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Exposure to particulate matter (PM) air pollution increases risk of adverse human health effects. As more
attention is brought to bear on the problem of PM, traditional mammalian in vivo models struggle to keep up with
the risk assessment challenges posed by the countless number of unique PM samples across air sheds with limited

;:;;;Zh or no toxicity information. This review examines the utility of three higher throughput, alternative, in vivo animal
Drosophila melanogaster models in PM toxicity research: Danio rerio (zebrafish), Caenorhabditis elegans (nematode), and Drosophila mel-
C. elegans anogaster (fruit fly). These model organisms vary in basic biology, ease of handling, methods of exposure to PM,
D. rerio number and types of available assays, and the degree to which they mirror human biology and responsiveness,

among other differences. The use of these models in PM research dates back over a decade, with assessments of
the toxicity of various PM sources including traffic-related combustion emissions, wildland fire smoke, and coal
fly ash. This article reviews the use of these alternative model organisms in PM toxicity studies, their biology, the
various assays developed, endpoints measured, their strengths and limitations, as well as their potential role in
PM toxicity assessment and mechanistic research going forward.

1. Introduction

Particulate matter (PM) air pollution is ubiquitous and continues to
exact a substantial burden on public health. More deaths in the U.S.A
were attributable to elevated fine PM in 2005 than deaths due to acci-
dents or influenza (Fann et al., 2012). These effects are characterized
largely by the worsening of respiratory and cardiovascular disease (Pope
et al., 2004) and are influenced by both the size and composition of PM.
Coarse PM (PM;g, aerodynamic diameter < 10 pum) often originating
from natural sources (e.g., pollens, crustal material,), as well as brake
and tire wear, deposits mainly in the upper airways (Cen et al., 2020).
Fine (PMy 5, diameter < 2.5 pm) and ultrafine PM (PM ;, diameter <
0.1 pm,) mainly originating from the combustion of fossil fuel and high
temperature industrial processes, penetrate deep into the alveolar re-
gion, increasing the likelihood for lower lung and extra-pulmonary ef-
fects. PM air pollution of all size ranges is a complex mixture, consisting
of elemental carbon, ionic species, metals and organic compounds, the
composition of which varies according to local sources, long-range
transport, photochemistry, and wind conditions (Brook et al., 2010).
The spatiotemporal heterogeneity of PM across air sheds results in
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countless unique PM samples with only sparse information on toxicity
and mode of action, which impedes risk assessment.

For decades, toxicological studies have bolstered epidemiological
findings of PM health effects by demonstrating biological plausibility.
Mammalian in vivo approaches, most often rodent models, usually
involve in-life inhalation or intra-airway exposure, and while closely
modeling human whole organism physiology and route of exposure, are
relatively expensive and have low throughput. As such, traditional
testing in intact rodent models is not ideal for screening the relative
toxicity of large numbers of PM samples or quickly assessing the impacts
of compositional differences on mode(s) of action. Higher throughput in
vitro methods that culture human respiratory epithelial cells fail to
recapitulate the complexities of metabolism and the interplay between
cells and tissues in intact organisms. Over the last decade, alternative
model organisms such as the zebrafish, nematode, and fruit fly have
been adopted in routine toxicity studies in large part because they are
fully intact in vivo models and offer the logistical ease and throughput of
in vitro assays (Gross et al., 2017; Rudich et al., 2020; Song et al., 2020).
The specific applicability of such models in air pollution-derived par-
ticulate matter research has not been systematically examined.
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Table 1

Characteristics of alternative in vivo models and PM study attributes.
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Danio rerio

Caenorhabditis elegans

Drosophila melanogaster

Lifespan
Age range studied
Exposure Type

Fertilization to 7 dpf
Immersion, Injection

2-3 years, reproductive maturity in 3 months

18-20 days
1-2 days, transgenerational exposure
Immersion, feeding

90 days
Lifespan
Aerosol, injection, feeding

Common Embryotoxicity, mechanistic pathways, Toxicity, mechanistic pathways, transgenerational Lifespan assays, genotoxicity, mechanistic
Endpoints developmental effects pathways
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Fig. 1. Total number of publications per year involving use of alternative in vivo models (i.e., D. rerio, C. elegans, and D. melanogaster) in particulate matter research.

The studies referenced are limited to anthropogenic sources of particulate matter.

Table 2
Inclusion & Exclusion criteria for studies cited in Fig. 1.

Inclusion Criteria Exclusion Criteria

e The search terms included “D. rerio +
Particulate Matter”, “zebrafish + nanomaterial and microplastics
Particulate Matter”; “C. elegans + were excluded

Particulate Matter”, “nematode + o This review only cited peer-
Particulate Matter”; “D. melanogaster + reviewed studies that were pub-
Particulate Matter” lished in English

Literature review was restricted to peer- e Systemic reviews and editorials
reviewed studies on anthropogenic air excluded from the literature review
pollution-derived particulate matter

e Conducted on 08/25/2021

e Studies focused on engineered

Alternative in vivo models are lower order models and are compliant
with the guidance laid out by the 3 R’s principle and various regulatory
bodies informing the use of animals in scientific research (Freires et al.,
2017). In fact, the National Research Council (NRC) recommends
toxicity testing reduce the number of animals tested, use non-
mammalian species to reduce cost and time of testing, and use high
and medium throughput assays that measure simple processes that can
be measured rapidly (NRC, 2007). PM research, however, poses unique
challenges that complicate adoption of alternative models, namely the
complex composition of PM, the mimicking of the route of exposure, and
cross-species translatability. The goal of this review is to describe the
more popular alternative in vivo models, including zebrafish, C. elegans,
and Drosophila, examine their current use in PM air pollution studies,
and provide a path forward regarding their use in new studies. While the
in vivo models described vary considerably in their biology, they have
been used to study a variety of endpoints after various routes of exposure
in PM toxicity research. (Table 1). Although larval zebrafish are not
considered genuine in vivo models in the European Union (Bertelli et al.,

2017), they are regulated as such in the United States (Cassar et al.,
2020). For this reason, zebrafish across all stages of life will be described
as in vivo models in this review. The use of these models in PM toxicity
research has steadily increased over the years (Fig. 1). Table 2 lists in-
clusion and exclusion criteria for the PM studies cited in this review.

2. Danio rerio
2.1. Characteristics

The zebrafish (Danio rerio), a small freshwater fish native to South-
east Asia, is a widely used animal model growing in popularity as an
alternative to in vivo mammalian models. Zebrafish can grow up to 4 cm
long and are named for the blue stripes that run along the length of their
body (Stednitz and Washbourne, 2020). Zebrafish are sexually dimor-
phic - males are narrower, torpedo shaped, and yellow-tinged (Nasiadka
and Clark, 2012). Females of the species tend to be plumper due to the
eggs they carry (Nasiadka and Clark, 2012). The sex differentiation of
zebrafish is determined not by XY chromosomes, but by genetic factors
on a polygenic basis (Santos et al., 2017). The zebrafish has a typical
lifespan of around 3 years and can live up to 5 years (Ogura et al., 2021).
When zebrafish are bred in the laboratory, a mating pair is typically
picked by a researcher the afternoon before and placed into a mating
tank, consisting of a tank with a second inset layer with a perforated
bottom and a divider separating the fish until the morning (Nasiadka
and Clark, 2012). When morning arrives, the divider is removed, and
zebrafish will begin to spawn. At this point the fish can be returned to
their original tank in the laboratory fish facility. Zebrafish produce
hundreds of offspring per week, develop rapidly (5-6 days, depending
on rearing temperature), and are ready to produce a new generation of
offspring in 3 months (Singleman and Holtzman, 2014). Zebrafish are
typically reared at 25-28 °C (Kimmel et al., 1995). Zebrafish embryos



J. Smoot et al.

are translucent and encased in an optically clear chorion, enabling
convenient imaging and morphological assessment. Zebrafish can
absorb chemicals from their environment through their epidermis
(Morikane et al., 2020). Simple morphological measurements such as
visualizing the heart using light microscopy are also possible at this
stage (Martin et al., 2019).

There is a high degree of conservation between humans and zebra-
fish in terms of biological complexity. As for genetics, the total length of
the zebrafish genome is 1,412,646,843 base pairs, within which are
26,206 protein-coding genes (Howe et al., 2013). Seventy percent of
human genes have at least one zebrafish counterpart and have many
homologues with disease causing genes in humans (Howe et al., 2013).
As a matter of fact, 84% of genes known to cause disease in humans have
a homologue in zebrafish (Howe et al., 2013). Well-characterized
mutant strains of zebrafish are available for use in research regarding
the mechanisms of disease and genetic function. Many of the zebrafish
organs develop and function similarly to humans, such as a liver, which
can activate and detoxify chemicals (Goessling and Sadler, 2015), thy-
roid tissue that controls development (Porazzi et al., 2009), and a well-
studied neuronal network which can perform complex sensory, motor,
and cognitive functions during larval stages (Ma et al., 2019). Zebrafish
possess all the classic sensory systems: taste, tactile, smell, balance,
vision, and hearing (Moorman, 2001). Their small size allows embryos
to develop in traditional 96 well plates up to about 7 days of age, and the
quick generation time facilitates experiments on a larger and faster scale
than traditional mammalian in vivo models. Zebrafish have well-
understood and observable developmental behaviors (Stednitz and
Washbourne, 2020) and a diurnal sleep cycle like mammals (Leung
et al., 2019). The characteristics of the zebrafish make them well suited
for studies in immunology, regeneration, developmental biology, and
the genetic pathways of disease (Poss, 2002; Song et al., 2020; Trede
et al., 2004). Moreover, the easy handling, chemical permeability, and
optical transparency of the zebrafish larva facilitate their use in routine
toxicity screening.

Zebrafish larval skin epithelial responses have been previously sug-
gested to be predictive of mammalian lung epithelial responses (McLeish
etal., 2010). In addition, zebrafish gills, which have structural similarity
and serve similar gas exchange roles as mammalian alveolar epithelium,
mimic the inflammatory responses to air pollutants exhibited in human
respiratory tissue (Progatzky et al., 2016). Embryonic and larval
zebrafish differ in their mode of respiration from adult zebrafish, relying
on passive diffusion of O through the epidermis. They can do so because
their large surface to volume area allows passive diffusion alone to
supply Oy to the mitochondria (Hughes et al., 2019). In addition,
zebrafish skin and mammalian lung epithelium are sensitive to many of
the same irritants including the aldehyde acrolein (Stevens et al., 2018).
Zebrafish skin expresses the highly conserved transient receptor poten-
tial cation channel TRPA1, which mediates chemo-sensation to exoge-
nous and endogenous agents (Stevens et al., 2018) including chemicals
implicated in causing oxidative stress such as acrolein (Takahashi and
Mori, 2011). We have previously demonstrated that TRPA1 mediates
diesel exhaust particulate (DEP)-induced acute locomotor responses in
zebrafish (Stevens et al., 2018).

2.2. PM research

The sources of PM used in zebrafish studies are diverse — they range
from ambient PM in urban/rural areas and samples of wildfire smoke, to
pollutants like coal and diesel exhaust (Duan et al., 2017; Caballero-
Gallardo et al., 2018; Zhang et al., 2018; Martin et al., 2019; Cen
et al., 2020). These studies provide examples of the variety of PMs re-
searchers have used in toxicity assessments using the zebrafish model
and include total particulate matter (TPM), extractable organic material
(EOM), and fractionated PM (Stevens et al., 2018). The PM samples used
in these studies were collected using glass-fiber filters or quartz films,
which allowed for PM to be extracted into solvent through standard
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extraction methods such as sonication (Zhang et al., 2016). PM used in
zebrafish studies is often extracted using water or organic solvents such
as dichloromethane, methanol, or dimethyl sulfoxide (DMSO). Typical
concentrations of PM in zebrafish studies ranged from 0.001 pg/ml to
2.5 mg/ml (Barnhill et al., 2020; Caballero-Gallardo et al., 2018; Stevens
et al., 2018). In most studies the extracted material has been applied to
larval zebrafish through immersion or microinjection into embryos (Kim
et al., 2015). Immersion dosing of zebrafish raises the question of
whether the results are due to the interaction of PM components with
the skin or are due to internalization of PM chemical constituents.
Because of the potential for chemical uptake, the relative contribution of
chemical internalization in the elicitation of responses is unclear.
Importantly, many organic components of PM, particularly hydrophobic
chemicals such as polycyclic aromatic hydrocarbons (PAH) shown to
trigger inflammatory responses when internalized (Bai and van Eeden,
2013), are absorbed by zebrafish (Kuhnert et al., 2013).

Zebrafish studies have been useful in identifying the relative toxicity
of various PM sources. For example, we previously reported (Martin
et al., 2021) that pine biomass induced a stronger irritant response in a
locomotor assay at a given concentration than other wildlandfire-related
PMs, including eucalyptus, pine needles, red oak, and peat samples.
Also, we found that irritant responses significantly correlated with PAH
content, but not with organic carbon or methoxyphenols (Martin et al.,
2021). Roper and coworkers (2019) compared the impacts of different
extraction methods on chemical composition of PM extracts and
developmental toxicity in zebrafish. They found that extraction method
affected elemental composition and PAH content in the extracts and
influenced various endpoints including mortality (Roper et al., 2019).
Zebrafish studies have also been used to identify chemical constituents
that cause toxicity. For example, we previously demonstrated that polar
and moderately polar PAHs (i.e., nitro and oxy-PAH constituents) drove
toxicity of an organic extract of compressor-generated DEP at concen-
tration ranges from 0.125 to 40 pg EOM/ml (Stevens et al., 2018). This is
consistent with findings indicating that nitro-PAHs may be important
causative agents of toxicity of traffic-derived PMy 5 in human lung
bronchial epithelial cell lines (Oh et al., 2011). Exposure to extracted
organic matter from DEP at concentrations of 10-25 pg/ml has also been
found to disrupt autophagy in zebrafish, resulting in behavioral deficits
and a significant decrease in neuron number (Barnhill et al., 2020).
Similarly, human bronchial epithelial and umbilical vein endothelial
cells exposed to DEP had significantly reduced cell viability through
induction of the autophagic pathway (Colasanti et al., 2018; Wang et al.,
2017a). Moreover, exposure of zebrafish to urban-derived PM;( caused
developmental neurotoxicity and dysfunction of dopaminergic neurons
in zebrafish embryos (Zhang et al., 2021). DEP exposure induces neu-
roinflammation, oxidative stress, and neurodegenerative-related tau
overexpression and regulation by autophagy in human neuroblastoma
cells (Bai et al., 2018).

Investigators have also examined PMjs5’s potential for develop-
mental toxicity (Manjunatha et al., 2021). Acute and developmental
toxicity assays of zebrafish exposed to PM can be run in a variety of
vessels, including glass petri dishes, and welled plates of various sizes
(24 to 96-well). To test developmental impacts, Cen et al. (2020)
exposed 4-hour post fertilization zebrafish embryos to varying concen-
trations of PM and studied at 24, 48, 72, 96, and 120 h after PM
administration. They found that PM;( induced an increase in levels of
ROS present and significant increases in the expression levels of endo-
plasmic reticulum stress (ERS) signaling pathway factors and Nrf2
signaling pathway factors (Cen et al., 2020). In another study, the EOM
of PM, 5 from urban areas impaired development and/or function of the
heart, liver, and neurons of zebrafish. PM5 5 at concentrations of 25-400
ug/mL was also found to cause pericardial edema, decreases in axonal
integrity, and morphological defects associated with hepatocyte injury
in zebrafish in a dose and time-dependent manner (Duan et al., 2017).
These findings are consistent with the growing body of evidence linking
gestational exposure to PM to adverse outcomes in newborns and organ
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Table 3
PM Studies in D. rerio.
Study/ PM type Exposure method Concentrations Major findings
Reference
Duan et al., 2017 Urban PM, 5 Immersion of embryos in solution 25, 50, 100, 200, 400 Cardiovascular toxicity, hepatotoxicity and neurotoxicity

Caballero-
Gallardo et al.,
2018

Zhang et al.,
2018

Zhang et al.,
2021

Martin et al.,
2021

Cen et al., 2020

Zhang et al.,
2016

Barnhill et al.,
2020
Stevens et al.,

2018

Kim et al., 2015

Roper et al.,
2019

Manjunatha
et al., 2021

Massarsky et al.,
2016
Ren et al., 2020

Jiangetal., 2019

Dai et al., 2021

Mesquita et al.,
2016

Mesquita et al.,
2017

Babic et al.,
2021

Coal dust particulate

Urban PM, 5

Urban PM;

Biomass smoke condensates, i.e.
extractable organic material
(EOM)

Urban PM;q

Urban PM, 5

Diesel exhaust particulate (DEP)
extract

Extractable organic matter of a
compressor-generated diesel
exhaust PM (C-DEP)

Urban PM, 5

Urban PM, 5

Diesel exhaust particulate (DEP)
extract

Cigarette-derived Total
Particulate Matter (TPM)
EOM extracted from urban PM 5

EOM extracted from urban PM, 5
Urban PM, 5 collected from
Beijing, China

Environmental samples of
atmospheric TPM from the

Mediterranean and Black Seas

Urban PM, 5

Biomass combustion byproducts
from Amazon wildfires,
specifically methoxyphenols

containing PM; 5
Immersion of embryos in solution
containing extract

Immersion of embryos in solution
containing PM; 5 extract

Immersion of embryos/larvae in
PM; solution

Immersion of embryos/larvae in
solution containing EOM

Immersion of embryos in solution
containing PM; o
Immersion of embryos in solution
containing EOM

Immersion of embryos in solution
containing DEP

Embryos plated into sigle wells of a
96 well plate; larvae immersed in
solution containing C-DEP
Microinjection of embryos &
immersion of embryos in water
containing PM; 5

Immersion of embryos in solution
containing PMy 5

Immersion of embryos/larvae in
solution containing DEP

Immersion of embryos in solution
containing TPM

Immersion of embryos in solution
containing extracts

Immersion of embryos in solution
containing extracts

Immersion of embryos/larvae in
solution containing extracts

Immersion of embryos in solution
containing extracts

Immersion of embryos in solution
containing extracts

Immersion of embryos in solution
containing methoxyphenol and
byproduct extracts

pg/mL
0.1, 1, 10, 100, or
1000 pg/mL

200, 300, 400, 500,
600 and 800 pg/mL

25, 50, 100, 200, and
400 pg/mL

0.3, 0.96, 3.0, 9.6 or
30 pg EOM/ml

25, 50, 100, 200, and
400 pg/mL

0.2, 1, 5 mg/L

10-25 pg/ml
0.125-40 pg/ml
Microinjection: 30
ppm

Immersion: 0.0003 to

300 ppm
200 pg/mL

0,5, 10, 15, 20, 25, 50,
75 and 100 pg/mL

1.43,7.1, and 14.3 pug
TPM/mL
5 mg/L

5 mg/L

10 pg/mL

N/A

N/A

1.17 up to 300.00 mg/
L

in zebrafish
Gene ontology analysis identified alterations to multiple
signalling pathways

Reduced locomotion, developmental toxicity induced by
inflammation and autophagy pathways

Reduced locomotion, evidence of neurodevelopmental
toxicity through disruption in the development of
dopaminergic neurons

Fuel type impacted irritant response in a locomotion
assay; irritant responses correlated with (PAH) content

Cardiovascular developmental toxicity in zebrafish
embryos and larvae via the ERS, Nrf2 and Wnt pathways
Crosstalk from AhR activation by EOM exposure may
repress wnt/p-catenin signaling, leading to cardiac
developmental toxicity

Behavioral deficits and a decrease in neuron number,
partly attributed to autophagic flux
Concentration-dependent locomotor responses; TRPA1
antagonist blocked locomotor responses to extract

Embryonic toxicity via aggregation and proteolytic
degradation of serum lipoproteins; injection induced
mortality/imparied skeletal development

Different methods of extracting PM, s from filters changed
the concentrations of elements and PAHs, leading to
difference in mortality in zebrafish

Exposed embryos exhibited mortality, hatching delays,
pericadial edema, disruption of the vascular system/ liver,
and inhibition of motor neuron growth

The AHR pathway was induced in response to TPM
exposure

Embryos dosed with resveratrol were protected against
PM2.5 induced heart deformities through oxidative stress
inhibition

Embryos dosed with folic acid were protected against
PM,; 5 induced heart deformities by attenuating DNA
methylation and gene expression changes

Treatment with various concentrations of fucoxanthin
reduced expression levels of factors involved in
inflammatory responses in PM, 5 exposed ZF embryos
No increases in mortality observed, up-regulation of
mRNA expression of cypla, fos and development-related
genes correlating to PAH content and dioxin-like activity
of extracts

No increases in mortality observed, toxic potential of PM1
strongly depends on the emission sources and on the
process of ageing from primary to secondary organic
aerosols

Methoxyphenols inhibit tyrosinase, lipoxygenase, and
carbonic anhydrase, consequently altering ZF embryonic
development

Studies listed in order in which they appear in manuscript.

system-wide effects in children (Johnson et al., 2021).

Beyond characterizing toxicity, studies have also focused on the
mechanisms of PM’s effects including use of interventional approaches
to mitigate the effects of PM. For example, the oxidative stress and the
aryl hydrocarbon receptor (AHR) pathways have been found to sepa-
rately play a role in the induction of congenital heart defects in zebrafish
development from cigarette smoke (Massarsky et al., 2016) and
extractable organic matter from urban PMys (Zhang et al., 2016),
respectively. Other studies have focused on the protective effects of
treatments in minimizing PM-induced toxicity in zebrafish. For example,
Ren et al. (2020) studied the mechanism by which resveratrol protects
against PMj s-induced AHR mediated reactive oxygen species (ROS)
generation and subsequent heart defects. Yet more studies have focused

on the protective effects of folic acid and fucoxanthin, a carotenoid in
PM-induced inflammation, oxidative stress, and cell death in zebrafish
(Jiang et al., 2019; Dai et al., 2021). Table 3 is a summary of previous
PM studies involving zebrafish.

2.3. Limitations

PM immersion studies in zebrafish mimic the natural route of
exposure to PM in aquatic organisms that may result from watershed
runoff, ash deposits, or other forms of contamination (Mesquita et al.,
2016; Mesquita et al., 2017; Babic et al., 2021) making it a useful model
for screening the ecotoxicological effects of PM and other chemicals.
However, PM exposure via immersion and injection contrasts with the
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Table 4
PM Studies in C. elegans.
Study/ PM type Exposure method Concentrations Major findings
Reference
Sun et al., Coal combustion PM, s solutions were prepared with K-medium 0.01, 0.1, 1, 10, and Oxidative stress and abnormal defecation behavior
2015 related PM2.5 100 mg/L
Wu et al., Coal combustion PM,, 5 solutions were prepared with K-medium 1 mg/L of PM2.5 miRNA dysregulation
2017 related PM2.5
Wang et al., Diesel exhaust PM PM, 5 solutions were prepared with K-medium 0.01, 0.1, 1 pg/mL Reproduction deficits; decreased brood size and germ
2019 cell apoptosis
Volta et al., Brake system — PM2.5 solutions were prepared with K-medium and 1, 10, 100, 500, No toxic effects observed
2020 derived PM exposed for 24 h 1000 mg/L

Zhao et al., Ambient rural PM, 5 solutions were prepared with K-medium 0.1, 1, 10, and 100 Unfolded protein response and shortened lifespan
2019 PM2.5 mg/L through induction of oxidative stress
Yang et al., Ambient urban PM, 5 solutions were prepared with K-medium; acute 0.1-10 mg Decreased locomotion behavior, induction of intestinal
2016 PM2.5 exposures dosed for 24 hrs while prolonged exposure was ROS production, and induced expression of gene (mtl-1
performed from L1-larvae to young adults (4 days) and mtl-2) encoded metallothioneins
Chung et al.,  Traffic-related-air- ~ PMjy 5 solutions were prepared with K-medium 1.61, 16.1, 161, Shorter lifespan and brood size in a dose-dependent
2020 pollutant PM2.5 1610 g/L fashion
0.743, 7.43, 74.3,
743 g/L
1.29, 12.9, 129,
1290 g/L
Yan et al., Diesel exhaust PM  PM solutions were prepared with K-medium 0,0.01,0.1,1, 10 Impeded locomotion, dopaminergic function disorders,
2021 pg/mL and upregulation of hsp-16.2

Studies listed in order in which they appear in manuscript.

primary route of exposure to PM in humans, i.e., inhalation. This is a
clear limitation of the zebrafish model compared to studies in rodents,
which are routinely exposed to inhaled PM aerosols and have a respi-
ratory system analogous to humans (Lee et al., 2021). Although the
differences in route of exposure — i.e. inhalation in humans vs. immer-
sion dosing in zebrafish - are a challenge to reconcile, the zebrafish
model may be used to screen for the potential to elicit mammalian
toxicity. Importantly, potency determinations derived from irritant lo-
comotor responses to wildland fire-related PM in zebrafish (Martin et al.,
2021) were consistent with separate assessments of the same PM sam-
ples in mouse pulmonary toxicity studies that measured pulmonary
neutrophil influx (Kim et al., 2019).

3. Caenorhabditis elegans
3.1. Characteristics

The nematode worm Caenorhabditis elegans is an exceedingly less
complex organism compared to mammals, and yet has provided signif-
icant scientific insight. C. elegans is a multicellular organism that has
become popular in nearly every field of biological study since its
introduction to the laboratory. It is an appealing model due to the ease of
rearing in the laboratory, the large number of offspring, and the robust
body of research using the model. C. elegans is about 1 mm long at full
size, and in the laboratory is usually fed a diet of E. coli plated on agar
(Kiyama e al., 2012). C. elegans is typically grown at 20 °C in the labo-
ratory, but it can also tolerate temperatures from 15 to 25 °C (Gomez-
Orte et al., 2018). Its size allows it to be studied using simple microscopy
using sub-stage illumination due to its transparent body and can be
observed using more advanced techniques such as Selective Plane Illu-
mination Microscopy or light sheet microscopy. C. elegans’ transparency
allows the entirety of organ development to be observed. The nematode
exists as a hermaphrodite (XX), or occasionally as a male (Meneely et al.,
2019). These hermaphrodites self-fertilize and can produce approxi-
mately 300 progeny when each animal reproduces (Meneely et al.,
2019). The lifecycle of C. elegans is rapid: embryogenesis occurs in 12 h,
larvae reach adulthood in 2.5 days, and their total lifespan is about 2 to
3 weeks. C. elegans also bears the distinction of being the first multi-
cellular organism to have its whole genome sequenced (Consortium,
1998), and the first to have its connectome completed, meaning the
complete structural connectivity of the worm’s nervous system has been

described (Cook et al., 2019). The worm’s genome contains 97 million
base pairs and approximately 20,000 genes, about 40% of which are
analogous to genes found in humans (Consortium, 1998). C. elegans have
302 neurons and 56 glia, allowing C. elegans to react to changes in
lighting, touch, temperature, salinity, and chemical gradients (Iliff and
Xu, 2020). C. elegans uses temperature, oxygen, and salt-sensing neurons
to detect and avoid CO». As an animal reliant on diffusion for gas ex-
change, the nematode avoids toxic levels of CO, by shunning environ-
ments where the gas exceeds 0.5% (Bretscher et al., 2011).

3.2. PM research

C. elegans has been used to assess the toxicity of multiple sources of
PM including diesel exhaust, coal combustion, urban and rural ambient
air, and from braking systems of cars (Sun et al., 2015; Wu et al., 2017;
Wang et al., 2019; Volta et al., 2020). These include fine and ultrafine
total particulate matter as well as PM extracts (Wang et al., 2019; Zhao
et al., 2019; Haghani et al., 2019; Green and Kikis, 2020), and PMj 5
(Sun et al., 2015; Yang et al., 2016; Wu et al., 2017). The methods of
preparation of the PM samples were relatively similar to how they were
prepared in the zebrafish studies. In C. elegans studies, PM was extracted
using deionized water and sonication, or using dichloromethane as a
solvent. Extracted PM solutions were then solvent exchanged and
resuspended into ultrapure/deionized water, DMSO, or K buffer.
C. elegans have been exposed to PM in a variety of plates, including glass
petri dishes and welled plates of various sizes (24 to 96-well). Exposure
concentrations of total PM mass in C. elegans studies varied but were
generally 0.1-1200 mg/L (Volta et al., 2020; Zhao et al., 2019).

C. elegans have been used to assess the impacts of various PMs on
lifespan and development and to identify potential mediating mecha-
nisms. In Zhao et al. (2019), extractable organic material from PMj 5
collected from air samplers on a university campus was found to induce
oxidative stress, enhance metabolic enzyme activity, and shorten life-
span. The PM concentrations ranged from 0.1 to 100 mg/L, and signif-
icant responses were found at 10 and 100 mg/L, the second highest and
highest concentrations. It was also found that exposure to antioxidants
could rescue the lifespan attenuation due to PMys exposure. Coal
combustion PMj 5 was found to induce deficits in lifespan, development,
reproduction, and locomotion behavior of C. elegans through changes in
the expression patterns of genes related to the control of oxidative stress
(Sun et al., 2015). Another study, Wu et al. (2017), found that exposure
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to coal combustion-related fine particulate PM, s dysregulated 25
microRNAs, including the mir-231-SMK-1-SOD-3/SOD-4/CTL-3
signaling pathway, many of which may play a critical role in oxidative
stress. Furthermore, PM; 5 collected during the Spring Festival in urban
Beijing that was rich in heavy metals (i.e., Cd, Pb, Zn, and Cu) increased
production of intestinal ROS and metallothioneins, proteins involved in
the control of stress responses to heavy metals in C. elegans (Yang et al.,
2016). These findings implicating oxidative stress are consistent with
many studies in human bronchial epithelial cells. For example, one
study found that ambient PMy 5 induced oxidative stress and pro-
inflammatory responses (Chung et al., 2020; Yuan et al., 2019). More-
over, Yan et al. (2021) assessed the toxicity of diesel exhaust PM in both
C. elegans and human bronchial epithelial cells in the same study and
found that exposures of 1 and 10 pg/mL DEP resulted in significantly
impaired locomotion and dopaminergic disorders, and increased
expression of heat shock protein-16.2, a protein involved in cellular
stress responses (Yan et al., 2021). Human bronchial epithelial cells
exposed to the same sample had decreased viability, increased produc-
tion of reactive oxygen species (ROS), DNA damage, and increased cell
death per increase in dose. Chung et al. (2020) also found that exposure
to traffic-related PMy 5 at a range of approximately 1 to 1600 mg/ml
significantly decreased C. elegans lifespan, locomotor behaviors, and
brood size in a dose-dependent fashion (Chung et al., 2020). Supporting
that, Wang et al. (2019) studied the transgenerational effects of DEP
exposure and found that DEP exposure impaired brood size in the F2 to
F5 generations and identified signaling pathways involved in DEP-
induced apoptosis (Wang et al., 2019). DEP has also been linked to
apoptosis and autophagy in human bronchial epithelial cells (Colasanti
et al., 2018). Table 4 is a summary of previous PM studies involving
C. elegans.

3.3. Limitations

The combination of the short, invariant lifespan, ease of assays,
ample genetic, molecular, and genomic tools, and evolutionary conser-
vation has allowed C. elegans to develop into a popular model system for
research. C. elegans does suffer from drawbacks as a model organism as it
lacks many of the organ structures relevant to human health, making it
challenging to extrapolate findings. Furthermore, C. elegans culture de-
pends on a bacterial food source, traditionally E. coli, to grow in the
laboratory. Past studies have found that differences in bacterial meta-
bolism can alter the response of C. elegans to drug treatments (Garcia-
Gonzalez et al., 2017; Scott et al., 2017), and therefore PM toxicity
studies may have to consider the potential confounding effect of C.ele-
gans food when presenting their findings. Attempts to grow nematodes
in a chemically defined, axenic medium (a culture free from living or-
ganisms except for the organism of interest) have met roadblocks, but
more recent work using liposome-based nanoparticle culturing shows
promise (Flavel et al., 2018). It should also be noted that C. elegans’
traditional methods of exposure, immersion or feeding, is a clear
contrast and limitation relative to rodent studies involving inhalation
exposure to PM, the more relevant route of exposure (Lee et al., 2021).
Furthermore, C. elegans are far more primitive, lacking the complex
mammalian respiratory system found in rodents. Despite these limita-
tions, responses to chemical toxicants in nematodes significantly overlap
with zebrafish developmental screens (Boyd et al., 2016).

4. Drosophila melanogaster
4.1. Characteristics

Drosophila melanogaster is a species of fly that has been used as a
research model since the early 1900’s (Morgan, 1910). Drosophila is
commonly known as the “fruit fly”, owing to its tendency to lay its eggs
in fermenting fruit. The fly is yellow-brown colored with red eyes and
transverse black rings on its abdomen. Drosophila exhibit sexual
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dimorphism with females averaging about 2.5 mm in size, while the
males are slightly smaller and have a distinct black patch on their
abdomen. The fruit fly is popular for its rapid life cycle, large number of
offspring per generation, and well understood genetics (Greenspan,
2004). In optimal growth conditions (25 °C), D. melanogaster’s lifespan is
about 50 days from egg to death. Females lay about 400 eggs per clutch
into fermenting fruit or other suitable material. There are four stages in
the life cycle of Drosophila: embryo, larva, pupa, adult. The development
time from egg to adult in ideal conditions is 8.5 days (Calap-Quintana
et al., 2017; Ong et al., 2015; Pandey and Nichols, 2011; Reiter et al.,
2001). The flies used in these studies typically followed a standard
Drosophila corn-sucrose yeast medium diet and were reared at around
22 °Cwith a 12:12 h light/dark cycle. In addition, the Drosophila genome
is 60% homologous to humans and about 77% of the genes responsible
for causing diseases in humans have homologues in flies (Reiter et al.,
2001). Drosophila has only four pairs of chromosomes — an X/Y pair and
three autosomes known as 2, 3, and 4. The genome of Drosophila was
sequenced in 2000 and is curated at the Flybase Database (Adams et al.,
2000). The genome consists of 139.5 million base pairs and contains
around 15,682 genes. Sex in Drosophila is determined by the X:A ratio of
X chromosomes to autosomes. Drosophila breathe using spiracles pro-
tected by hydrophobic hairs (Samakovlis et al., 1996). These spiracles
lead to the fly’s tracheal system, a branched network of epithelial tubes
responsible in larva for the longitudinal transport of oxygen through
passive diffusion (Krogh, 1920).

Drosophila are also excellent models for developmental studies. For
example, developmental studies on cell fate determination, neuronal
development, and organogenesis after exposure to ambient PM5 5 can be
carried out in the embryonic stage, while the final stage of larval
development, the third instar larva, can be used for developmental,
physiological, and behavioral studies (Ruben et al., 2018). Another
benefit of using Drosophila as a model is the anatomical similarity of
structures like the brain, heart, lung, kidney, liver, and gut to those of
humans (Pandey and Nichols, 2011). For example, the Drosophila fat
body functions similarly to the human liver. The fat body uses lipo-
protein particles to transport lipids to peripheral tissues, while lipid
metabolism in Drosophila is regulated by insulin signaling (Canavoso
et al., 2001; DiAngelo and Birnbaum, 2009).

4.2. PM research

Drosophila has been used to assess the toxicity of multiple sources of
PM including tobacco smoke, coal combustion byproducts, and rural/
urban ambient air samples (Sadiq and Altaany 2014; Alija et al., 2016),
de Santana et al., 2018, Ruben et al., 2018; Pandey et al., 2020; Thim-
megowda et al., 2020). Like in the other models, Drosophila studies
assessed the impacts of whole PM, organic extracts, and water-soluble
extracts (Sadiq and Altaany 2014; Wang et al., 2017b; Pandey et al.,
2020). The PM exposure period included repeated short exposures of 30
min per-day to cigarette-derived PM aerosol (Ruben et al., 2018), in-
jection of cigarette smoke filtrate at concentrations up to 2.5% smoke in
saline in 2-3 day old flies (Sadiq and Altaany, 2014), or by feeding flies
TPM and PM;g from urban air samples (A Delgado-Rodriguez et al.,
1999).

A common endpoint of PM toxicity studies in Drosophila is a somatic
mutation and recombination test (SMART) used to study PM;( and total
suspended particles, which were sourced from urban environments,
extracted in methanol and then dried and resuspended into 3% ethanol
(A Delgado-Rodriguez et al., 1999; Dihl et al., 2008). This is also known
as a wing-spot test and is used to evaluate genotoxicity. For example, A
Delgado-Rodriguez et al. (1999) found that PM;o was more genotoxic
than total suspended particulate in Drosophila larvae exposed to PM via
their feed from 3 to 5 days old. This is consistent with Jarvis et al.
(2018), which found that coarse PM and its organic extract elicits a
genotoxic response in human alveolar epithelial cells. A more recent
study (Wang et al.,, 2017), found that exposure of adult flies to
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Table 5

PM Studies in D. melanogaster.
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Study/Reference

PM type

Exposure method

Concentrations

Major findings

Sadiq and Altaany
2014

de Santana et al.,
2018
Alija et al., 2016

Ruben et al., 2018

Pandey et al.,
2020

Thimmegowda
et al., 2020

Wang et al.,
2017b

A Delgado-
Rodriguez 1999

Dihl et al., 2008

Cigarette smoke filtrate (SF)

Rural-urban PM, 5

Coal fly ash

Cigarette smoke-derived PM

Candle soot-derived
nanoparticles

Rural-urban PM

Concentrated ambient PM; 5

Ambient Pm;q and total
suspended particles (TSP)
from two locations in Mexico
City

Ambient Pm;( and TSP from
Canoas, Brazil in the spring
and summer

Flies injected intraperitoneally

Flies (n = 120) were exposed for 6 days
per site
Ingestion

Chronic exposure

Developmental exposure: larvae were
raised on food laced with
concentrations of candle soot-derived
nanoparticles

Flies (n = 1000) were exposed for 7
days per site

whole-body ambient inhalational

exposure to aerosolized PM, 5

Chronic treatment of 48 hrs, ingestion

Drosophila eggs were grown in vials
containing medium rehydrated with 5
ml of test or control solutions

0.2 L in 0.45% NacCl saline

Ambient concentrations only

Fly ash added to nutrient
medium at concentrations of
1%, 2%, and 3%

30-minute exposure regimen

50 pg/ml, 100 pg/ml, and
250 pg/ml

Ambient concentrations only

3, 4, 52, 54, 73, and 80 g/
m3

1 ml of Dehydrated sample
per 1 ml of ethanol, added to
feeding medium

PM: 28-32 pg/m3
TSP: 42-89 pg/m3

Stage specific mutagenicity; sex-linked recessive
lethal mutations (spermatocytes/early
spermatogonia) and induced mosaic mutations
(late spermatogonia)

Genetic damage as per the COMET Assay in urban
environments

Increased recessive mutations at higher ingested
concentrations

COPD-like phenotype, altered TGF-f, Nrf2 and
JAK/STAT signaling pathways; oltipraz increased
survivability of exposed flies

Exposure did not affect the developmental period
of the larva, but it did diminish reproductive
performance later in life. A moderate level of
cytotoxicity was observed.

Differences in survival, behavior, heart rate, blood
cell count, and the expression of genes related to
stress, immunity, and metabolism.
Exposure-induced premature mortality,
activation of pro-inflammatory signaling
pathways, significantly increased whole-body and
circulating glucose levels

SMART assay (wing spot test) found higher
genotoxic activity at Merced, and that the PM;o
was more genotoxic than TSP

SMART assay (wing spot test) found PM10
genotoxic activity induced mitotic recombination;
TSP induced recombination and point mutation

Studies listed in order in which they appear in manuscript.

concentrations on average of 80 pg/m> of urban PM, 5 via an exposure
chamber leads to premature mortality through induction of inflamma-
tion, oxidative stress, and metabolic abnormality in Drosophila. Specif-
ically, they found that exposure to PMs 5 increased glucose levels and
expression of Ilp2 and Ilp5 (insulin-like peptide 2&5, respectively),
indicating PMjys5 exposure is linked to insulin dysregulation in
Drosophila. Interestingly, higher PMy5 exposure has been found to
induce insulin resistance in humans according to Li et al. (2017) and that
elevated PM, 5 levels were associated with higher prevalence of type 2
diabetes (Liu et al., 2019). Genotoxicity from exposures to rural and
urban PM were studied in fly larvae on site and through a Comet assay of
Drosophila hemolymph (analogous to blood in vertebrates) cells exposed
to ambient PM by de Santana et al. (2018), who found that urban PM
significantly degraded Drosophila hemolymph DNA compared to rural
and filtered air exposures, implicating metals (e.g, aluminum, silicon,
sulfur, potassium, calcium, titanium, and iron) found in the urban
samples. Injected cigarette smoke filtrate was also found to cause mu-
tations during spermatogenesis of 2 to 3-day-old wild-type Drosophila by
Sadiq and Altaany (2014), indicating that cigarette smoke may have
greater genotoxicity than previously predicted. Researchers found that
exposure to ambient cigarette smoke, which is rich in PM, caused higher
resting metabolic rates and premature death in adult Drosophila (Ruben
et al.,, 2018). Interestingly, like in other models after PM exposure,
transcriptomic analysis focusing on oxidative stress signaling pathways
in this study found that the Nrf2 signaling pathway was altered after
exposure to cigarette smoke PM (Ruben et al., 2018). Table 5 is a
summary of previous PM studies involving Drosophila.

4.3. Limitations

There are, however, some drawbacks in the use of Drosophila.
Questions of equivalent dose arise with each exposure method selected
for the model. For instance, flies can be exposed to PM through feeding,
ambient air inhalation, or injection. Injection of PM allows researchers
to monitor the exact amount the flies are exposed to, but aerosol

Table 6

Advantages and Disadvantages of Each Model.

Advantages

Disadvantages

D. rerio Transgenerational studies
possible.

Highly conserved biological
mechanisms.

Behavioral assays possible.
High fecundity.

Optical transparency of early
stages.

Complete genome sequence.
Strong genetic tools
available.

Very rapid development.
Nearly all mammalian genes
have a zebrafish counterpart.
Ease of growth.

Rapid development and
reproduction.

Short lifespan.

Complete genome sequence.
Strong genetic tools
available.

Self-fertilizing
hermaphrodite.

Can be cryogenically frozen.
Easy and cheap to maintain in
large quantities.

Short generation time.

Fully sequenced and
annotated genome.

Good conservation of cellular
process and signaling
pathways.

Mode of exposure similar to
humans

C. elegans

D. melanogaster

Mode of exposure different from
humans.

Requires an aquatic facility.
Exothermic (cold-blooded)

Chorion present up to 48 hpf:
interference with drug diffusion.
Genome duplication.
Anatomical differences with
mammals.

Zebrafish embryos cannot be
stored frozen, necessitating
transfers of live adults to
maintain stocks.

Mode of exposure different from
humans.

Small size.

Lower invertebrate: many
physiological functions are not
conserved.

Lower order organism;
extrapolation to vertebrates
more difficult.

Difficult to measure behavior.
Drosophila embryos cannot be
stored frozen, necessitating
transfers of live adults to
maintain stocks.

Immune system not as complex
and adaptive as in vertebrates.
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Fig. 2. Tiered approach for screening the toxicity of PM sources. Alternative in vivo studies can complement in vitro cell culture studies as first tier assays to inform

targeted assessments of toxicity in higher order mammalian models in tier two.

exposure, like in rodent models, better mimics natural routes of human
exposure. However, aerosol exposures in Drosophila are limited by the
lack of accurate dosimetry. Particle deposition of PM after “inhalation”
has, to our knowledge, not been studied in Drosophila and as such the
extent to which it compares with mammalian models is unknown.
Despite the drawbacks, the commonality in exposure route and organ
structure makes responses in Drosophila translatable to human health.
Drosophila may also have utility as a model for studying the ecotoxico-
logical effect of particulate matter — as evidenced by the findings of
Thimmegowda et al. (2020), wherein it was discovered that Drosophila
had similar molecular and physiological differences to PM as the Giant
Asian honeybee, Apis dorsata.

5. Outlook

In conclusion, alternative in vivo models have well understood ge-
netics, a foundation of decades of research, and can help bridge the gap
between in vitro and mammalian in vivo studies. Of the three models,
Drosophila is the only model that “inhales” from ambient air with its
spiracles, more closely resembling human exposure. Consequently,
Drosophila can be exposed to a PM aerosol, circumventing the chemistry,
extraction, and agglomeration challenges with PM in media. C. elegans
and larval zebrafish have the benefit of having translucent skin, which
facilitates measures of function and morphology of internal organs with
microscopy and imaging techniques. Zebrafish and Drosophila offer the
advantages of having more advanced mammalian-like organs, allowing
for extrapolation of effects at the systems level. The advantages and
disadvantages of the alternative in vivo models in the context of PM
research has been summarized in Table 6.

Together, these models can be imagined as one set of toxicological
tools in a tiered approach (Fig. 2) that includes assessment of responses
in human lung epithelial cells and mammalian in vivo models (i.e., ro-
dents). Alternative in vivo model assessments may be useful as first tier
assays for screening toxicity of multiple PM sources as well as providing
insight into mechanisms of action and development of adverse outcome
pathways (Villeneuve et al., 2014). In such a high throughput context,
researchers may explore development of a standard battery of high
throughput assays that measure a combination of endpoints that may
include transcriptomics, behavior, and/or phenotyping among others.
Higher throughput alternative model approaches may also be coupled
with bioassay-directed fractionation to identify potent chemical classes
in PM (DeMarini et al., 2004). Alternative model data may also feed into
more targeted assessments in higher order in vivo models that are carried
out to investigate the toxicity of more toxic PM sources in greater depth.
Alternative model assessments may also be performed secondary to

initial assessments in lung epithelial cell lines to gain information
regarding systemic responses or more complex processes like inflam-
mation or altered function. For example, one study showed that heart
rate responses in zebrafish were predictive of myocardial membrane
activity in humans Milan et al. (2003), an important finding in this
context given that PM causes adverse cardiovascular responses in people
(Brook et al., 2010). Moreover, elegant neurobehavioral assays have
been developed in zebrafish (Jarema et al., 2015) and Drosophila
(Haddadi et al., 2016) that can be used to understand the growing link
between PM exposure and adverse neurobehavioral outcomes in
humans (Sram et al., 2017). Taken together, their homology in biolog-
ical responsiveness and the greater throughput they afford suggest that
these models may facilitate toxicity characterization of PM from mul-
tiple sources and aid in the identification of the most toxic PM
components.
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