeneration in terms of blebs and breaks. Furthermore, in silico docking
simulations suggest the presence of an antagonistic competitive inhibition induced by DEP in the evaluated
neuro-targets, stronger for the glutamatergic transporter than for the dopaminergic receptor from the compar-
ative binding affinity point of view. The results underscore DEP’s distinctive neurodegenerative effects and
suggest a link between locomotion defects and glutamatergic neurodegeneration in C. elegans, providing insights
into environmental health risks assessment.

Glutamatergic neurodegeneration
Dopaminergic neurodegeneration

1. Introduction Mexico City and New Delhi, the average concentration for PM;o may be

in the range of 68-238 ug/m> (Jain et al., 2020; Quintana-Belmares

According to data from the Global Burden of Disease Study (Col-
laborators, 2020), outdoor air pollution deaths increased from 2.25
million in 1990 to 4.51 million in 2019 (Hannah Ritchie and Roser,
2022). It can be estimated that Particulate Matter (PM) contributes to
about 62 % of deaths related to air pollutants (Fuller et al., 2022). PM is
a complex mixture of particles and compounds adsorbed to particles
with a wide variety of sources (Li et al., 2023), and some studies indicate
that Diesel Exhaust Particles may contribute with about 5-10 % in mass
to the total composition of PM in cities (Amador-Munoz et al., 2011;
Park et al., 2018; Zheng et al., 2005). Considering that in cities such as

* Corresponding authors.

et al., 2018a) and for PMy 5 in the range of 30-135 ;.lg/m3 (Quintana-
Belmares et al., 2018b; Singh et al., 2021), we can infer that the popu-
lation in these cities is exposed to concentrations in the range of 3-23
pg/m® of diesel particles. For many years, the primary endpoint
acknowledged as triggered by PM, including DEP, has been related to
cardiopulmonary disease and lung cancer (World Health Organization,
2021; Wichmann, 2007). Notably, there is increasing evidence that PM
may be a relevant risk factor for chronic degenerative diseases such as
Alzheimer’s disease or Parkinson’s disease (Krzyzanowski et al., 2023;
Peters, 2023; von Mikecz and Schikowski, 2020).
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DEP is a complex mixture containing hundreds of constituents,
including a core of elemental carbon, polycyclic-hydrocarbon (PAHs),
and nitro-PAHs, among others (Wichmann, 2007). A recent review
shows that some PAHs could induce neurotoxic effects (Olasehinde and
Olaniran, 2022). The prenatal exposure of mice to DEP, has been
demonstrated to elevate anxiety and impair cognition in male offspring
(Bolton et al., 2013). This prompts whether neurodegenerative defects
are imprinted during early development and only manifest later in life.
Another critical avenue for future research is the potential premature
onset of neurodegeneration induced by airborne nanoparticles (von
Mikecz and Schikowski, 2020).

C. elegans is widely recognized as a powerful model organism in
toxicology, biological monitoring, and risk assessment. This recognition
is attributed to its short life cycle, ease of maintenance, small and
transparent body, comprehensive genomic characterization, detailed
cell lineage map, and the availability of reporter and mutant libraries.
Additionally, C. elegans demonstrates a high level of similarity to
mammalian metabolic and neurotransmission pathways, along with a
considerable degree of homology with human genes (60 %-80 %),
including those associated with diseases (Kaletta and Hengartner, 2006;
Leung et al., 2008; von Mikecz and Schikowski, 2020). Despite certain
limitations, such as the absence of specific organ equivalents, a smaller
immune response system, and notable differences in overall lifespan,
C. elegans stands out as a sensitive and valuable model for evaluating
various exposure modes. This includes acute, chronic, transgenera-
tional, and multi-generation exposures, as well as different routes of
exposure, including liquid and solid exposures. It facilitates medium
throughput whole organism-level assays with multiple endpoints, such
as development, reproduction, feeding, lifespan, and locomotion. This
model organism has been instrumental in investigating the effects of
pollution from diverse environmental sources, including air pollutants
(Ficociello et al., 2020; Liu et al., 2023). However, to date, only three
studies have explored the sensitivity of C. elegans to DEP (Guo et al.,
2014; Wang et al., 2019; Yan et al., 2021).

The nervous system of C. elegans hermaphrodites comprises 302
neurons, along with 56 support cells, encompassing nearly all known
signalling and neurotransmitter systems found in vertebrates (Bargmann
et al., 1993). The well-characterized nature of the nervous system in
C. elegans allows changes in specific behaviours to be attributed to
neuronal circuits and specific genes, guiding further investigations and
making C. elegans a widely utilized model to unravel how neural circuits
and genes contribute to behaviour (Piggott et al., 2011). Consequently,
it has been extensively investigated for insights into the aetiology of
neurodegenerative diseases, and consistently, it is employed as a tool for
screening neuroprotective compounds (von Mikecz and Schikowski,
2020). This organism is well-suited for assessments related to neuro-
toxicity and neurodegeneration, facilitating the observation of changes
in locomotor behaviour, neural architecture, and gene expression (Wang
et al., 2023).

This study systematically examined the developmental and neuro-
behavioural effects of standard DEP in C. elegans, employing a long-
term, and early-life exposure approach. Recognizing DEP’s tendency
to precipitate in liquid culture conditions, we utilized both liquid and
solid nematode growth medium (NGM) exposure routes for distinct
toxicity and behavioural assessments, swimming as well as crawling
behaviour. The developmental and neurodegenerative analyses were
exclusively conducted on solid NGM media. The exposure commenced
at early stages, utilizing age-synchronized bleached eggs or L1 larvae.
Most endpoints, including development, neurodegeneration, oxidative
stress, were examined at the Day 4 adult stage, with toxicity evaluations
extending until Day 7. The impact on neuronal development and neu-
rodegenerations was investigated by observing the effects of DEP on
dopaminergic and glutamatergic neurons in transgenic strains.
Furthermore, in silico molecular docking simulations were conducted,
specifically targeting C. elegans’ glutamatergic transporter and dopa-
minergic neuronal receptor with DEP mixture components.
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2. Materials methods
2.1. DEP characterization and stock preparation

The standardized Diesel Exhaust Particle used in this study were
sourced from the US National Institute of Standards and Technology
(NIST-SRM2975, obtained from a forklift) (https://tsapps.nist.gov/srme
xt/certificates/2975.pdf). The comprehensive analysis focused on
polycyclic aromatic hydrocarbons (PAHs) and nitro-substituted PAHs
(Nitro-PAHs), as detailed in the analysis report. However, no informa-
tion regarding trace elements and metal contamination was provided in
the report. To address this, we conducted trace metal analysis using an
ICP-MS instrument (iCAP™ Q, Thermo Fisher Scientific, Waltham, MA)
equipped with a Meinhard® (Golden, CO) TQ + quartz concentric
nebulizer. Further information on sample preparation can be found in
the supplementary materials (section 1.1.1).

To comprehensively understand the DEP, we examined their size,
structure, and agglomeration behaviour using transmission electron
microscopy (TEM) (JEOL JEM 2100 80-200 kV). Additional details on
this analysis are available in the supplementary materials (section
1.1.2).

The DEP were weighed and then dispersed in sterile water at a
concentration of 1 mg/mL. These stock suspensions underwent disper-
sion through sonication for 15 min (Van Den Broucke et al., 2020).

2.2. C. elegans strains

The strains applied in this study - (i) N2, variation Bristol is a
C. elegans wild-type strain (ii) BZ555 eglsl [dat-1p:GFP] is a transgenic
worm strain used for visualization of dopaminergic neurons, iii) DA1240
adls1240 [eat-4::sGFP + lin-15(+)] X is a transgenic worm strain used
for visualization of glutamatergic neurons, iv) CF1553 muls84 [(pAD76)
sod-3p::GFP + rol-6(sul006)] is a reporter strain for sod-3 expression, v)
CL2166 dvIs19 [(pAF15)gst-4p::GFP::NLS] IIl is a reporter strain for gst-
4 expression. All strains were obtained from Caenorhabditis Genetics
Centre (CGQ).

2.3. Nematode maintenance and exposure to DEP

All C. elegans strains were cultured on Nematode Growth Medium
(NGM) plates seeded with Escherichia coli OP50 strain at 20 °C according
to standard methods (Brenner, 1974). The OP50 bacteria were cultured
overnight at 37 °C and 180 rpm in Luria Broth (LB) media, then pelleted
by centrifugation, inactivated through three cycles of freeze/thawing,
frozen at —80 °C, and finally, resuspended in S-medium complete before
the assay. In the assay, the appropriate amount of DEP from the stock
was first mixed with inactivated (by cycles of freeze/thawing) OP50
suspension (in S-medium with antibiotics). Subsequently, this mixture
was applied to NGM plates, corresponding to 0.0167, 0.167, and 1.67
pg/cm?. Bleached eggs were seeded onto the prepared plates (Day 0) and
the exposure continue until Day 4. Unless stated otherwise, the assays
were carried out on Day 4 with adult worms.

2.4. Uptake and distribution

The control and DEP treated animals from Day 4 were collected and
subjected to the specific washing, fixing steps and the samples were
prepared for scanning electronic microscope (SEM) and transmission
electron microscope (TEM). The related details can be found in sup-
plementary materials (section 1.3). For SEM approximately 50 worms
per condition and for TEM a minimum of 10 animals per conditions with
a minimum of 3 sections per animals were analysed.

2.5. Toxicity assessment

The C. elegans Bristol strain N2 was used to evaluate the toxicity of
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DEP. The NGM-plate based toxicity assay was adapted as previously
described (Xionget al., 2017). Briefly, the eggs, obtained by hypochlorite
treatment of adult animals, were left in M9 buffer to hatch overnight at
20 °C to give rise to a population of synchronized L1 larvae. Each well of
a 24-well plate containing 500 pL. NGM agar was seeded with 20 pL of
inactivated OP50 suspension mixed with or without DEP (at concen-
trations of 0.0167, 0.167, 1.67 pg/cm?). Either one or three synchro-
nized L1 larvae were added onto each well (Day 1). The plates were
incubated at 20 °C and the images of each individual well was captured
daily at same time (Olympus SZX16 stereomicroscope with an inte-
grated camera, Olympus SC30) until Day 7. NGM plate was recorded
using an Olympus SZX7 stereomicroscope with an integrated camera
(Olympus PD72).

The details of the toxicity screening in liquid 96 well plate has been
described in the supplementary materials (Section 1.2).

2.6. Growth and development

Approximately fifty age synchronised L1 larvae were exposed to
either control or DEP (at concentrations of 0.0167, 0.167, 1.67 pg/ cm?)
grown in solid medium. At Day 4 (65 h after hatching), worms were
counted according to their life stages in each plate under Olympus
SZX16 stereomicroscope with an integrated camera (Olympus PD72).
Three independent experiments were conducted each with three tech-
nical replicates for each conditions. The worms from each life stage were
calculated as % of total worms, and the statistical analysis was per-
formed with two-way ANOVA followed by Tukey’s multiple compari-
sons test.

The control and treated Day 4 adult worms were photographed for
growth analysis using an Olympus PD72 digital camera attached to an
Olympus SZX16 stereomicroscope. The length of each worm were
measured using Image J® software (Vilasboas-Camposet al., 2021).
Three independent experiments were conducted each with three tech-
nical replicates, approximately 10-15 worms per technical replicates
and in total approximately 100 worms were analysed. The statistical
analysis was performed with one-way ANOVA followed by Tukey’s
multiple comparisons test.

2.7. Behaviour analysis

The behavioural analysis was performed at Day 4 of DEP exposure as
described in section 2.3.

2.7.1. Swimming behaviour

The WMicrotracker system from InVivo Biosystems (PhylumTech)
was employed to assess the locomotion in liquid medium, the swimming
activity, of C. elegans. The instrument assesses the combined locomotor
activity of all C. elegans in liquid-filled multi-well plates by detecting
interruptions in infrared micro beams over a specified duration. The
animals from DEP treated and control conditions were collected, washed
in M9 buffer, and dispensed off in a 96-well plate at approximately fifty
animals per well. The activity level was quantified as the count of in-
terruptions observed within 60 min, a calculation performed by the
Wmicrotracker software. Three independent experiments were con-
ducted each with six technical replicates and the statistical analysis was
performed with one-way ANOVA followed by Tukey’s multiple com-
parisons test.

2.7.2. Locomotion behaviour and speed

The animals were collected, washed and added to unseeded NGM
plates, for 30 min. A population of animals in the NGM plate was
recorded using an Olympus SZX7 stereomicroscope with an integrated
camera (Olympus SC30), for 1 min while moving spontaneously. In each
trial and for each condition three videos were recorded and a total of
300-400 animals were scored in at least four independent assays. The
videos were processed using the Image J® software and the Wrmtrck

Environment International 186 (2024) 108597

plugin (Nussbaum-Krammer et al., 2015; Vilasboas-Campos et al., 2021)
and the average crawling speed (mm/sec) was calculated. The statistical
analysis were performed with one-way ANOVA followed by Tukey’s
multiple comparisons test.

2.8. Fluorescence microscopy

Living adult animals (4 days old), both control and exposed, were
mounted on 2 % agarose pad with 2.5 mM Levamisole. Fluorescence
signal was observed using a Nikon Ni-E Upright Widefield/Fluorescence
Microscope with a GFP filter cube (EX 472/30 nm, DM 495 nm, EM 520/
35 nm) and a SOLA Lumencor® LED lamp. Images were captured with a
Hamamatsu C10600 ORCA-R2 camera at 5X (1.29 um/px) and 50X
(0.13 um/px) magnification using Nikon TU Plan Fluor objectives.
Detection and processing utilized NIS Elements BR v4.30.02 LO soft-
ware. Bright-field images were also obtained under the same conditions
with white-light illumination.). Settings were adjusted for control con-
dition and used equally for treated animals.

2.8.1. Neurodegeneration

The glutamatergic neuronal status was assessed in DA1240 strains in
which the green fluorescent protein (GFP) is expressed under the regu-
lation of the glutamatergic transporter, eat-4. Dopaminergic neuronal
status was analysed in BZ555 transgenic strain in which GFP is expressed
under the dat-1 promoter regulation. Effects on neuronal integrity were
examined through quantitative fluorescent imaging of neuro-
degeneration assays. We adopted a scoring method for glutamatergic
neuronal degeneration assessment (Griffin et al., 2018). The DA1240
strain typically exhibits five neurons in the tail region in normal con-
ditions. Any disappearance in the number of neurons was considered
indicative of 'neurodegeneration’. Using the reduction in the neuronal
count, we applied the standardized scoring approach for assessing
degeneration levels, ranging from normal (five neurons) to moderate
(four neurons) to advanced (three or less neurons). We assessed dopa-
minergic neuronal degeneration in the head region of BZ555 transgenic
worms, focusing on indicators such as soma shrinkage, blebs and breaks
in dendrites as previously described (Markovich et al., 2022). A one-
hour treatment with 25 mM 6-hydroxydopamine (6-OHDA) in 5 mM
ascorbic acid served as the positive control for dopaminergic neuro-
degeneration. Independent experiments were conducted with Day-4
adult animals for five times and least twenty animals were analysed
per treatment in each experiment and the statistical analysis were con-
ducted with two-way ANOVA followed by Tukey’s multiple comparisons
test.

2.8.2. Assessment of antioxidant response

The antioxidant response was assessed in in gst-4, sod-3 genes using
reporter strains. In the CL2166 strain, the fluorescent protein (GFP)
indicated the transcription level of glutathione transferase (gst-4) and in
the CF1553 strain, GFP indicated the transcription level of superoxide
dismutase (sod-3).. The quantitative fluorescence intensity of each
worm, measured using Image J® software (Vilasboas-Camposet al.,
2021), divided by the total area (in CL2166) or by the head-pharynx
region of respective animals (in CF1553) and normalized to the mean
of the control worms. Independent experiments were done four times
and least twenty animals were analysed per treatment in each experi-
ment and the statistical analysis were carried out with one-way ANOVA
followed by Tukey’s multiple comparisons test.

2.9. In silico methodology

The methodology had the stages that follow: (i) Performing 3D-ho-
mology modelling and crystallographic validation of the neuro-target
receptors from C. elegans (ex., eat-4_Ce, dop-1_Ce), (ii) Performing
binding-sites prediction of the neuro-targets from C. elegans (ex., eat-
4_Ce, dop-1_Ce); (iii) Performing structure-based virtual screening on
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DEP compounds with eat-4_Ce, dop-1_Ce. The details of each three steps
can be found in supplementary materials (section 1.4). It is important to
note that, in general terms, mechanistic studies of interactions involving
mixture of compounds still pose a significant challenge, and certain in
silico limitations are inherent when increasing the complexity of the
system under investigation on in silico modeling neuro-nanointeractions
of complex nano-mixtures of DEP at the molecular levels (toxicody-
namics). In this context, strategies for addressing these potential limi-
tations and challenges are outlined in the supplementary material
(Table S1) regarding each of the step of the in silico methodology and
also by including crystallographic quality validation based on Ram-
achandran plot (Fig. S1).

A

Control 0.0167 pg/cm?

500 nm

Control

neurons

Culicle

1.67 pg/cm?
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2.10. Statistical analysis
The statistical analysis and generation of graphs for all endpoints
were performed using GraphPad Prism 10.0.2 software. Replication

details and corresponding statistical analyses, including post-hoc
methods, were specified for each endpoint analysis.

3. Results and discussion
3.1. DEP particles
The spherical DEP particle with a primary size of 39 nm surface were

0.167ug/cm? 1.67ug/cm?

Intestine

Intestine <

Fig. 1. The toxicity, uptake and distribution of diesel exhaust particles on C.elegans. A. The food-clearance-based toxicity assessment of DEP on NGM-plate. Ex-
posures were performed with single age-synchronized L1 larva per well for seven days at control and various doses of DEP in a 24-well plate format. Images were
taken each day until Day 7. The respective well images of Day 3 and Day 7 were presented. B. The transmission electron microscopic (TEM) micrograph of C. elegans
longitudinal cuts in control conditions (a, b, ¢) and exposed to higher concentrations of DEPs (d, e, f). Dotted circles indicate particles’ aggregates.
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evident in the TEM micrograph of the DEP (Fig. S2). According to the
results of trace metal analysis presented in Table S2, all metals were
found to be in negligible concentrations compared to reported exposure
levels to induce neurotoxicity.

3.2. Toxicity of DEP

In general, the food-clearance-based assays in both liquid and solid
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NGM exposure methods revealed that DEP has no critical effects on the
survival of C. elegans. On the final day (Day 7) of liquid assay, statisti-
cally significant differences in half-life (represented by the K constant)
were observed only at the highest dose (100 pg/mL) compared to the
control group (p = 0.019) (Fig. S3A). The liquid exposure conditions
may not be the ideal medium for particles, including DEP, due to the
inconsistent stability of particle suspension in the liquid medium. This
initial screening test provides an idea about the toxicity effects, further
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Fig. 2. Effects of diesel exhaust particles on development and growth of C.elegans. A. Worms at different life stages with representative images from each exposure
conditions, with and without DEP — a. control, b. 0.0167 pg/cm?, c. 0.167 pg/cm?, d. 1.67 pg/cm? and e. graphical presentation of the percentage of L4 larva and
adult worms in total worm population. Exposures were performed from age synchronized L1 (Day 1) to Day 4 (at ~65 h after hatching) at various doses of DEP on
solid NGM plates. Data represent Mean + SD, ** p < 0.005. B. Body length of worms at Day 4 after exposure to DEP. Exposures were performed from bleached egg
until Day 4 at various doses (control, 0.0167, 0.167, 1.67 pg/cm2) on solid NGM plates. Data presented as Box-and-Whisker Plot with Tukey-Style Whiskers, * p <

0.05, ** p < 0.005; **** p < 0.0001.
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confirmed with the solid (NGM-based) screening mode. Similar to the
liquid exposure mode, solid exposure is also based on a food clearance
assay, where fewer animals result in more remaining food until Day 7.
Adverse impacts of DEP were evident when exposing either a single
worm (Fig. 1A) or three worms (Fig. S2B) per well. Marked differences
in food clearance were evident from the control to the highest exposure
dose of DEP (1.67 pg/cmz). DEP, between the doses of 0.0167-1.67 pg/
cm?, possibly does not cause severe harm to the survival of the animals
but negatively impacts their development and fecundity status (Wang
et al., 2019). Consistent with our study, the induction of lethality was
not observed in either acute or prolonged exposure to airborne partic-
ulate matter (PM) PM, 5 from coal combustion (Sun et al., 2015), traffic-
related PM5 5 (Chung et al., 2020; Zhao et al., 2014), field collected fine
PM;5 (Chung et al., 2019) and field-collected water soluble PMs 5
(Zhang et al., 2023).

3.3. Uptake and the distribution of DEP particles

As expected, control group worms lacked DEP structures (Fig. 1B. a,
b, ¢). In exposed conditions (1.67 pg/cm?), DEP were mainly found in the
C. elegans intestinal lumen, taken up during oral feeding (Fig. 1B, d, e, f).
No DEP were observed inside gut cells, and they remained within the
intestinal lumen, separated from microvilli. These DEP did not harm
tissues and were confined to the intestine. Translocation and distribu-
tion to other tissues, such as neurons, were also not visible (Fig. 1B. d).
Moreover, no significant changes in cuticle morphology, discerned by
SEM analysis, were observed with varying DEP concentrations (Fig. S4).
In a similar line of evidence, accumulation of DEP only in the intestinal
lumen of C.elegans was also reported (Yan et al., 2021). The exclusive
presence of DEP accumulation within the intestinal lumen suggests a
potential restriction in DEP excretion, highlighting that the primary
exposure route is likely through feeding.

3.4. Impacts of DEP on growth and development

In our investigation of the effects of DEP on growth and develop-
ment, as evidenced by solid NGM toxicity tests, we observed develop-
mental delays caused by DEP exposure. At Day 4 (~65 h after hatching),
when all animals should have reached the adult stage under normal
conditions, we observed a mixed population of adults and L4 larval
stages in DEP-treated plates (Fig. 2A). Regarding growth, as measured
by body length, discernible differences were observed in DEP-treated
conditions at Day 4 life stages (Fig. 2B). The highest exposure concen-
tration of DEP (1.67 pg/cm?) resulted in approximately a 12 % reduction
in growth by Day 4. Our approach included two distinct assays: one
focused on identifying and quantifying specific life stages of animals,
and the other utilized a growth assay measuring body length. Notably,
most prior studies on airborne PM, particularly DEP, primarily assessed
growth and development by examining 'body length’. Previous studies
using C. elegans and mammalian models suggest that airborne particu-
late matter, including DEP and toluene, exposure can lead to growth
retardation, evident as decreased body length (Haghani et al., 2019; Liu
et al., 2023; Caceres Quijano et al., 2022; Soares et al., 2020; Liu et al.,
2023 Ema et al., 2013). Similarly, a transgenerational study with traffic-
related PM2.5, containing components like DEP, revealed shortened
growth in both exposed parents and their offspring (Zhao et al., 2014).
These findings suggest potential mechanisms like reduced food intake
and nutrient absorption due to DEP accumulation in the intestines (Liu
et al., 2023), and potentially additional factors like DNA damage, dis-
rupted cell cycles, and increased germline cell apoptosis (Soares et al.,
2020). While our current study did not explicitly investigate these
mechanisms, further exploration of the underlying causes of develop-
mental delays is warranted, which will be a focus of our future work.
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3.5. Behavioural alterations in DEP-treated animals

Locomotion serves as the foundation for most, if not all, C. elegans
behaviours, encompassing sensory, social, mating, sleep, drug-
dependent behaviours, and learning and memory, with these behav-
iours being, to varying degrees, manifested at the locomotion level
(Piggott et al., 2011). Significant behavioural changes were evident in
DEP-exposed conditions. Overall, a significant decline in swimming
activities (p < 0.005) (Fig. 3A), reduced average speed (p < 0.0001), and
shrinkage in crawling paths (Fig. 3B) was observed in response to DEP
exposure at concentrations ranging from 0.167 pg/cm? to 1.67 pg/cm?.
A substantial dose-dependency was manifested in average speed,
particularly between 0.167 pg/cm? and 1.67 pg/cm? (Fig. 3B). Sponta-
neous locomotor disorders, such as head thrashing and body bending
frequency, were observed not only in the DEP-exposed generation (FO)
of the C. elegans model but also persisted in the directly unexposed next
generation (F1), indicating the potential impact of DEP on trans-
generational neuronal developmental processes (Yan et al., 2021).
Consistent with our findings, previous research demonstrates DEP-
induced behavioural changes. In mice, in utero exposure to DEP (171
pg/m3) decreased spontaneous locomotor activity in male offspring
(Suzuki et al., 2010). Conversely, high-level exposure in mice (1000 pg/
m®) increased locomotor activity and repetitive behaviors (Thirtamara
Rajamani et al., 2013). Similarly, C. elegans studies using airborne par-
ticulate matter (various sources and components) consistently showed
reduced locomotion behaviours (head thrash, body bend) (Liu et al.,
2023; Zhang et al., 2023; Sun et al., 2015; Chung et al., 2019; Chung
et al., 2020). Notably, a transgenerational study with traffic-related
PM2.5, containing components like DEP, revealed reduced locomotion
behaviour in both the exposed parents and unexposed their offspring
(Zhao et al., 2014). (10-100 pg/mL) (Zhao et al., 2014). Lastly, airborne
toluene exposure intriguingly induced dose-dependent reductions in
mean velocity and swimming movement in C. elegans, further supporting
our observations (Soares et al., 2020).

Behavioural assays offer valuable insights into neuronal function
(Liu et al., 2023). While they enable rapid screening, pinpointing spe-
cific neuronal disruptions often requires deeper investigation (Smith
etal., 2019). In C. elegans, locomotion and motor functions are primarily
controlled by dopaminergic, glutamatergic, cholinergic, and GABAergic
neurons (Li et al., 2017; Yu et al., 2022). We focus on examining
dopaminergic and glutamatergic neurons due to their role in locomotion
and implications in Parkinson’s (Hughes et al., 2022) and Alzheimer’s
diseases (Griffin et al., 2019), respectively. For assessing neuro-
degeneration, we prioritize analysing morphology in transgenic strains,
as it offers greater reliability compared to fluorescence intensity mea-
surements (Smith et al., 2019). While methods for quantifying dopa-
minergic neurodegeneration (using BZ555 or BY200 strains) are
established in studies of airborne particulate matter toxicity, our quan-
tification of glutamatergic neurodegeneration (in the DA1240 strain) by
analysing posterior glutamatergic neurons introduces a novel approach
specifically for environmental pollutant toxicity studies.

3.6. Impact of DEP on neurodegeneration

3.6.1. Glutamatergic neurodegeneration

In the C. elegans DA1240 strains the fluorescent protein (GFP) is
expressed under the regulation of the, eat-4, promoter, specific of some
glutamatergic neurons. Effects of DEP on glutamatergic neuronal
integrity were examined through quantitative fluorescent imaging of
posterior glutamatergic neurons. In worms, the glutamatergic neurons
are comprised of 16 different anatomical types, a total of 34 cells (Mano
et al., 2007) while the five neurons in the posterior glutamatergic cir-
cuitry, being anatomically distinct, readily observable, and quantifiable,
provide a convenient output for scoring neurodegeneration, exhibiting
progressive degeneration early in life (Griffin et al., 2018). To the best of
our knowledge, this is the first report on morphological-based
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Fig. 3. Effects of diesel exhaust particles on C.elegans behaviour. A. Alterations in swimming behaviour. Exposures were performed from the bleached egg until Day 4
on solid NGM plates; after that, collected worms were dispensed in S-buffer and analysed in WMicrotracker system. Data presented as Box-and-Whisker Plot with
Tukey-Style Whiskers, ** p < 0.005; **** p < 0.0001. B. Locomotion, with the representative images of the crawling path from reach exposure conditions — a.
control, b. 0.0167 pg/cm?, c. 0.167 pg/cm?, d. 1.67 pg/cm? and e. average speed (mm/second). Exposures were performed from bleached egg until Day 4 on solid
NGM plates, and after that collected worms were added onto fresh NGM plates, followed by the acquisition is videos and analysis in Image J with "WormTacker’
plugin. Data presented as Box-and-Whisker Plot with Tukey-Style Whiskers, ** p < 0.005; **** p < 0.0001.

quantitative scoring for posterior glutamatergic neuronal status in C.
elegans in particles’ toxicology. Our findings revealed significant
degeneration in glutamatergic neurons due to DEP exposure. At a con-
centration of 0.167 pg/cm?, approximately 30 % exhibited moderate
degeneration, and 20 % showed advanced degeneration. At a concen-
tration of 1.67 pg/cm? approximately 28 % displayed moderate
degeneration, and 24 % showed advanced degeneration (p < 0.0001)
(Fig. 4A). However, the dose dependency, particularly between the
concentrations of 0.167 and 1.67 pg/cm? was not significantly
different. The representative images from each exposure condition were
presented as Fig. SSA. While our research did not specifically centre on
an Alzheimer’s disease model, our findings regarding glutamatergic
neuronal loss coincide with the outcomes seen in amyloid-pi.42 (Ap)
peptide-induced effects on glutamatergic neurodegeneration (Griffin
et al.,, 2019; Griffin et al., 2018). Notably, the presence of airborne
nanoparticles intensified the aggregation of Ap in the body wall muscle
cells of C. elegans (Garcia Manriquez et al., 2023; von Mikecz and
Schikowski, 2020).

3.6.2. Dopaminergic neurodegeneration

The changes in the morphological patterns of dopamine neurons
were discerned through the application of dat-1:GFP labelling in the
transgenic strain BZ555 nematodes. There are four bilaterally symmetric
pairs of dopamine neurons, comprising three pairs located within the
head—specifically, two pairs of cephalic sensillum (CEP) neurons and
one pair of anterior deirids (ADE) neurons. One pair of dopamine neu-
rons is also situated in the mid-body region, specifically as posterior
deirids (PDE) neurons. No significant degeneration was observed, such
as blebs or dendrites’ breakage, as evidenced in the positive control 25
mM 6-hydroxydopamine (6-OHDA). The structural deformities and
morphological deviation (p < 0.05) were observed in CEP neurons
which comprise up to ~16 to 17 % at the high exposure concentrations
(0.167 and 1.67 pg/cmz) (Fig. 4B). However, there are almost no dif-
ference in between the dose of 0.167 pg/cm? vs 1.67 pg/cm? The
representative images from each exposure dose were presented as
Fig. S5B. In particular, a previous study with DEP exposure documented
a reduction in dopamine transporter expression (dat-1) and loss of CEP
neurons in BZ555 strains (Yan et al., 2021). The results are partially in
line of agreement with our study that there is no alterations in ADE,
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positive control with blebbing and breaks (25 mM 60HDA), (d.) the graphical presentation of quantitative analysis of blebbing and deformation of CEP neurons.
Image scale bar 50 pm. Data are presented as Mean + SD with a stacked bar; * p < 0.05; ** p < 0.005; *** p < 0.001.

while significant changes were evident in CEP neuronal regions. The
main exception was the intensity of damages in CEP regions reported as
’neuronal loss,” while we found mainly the deviation of shape in den-
drites and soma, not particular "neuronal loss’. The differences may be
caused due to the exposure mode. This particular strain has been applied
to evaluate dopaminergic neuronal loss in various particles and

>

Glutamate (Control)
¢

-5
Naphthalene
é—MethyInaphthalene
-6 1-Mi:ylnaphthalene
AcEnapl iphenyl
‘?‘\litronaph(halene
1-Nitronaphthalene
71 Anthracene _fFluorene

Triphenylene
engpthrene

Benzo[ghilfluoranthene

ity Glutamate Transporter (eat4_Ce) (kcal/mol)

Qpeéy ﬂuor]phtehneannethrene
nzc;r?%oran ene

In deno[1 2,3-cd]pyrene

10 .tzo[ghl]perylene

[alpyrene

Benzo[b]fluoranthene

AG_ Affini

nanomaterials. For instance, dendritic beading was observed in single
PDE neurons due to tire component exposure (Limke et al., 2023).

Our findings illustrate that exposure to DEP induces neurotoxicity in
both dopaminergic and glutamatergic neurons, potentially influencing
alterations in locomotion.. Previous research on the functional mapping
of neuronal circuits in worms has revealed a dual mode of motor

Binding affinity intensity
Max

Fluoranthene
Phenanthrene

1-Nitropyrene
o
©]

20 40 60

80 100 120 140

Micromoles (pmol)

Indeno[1,2,3-cd]pyrene
oronene
@®Perylene
B-Nitrobenzo[a]pyrene
[ ]

Benzo[blfiuoranthene
Chrysene & S otelorar

) 1,6-Dinitropyrene
Benz[ajanthracene
Jr\\hracene 1 8-Dinitropyrene
Benzoffuoranthene
@c®;0[alfluoranthene
3 2, 7-Dimethylphenanthrene
8-Nitrofluoranthene

Bynzofajpyrene
3enzo(ghijperylene
o Dimstyphanantirene
ne

nzo[e]pyrene

ity Dopamine Receptor (dop-1_Ce) (kcal/mol)

Binding affinity intensity

Max

Min

-4 nethylphenanthrene
[ nanthrene
-5
3 ghilfluoranthene .
o 1-Nitropyrene
Phenanthrene
£ 5
£ Flyoranthene
< : i o
| N Yhlioranthene
) LN
27 @3-Nitrophenanthrene
0 20 40 60 80 100 120 140

Micromoles (umol)

Fig. 5. The 2D-scatter plots illustrating in silico results from structure-based docking virtual screening for all compounds within the DEP complex mixture interacting
with the binding sites of C. elegans glutamatergic transporter (eat-4_Ce) and dopaminergic receptor (dop-1_Ce). The x-axis represents concentrations (umol) of each
DEP component, while the y-axis represents interaction binding affinity (AG in kcal/mol). Clusters of structurally similar DEP chemical components with comparable
interaction affinity values are color-coded, allowing for easy comparison. The colour intensity bar on the right side ranges from minimum to maximum (red), aiding
affinity comparisons. A. The 2D scatter plot of C. elegans glutamatergic transporter (eat-4_Ce) and the plot include the binding affinity of the glutamate neuro-
transmitter as a reference control of simulation for comparison purposes. B. The 2D-scatter plot of C. elegans for the dopaminergic receptor (dop-1_Ce) and the plot
includes the binding affinity of the dopamine neurotransmitter as a reference control of simulation for comparison purposes.
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initiation control, where disinhibitory and stimulatory circuits work
together to promote the initiation of backward movement. This process
relies on glutamatergic transmission but involves distinct glutamate
target structures (Piggott et al., 2011). Consequently, the observed se-
vere DEP-induced glutamatergic neuronal loss may be linked to
abnormal locomotion behaviour, particularly in crawling on NGM
plates, associated with the functional motor circuit.

Similar to mammals, in C. elegans, glutamatergic neurotransmission
plays a crucial role in ensuring critical biochemical functions such as
memory, cognition, and learning processes, and the involvement of
glutamate transporters, exemplified by eat-4_Ce, is particularly signifi-
cant (Mano et al., 2007). On the other hand, dopaminergic neuro-
transmission encompasses both dopaminergic D1-like (dop-1_Ce) and D-
2-like receptors (dop-2_Ce and dop-3_Ce) (Felton and Johnson, 2014). In
parallel with our experimental studies utilizing transgenic strains to
visualize glutamatergic and dopaminergic neurons, we employed an in
silico molecular docking simulation method to examine the DEP binding
interactions in both the glutamatergic transporter (eat-4_Ce) and dopa-
minergic receptor (dop-1_Ce).

3.7. In silico molecular docking analysis of neuro-receptor with DEP
mixture compounds

In our in silico molecular docking simulation, we observed that all
compounds within the DEP mixture exhibit a higher affinity (AG values
ranging from —5.8 kcal/mol to —10.1 kcal/mol) for the glutamatergic
transporter (eat-4_Ce transporter) compared to glutamate (AG = -4.3
kcal/mol) itself (Fig. 5A). Conversely, their affinity for the dopaminergic
receptor (dop-1_Ce receptor) generally falls below that of dopamine
(AG = -5.4 kcal/mol) (Fig. 5B). Structurally, both PAHs-DEP and Nitro-
PAHs-DEP, the evaluated DEP, display high lipophilic-based aromaticity
properties, indicating their potential to traverse biological barriers and
impact both glutamatergic and dopaminergic neuro-targets in C. elegans.
Our results strongly suggest that the compounds in the DEP mixture can
spontaneously interact with eat-4_Ce and dop-1_Ce targets in a ther-
modynamically stable manner. Specifically, the docking complexes
formed between DEP and eat-4_Ce transporter exhibit stronger in-
teractions than the reference control (glutamate with a AG = —4.3 kcal/
mol), suggesting a potential inhibitory effect on the physiological
binding of the glutamate neurotransmitter. The theoretical results also
suggest that the whole complex mixture of DEP could occupy the same
biophysical environment as the glutamate neurotransmitter in the
native eat-4_Ce binding site (Guseynov et al., 2019) (Fig. S6A). On the
other hand, our findings indicate that certain compounds in the DEP
mixture could strongly interact with the dop-1_Ce receptor, potentially
blocking the excitatory action of dopamine, while the majority of
compounds exhibit a lower affinity for the dop-1_Ce receptor than
reference control (dopamine with a AG = —5.4 kcal/mol). Moreover, the
theoretical results suggest that most compounds in the DEP complex
mixture, particularly those with higher AG than dopamine (AG = —5.4
cal/mol), may not occupy the same biophysical environment as the
dopamine neurotransmitter in the native dop-1_Ce binding site
(Fig. S6B). However, it is important to note that all these compounds
exhibit negative AG (kcal/mol) < 0 values and consequently present an
overall spontaneous binding process in the dop-1_Ce receptor. While all
DEP components are lipophilic, their complex interactions associated
with lipophilic properties pose challenges for understanding their tox-
icokinetics (TK) and toxicodynamics (TD). In this context, we have
modelled the relationship between the DEP component’s lipophilicity
and their corresponding binding affinity (AG) values in both C. elegans
neuro-targets (eat-4_Ce and dop-1_Ce). Then, with the aim of going
deeper into this aspect, a complex network analysis was performed.
Please, find the details as part of the supplementary materials (Fig. S7A
and B).

The findings from our in silico molecular docking simulations align
seamlessly with our experimental neurodegenerative data, revealing a
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heightened vulnerability of glutamatergic neurons compared to dopa-
minergic neurons. This heightened sensitivity may stem from the
competitive inhibition mechanism disrupting the excitatory response in
C. elegans glutamatergic synapses. As suggested by the in silico results,
the potential dysfunction of glutamate transporters could further
contribute to the observed impact on neuronal viability (Armada-Mor-
eira et al., 2020).

3.8. Induction of antioxidant enzyme expression by DEP exposure

In order to assess the induction of antioxidant and detoxification
responses, we examined the expressions of two prominent antioxidant
enzymes, superoxide dismutase (SOD-3) and glutathione S-transferase
(GST-4), using transgenic reporter strains (CF1553 and CL2166,
respectively). In the CF1553 strains, GFP is expressed under the sod-3
promoter, while in the CL2166 strains, GFP is expressed under the gst-4
promoter. The chronic developmental exposure to DEP resulted in a 1.2
to 1.4-fold increase in sod-3 expressions, displaying a distinct lack of
clear dose dependency (Fig. 6A). The most notable (p < 0.05) upregu-
lation of sod-3 was observed at the mid-dose of 0.167 ug/cm?. Inter-
estingly, gst-4 expressions exhibited a unique pattern, with the lowest
DEP dose (0.0167 pg/cm?) showing a more than 2-fold increase (p <
0.0001). In comparison, the highest dose (1.67 pg/cm?) caused an
approximately 1.6-fold decrease (p < 0.003) in gst-4 expressions
compared to control (Fig. 6B). A clear and consistent dose-dependent
reduction among the exposed conditions was evident in the case of gst-
4 expression.

The strong association between air pollution and oxidative stress is
well-established. Our recent review provides a comprehensive analysis
of how oxidative stress plays a central role in regulating physiological to
toxicological responses induced by exposure to particulate matter (Vilas-
Boas et al., 2024). A 24-hour exposure at the L4 stage revealed a sig-
nificant elevation in both gst-4 and sod-3 expressions with increasing
concentrations of PMy 5 (Zhao et al., 2019). Reactive oxygen species
(ROS), particularly singlet oxygen (102), which is a potential trans-
formation product of superoxide (-O3), significantly increased in
C. elegans upon exposure to DEP (Guo et al., 2014). This observation
aligns with our findings of increased sod-3 expressions, as sod-3 is the
enzyme responsible for scavenging superoxide but contradicts the
findings of others, as no significant alterations in sod-3 expression were
found in the DEP-exposed transgenic strain CF1553 (Yan et al., 2021).
This disparity may stem from the differences in exposure modes and
worm life stages.

Furthermore, airborne nano-sized PM originating from traffic emis-
sions exhibited dose-dependent increases in gst-4 expression at both L1
and L4 stages (Haghani et al., 2019). Intriguingly, a similar pattern to
our study of gst-4 expressions, characterized by induction in lower
concentrations but reduction in higher concentrations, was observed in
bisphenol A-exposed worms (Wang et al., 2023). We hypothesize that
DEP induces an increase in antioxidant enzyme expressions as a defence
mechanism at lower doses; however, expressions decrease at higher
concentrations, potentially due to the depleted antioxidant defence ca-
pacity, particularly within the glutathione pool.

The observed toxic effects on development, behaviour, and neuro-
degeneration are likely associated with the PAHs mixture in DEP, as
indicated by prior studies (Olasehinde and Olaniran, 2022; Soares et al.,
2020; Yang et al., 2023), rather than trace metals, which were below the
threshold level in the DEP mixture (Table S1). Although DEP trans-
location was absent in neurons and other organs, except the intestine
(Fig. 1B), the presence of PAHs suggests potential harm to the neuronal
system through diffusion, as seen with other volatile odorants (Barg-
mann et al., 1993). A recurrent question related to this type of studies is
whether the range of analysed doses/concentrations, are relevant to real
life human exposure. In the case of this study, the question is even
harder to address, considering that C. elegans does not have lungs, and
therefore the exposure is by contact and ingestion. However, we could



N. Chatterjee et al.

Control

0.167 pg/cm?

Control

0.167 yg/cm?

0.0167 yg/cm?

1.67 ug/cm?

Environment International 186 (2024) 108597

Intensity of fluroscence
(fold change in respect of control)
(Control =1)

Exposure DEP (ug/cm?)

(Control = 1)

Intensity of fluroscence
(fold change in respect of control)

A A
Q3 &
N >

o N

A
L
N

Exposure DEP (ug/cm?)

1.67 pyg/cm?
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0.0167 pg/cm?, c. 0.167 pg/cm?, d. 1.67 pg/cm?, e. the graphical presentation of quantitative analysis fluorescence intensity in respect of control. Image scale bar

200 pm. Data are presented as Mean + SD; * p < 0.05; ** p < 0.005; *** p < 0.001, *

make the following considerations: most studies of toxicological char-
acterization of particulate matter, including PM;o, PMy 5, diesel, and
nanomaterials, generally use concentrations in the range of 1-100 pg/
mL and between 0.1 and 10 pg/cm2 (Vilas-Boas et al., 2024). Theoretical
models estimate that in bifurcations of the lower airways, where the
highest doses of particles could be found, may be in the scope of the
concentrations used in the present and other studies (Alfaro-Moreno
et al., 2010), and the potential translocation from lungs into systemic
targets are also within the studied range of concentrations (Quintana-
Belmares et al., 2018a).

It is important to note a limitation in this study regarding estab-
lishing a direct connection between the analysed endpoints. However,
we speculate on a clear link between antioxidant enzyme gene expres-
sion, neurodegeneration, and locomotion behaviour. The well-
established association between oxidative stress and neuro-
degenerations is highlighted, with documented evidence of GST-4’s
protective role in C. elegans against neurodegenerative diseases such as
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*p < 0.0001.

Parkinson’s and Machado-Joseph disease (Pohl et al., 2019). Addition-
ally, the RNAi knockdown of antioxidant enzyme genes (sod-3, sod-4, ctl-
3) resulted in increased induction of intestinal ROS production and
decreased locomotion in comparison to wild-type animals when exposed
to fine PMj 5 from coal combustion (Wu et al., 2017). In summary, the
neuro-behavioural and developmental toxicity of DEP may stem from
neuronal loss, neurotransmission abnormalities, and oxidative damage
(Wang et al., 2023).

4. Conclusions

In summary, our findings support the detrimental impact of early-life
and prolonged exposure to DEP, revealing a spectrum of adverse effects
encompassing developmental delays, retarded growth, oxidative stress,
and behavioural changes. Notably, we observed significant alterations in
locomotion behaviour and crucial glutamatergic neurodegenerations,
while DEP did not critically impact survival. The results of molecular
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docking simulations suggested a higher affinity of the DEP compounds
for the glutamatergic target than the dopaminergic one. Among the
observed effects, oxidative stress and glutamatergic neurodegenerations
are pivotal contributors to DEP-induced adverse outcomes, particularly
influencing abnormal locomotion behaviour. These findings signifi-
cantly contribute to our understanding of the potential association be-
tween DEP exposure and neurodegenerative diseases, shedding light on
intricate mechanisms. The insights gained pave the way for future in-
vestigations into the specific neurodegenerative pathways induced by
DEP.
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