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ABSTRACT

The organ-specific toxicity resulting from microplastic (MP)
exposure has been extensively explored, particularly
concerning the gut, liver, testis, and lung. However, under
natural conditions, these effects are not restricted to
specific organs or tissues. Investigating whether MP
exposure presents a systemic threat to an entire organism,
impacting factors such as lifespan, sleep, and fecundity, is
essential. In this study, we investigated the effects of
dietary exposure to two different doses of MPs (1-5 ym)
using the terrestrial model organism Drosophila
melanogaster. Results indicated that the particles caused
gut damage and remained within the digestive system.
Continuous MP exposure significantly shortened the
lifespan of adult flies. Even short-term exposure disrupted
sleep patterns, increasing the length of daytime sleep
episodes. Additionally, one week of MP exposure reduced
ovary size, with a trend towards decreased egg-laying in
mated females. Although MPs did not penetrate the brain
or ovaries, transcriptome analysis revealed altered gene
expression in these tissues. In the ovary, Gene Ontology
(GO) analysis indicated genotoxic effects impacting
inflammation, circadian regulation, and metabolic
processes, with significant impacts on extracellular
structure-related pathways. In the brain, GO analysis
identified changes in pathways associated with proteolysis
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and carbohydrate metabolism. Overall, this study provides
compelling evidence of the systemic negative effects of
MP exposure, highlighting the urgent need to address and
mitigate environmental MP pollution.
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INTRODUCTION

An estimated 5 billion tons of plastics exist on Earth, with an
additional 400 million tons produced annually (Lim, 2021).
Recently, intensive attention has been directed towards
microplastic (MP) pollutants, which result from the degradation
of disposed plastics into particle fragments smaller than 5 mm
in diameter (Hartmann etal, 2019). These MPs are
ubiquitously distributed in the environment (Lim, 2021), with
more than 5 trillion plastic pieces, containing at least 14.9
trillion MP particles and weighing more than 25x10* tons
(Eriksen et al., 2014), floating in the ocean (Van Sebille et al.,
2015). MP deposition occurs both indoors and outdoors, with
central London samples showing deposition rates between
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575 and 1 008 microplastics/m?/day (Wright et al., 2020). In
eastern China, indoor air MP concentrations (1 583+1 180
n/m%) exceed outdoor air concentrations (189+85 n/m®), and
urban air concentrations (224+£70 n/m?) are higher than those
in rural areas (10147 n/m?®) (Liao et al., 2021).

Humans are not exempt from MP exposure. Studies have
demonstrated the transfer of MPs from the environment to
organisms (Mallik et al., 2021; Van Raamsdonk et al., 2020).
Previous research has suggested that children and adults may
ingest more than 10° MPs daily (Nor et al., 2021), and MPs
have been detected in human fecal samples (Schwabl et al.,
2019; Zhang et al., 2021; Ho et al., 2022). Although concerns
about the potential public health risks of MPs are increasing,
direct evidence from the general population remains scarce.
Animal studies have shown that MP exposure can pose health
risks to organisms, including the gut (Jin et al., 2019; Lu et al.,
2018; Zhang et al., 2020b), liver (Lu et al., 2016, 2018), testes
(Deng etal., 2021; Hou et al., 2021; Jin etal., 2021; Wang
etal.,, 2019a; Lin et al., 2024a, 2024b), developing embryos
(Park et al., 2020; Zhang et al., 2020a), respiratory system (Lu
etal.,, 2021), and locomotion function (Zhang et al., 2020b).
RNA sequencing (RNA-seq) has also provided a better
understanding of the detrimental effects of MP on organisms,
revealing that MP exposure can induce an inflammatory
response in the lungs of mice and alter gene expression
related to the immune system and programmed cell death (Lu
et al., 2021). Exposure to di-(2-ethylhexyl) phthalate (DEHP)-
contaminated MPs affects the oxidative response, lipid
metabolism, and immune response in mice (Deng etal,
2020). Recent studies have also highlighted genotoxic effects
of MP, associated with oxidative stress, inflammation, and
DNA repair disruption (Jin et al., 2018; Lei et al., 2018; Tagorti
& Kaya, 2022).

The detrimental effects of MP exposure appear to extend
beyond specific organs or tissues, posing a systemic threat to
the entire organism (Deng et al., 2017). Various studies have
explored the relationship among environmental pollutants,
sleep, and longevity (Bushey et al., 2010; Chuang et al., 2018;
Yu et al., 2019). A recent cohort analysis of the UK Biobank
linked sleep quality to accelerated biological aging resulting
from air pollution (i.e., PM,5 and NO,) (Gao etal., 2022).
However, direct evidence regarding the impact of MP
exposure as inert pollutants on broader health aspects, such
as sleep and lifespan, remains limited. Due to ethical and
technical constraints, animal studies are indispensable for
such research. Drosophila melanogaster, commonly known as
the fruit fly, inhabits diverse environments, ranging from
tropical to temperate climates (Skevington & Dang, 2002).
This species shares many conserved functions with mammals,
including gastrointestinal and reproductive functions. Fruit flies
are attracted to rotting fruits and vegetables, which may be
contaminated with MPs via plant uptake or airborne deposition
(Azeem et al., 2021; Conti et al., 2020). Additionally, fruit fly
larvae develop in the soil until the pupal stage, likely
encountering MPs from contaminated soil (Ashburner et al.,
1986; Wang et al., 2019b). Thus, D. melanogaster is an ideal
organism for assessing MP toxicity due to its short life cycle,
high reproductive rate, ease of handling, and extensive
genetic tools, making it a highly tractable and powerful model
for investigating molecular and cellular mechanisms (Aime &
Adamantidis, 2022; Jiang & Pan, 2022; Ma et al., 2022; Wan
et al., 2023; Wei et al., 2023).

In the present study, we evaluated the systemic toxicity of
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MPs in D. melanogaster, focusing on general health concepts,
such as sleep, lifespan, and fecundity. The flies were exposed
to food mixed with two concentrations of MPs: 1xMPs (0.02
mg/mL) and 10xMPs (0.2 mg/mL) (EFSA Panel on
Contaminants in the Food Chain, 2016; Matthews et al., 2021;
Zhong etal.,, 2022). Exposure periods covered different
developmental stages, ranging from 2 days to 10 weeks.
Results indicated that MP exposure led to intestinal damage,
disrupted sleep patterns, reduced ovary size, shortened
lifespan, and genotoxic effects, as revealed by RNA-seq
analysis.

MATERIALS AND METHODS

Drosophila melanogaster stock and maintenance
Wild-type Canton-S flies were maintained in an environment
with a temperature of 25°C and relative humidity of 60% under
a 12 h light/dark cycle. All experiments were performed under
these conditions. The flies were divided into three groups, with
the control group raised on standard cornmeal-dextrose-yeast-
agar food (per batch: 4.4 L of H,O, 24 g of agar, 80 g of yeast,
280 g of cornmeal, 200 g of sucrose, 40 g of soymeal, and 12
g of methylparaben). Female flies were used for most
experiments unless otherwise specified.

Microplastics (MPs)

Spherical MPs were purchased from Cospheric (Cat# FMG-
Green Fluorescent Polymer Microspheres 1.3 g/cc 1-5
pm-500 mg, USA) (Barboza et al., 2018; Bringer et al., 2020;
Lu etal., 2021). The MP size ranged from 1 to 5 ym, with
excitation and emission wavelengths of 450 nm and 520 nm,
respectively. MPs were added to the standard food at 60°C
before solidification and stored in the dark (wrapped in foil
paper). Flies were raised on standard food or standard food
containing 0.02 mg/mL MP (1xMP group, particle
concentration: 3.68x10%mL) or 0.2 mg/mL MP (10xMP group,
particle number concentration: 3.68x107/mL), respectively
(EFSA Panel on Contaminants in the Food Chain, 2016;
Marsden et al., 2019; Matthews et al., 2021; Panacek et al.,
2011; Posgai et al.,, 2011; World Health Organization, 2022;
Zhang et al., 2020b; Zhong et al., 2022).

Histological analysis of guts and ovaries

Whole adult flies were anesthetized with CO, and visualized
under bright-field or fluorescent light using a fluorescence
microscope (MF43-N, Mshot, China). Brains, guts, and ovaries
were dissected at room temperature (24°C) in 1xphosphate-
buffered saline (PBS). Fresh samples for immediate
quantification of gut leakage and ovary size were imaged
without fixation. Samples for qualitative analysis were fixed in
4% paraformaldehyde (Cat# 1.17701.018, GHTECH, China)
for 30 min at 4°C, followed by 3x5 min washing in 1xPBS with
0.5% Triton (0.5% PBST). The fixed samples were then
stained with 4’,6-diamidino-2-phenylindole (DAPI, 1 pg/mL,
Cat# C1005, Beyotime, China) for 5 min at room temperature.
After rinsing with 0.5% PBST for 3x5 min, samples were
mounted in VECTASHIELD antifade mounting medium (Cat#
H-1000, Vector Laboratories, USA) and imaged using a
5xobjective lens and an Apotome fluorescence microscope
(Image 2Z, Zeiss, Germany). Images were analyzed using
ZEN imaging (black edition) (https://www.zeiss.com/
microscopy/en/products/software/zeiss-zen.html, Zeiss,
Germany).
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Dye exclusion method using trypan blue

Virgin flies aged 0—2 days were raised on standard food with
1xMPs, 10xMPs, or no MPs (control) for 6 days. On day 7, all
groups were starved for 16 h prior to trypan blue treatment,
then fed 2 mol/L sucrose solution with 10% trypan blue stain
(Cat# 15-250-061, Gibco, USA) using 0.3 mm capillary tubes
(Shanghai Changcheng, China) for 2 h. Subsequently, crops
and guts were dissected in 1xPBS and imaged at 3xobjective
under a stereomicroscope (MZ101, Mshot, China) and digital
camera (YH-1600, Yuehe, China). Imaged (v.1.52P,
https://imagej.nih.gov/ij/download.html) was used for image
quantification. The width of the trypan blue-positive area and
the cross-section diameter of each gut sample were
measured, with the ratio used to evaluate the level of gut
leakage.

Sleep assays and sleep changes

Flies were raised on standard cornmeal food at 25°C. Virgin
flies (0—1 day old) were collected and individually placed in 65
mmx5 mm glass tubes containing 5% sucrose and 2% agar
food at one end. These tubes, each holding a single fly, were
loaded into the DAM2 system (TriKinetics, USA) at 25°C
under a 12 h light/dark (LD) cycle. After 2 days of entrainment,
baseline sleep was recorded for 2 days. On day 3,
immediately after lights-on, flies were transferred to new tubes
containing fresh food with 1xMPs, 10xMPs, or no MPs
(control), and sleep was recorded for another 6 days. Sleep
profiles were plotted in 30 min bins over the entire recording
period. Sleep parameters, including total sleep, maximum
episode length, mean episode length, number of episodes,
and activity while awake, were analyzed for both the light and
dark periods (LP and DP, respectively). Each parameter after
5 days of MP exposure was quantified as the change on day
8, normalized to the average of the baseline days (A=day
8-(day 1+day 2)/2). Analysis was performed using
DAMFileScan113 and SCAMP 2019v2 (TriKinetics; https://
www.trikinetics.com/) in MATLAB (RRID: SCR_001622).

Lifespan assay

Thirty virgin flies aged 0-1 day were placed into a vial
containing standard cornmeal food with 1xMPs, 10xMPs, or
no MPs (control). Virgin flies were used to exclude the
possible influence of mating experience and oviposition on
lifespan, thus ensuring baseline consistency. Flies were
transferred to fresh food tubes every 2-3 days. Eight vial
replicates were established for each treatment group. The
number of living flies in each vial was recorded when the
transfer occurred until all flies in each vial died.

Ovary size evaluation

Virgin flies aged 0-3 days were raised on three kinds of food
containing 1xMPs, 10xMPs, or no MPs (control). Ovaries
were collected and dissected in 1xPBS every 7 days from
days 0 to 28, then imaged using a stereomicroscope and
digital camera under the same settings as described above.
Each ovary from a single fly was outlined as the region of
interest (ROI) and measured using Imaged (v.1.52P)
(https://imagej.nih.gov/ij/download.html). The average ROI
area from a pair of ovaries from a single fly was quantified for
analysis.

Female fecundity assay

Forty virgin female flies (FO) and 40 male flies were allowed to
mate overnight, with 10 females and 10 males per group
selected and transferred to a Petri dish the following morning

for egg collection for 2 h. Each dish contained 5% sucrose and
2% agar medium with yeast paste on top. To determine the
effects of MPs on female fecundity during development,
approximately 2 000 eggs were collected and distributed
evenly into 48 vials with either standard food or 1xMP food
until adulthood (F1). After eclosion, 15 F1 virgin females were
collected and allowed to mate with 12 males without MP
exposure, then transferred to a Petri dish for female fecundity
tests for 6 consecutive days. Egg number was counted every
24 h using a microscope (MZ101, Mshot, China). Six control
F1 and 1xMP-treated F1 group replicates were established for
analysis.

To assess the effects of MPs on fertilization ability, 2—3-day-
old virgins were raised on standard cornmeal food containing
1xMPs, 10xMPs, or no MPs (control) for 5 days. On day 6,
male flies were introduced to mate with the virgin females for 2
days. On day 8, the females were transferred to a Petri dish
for egg collection over a 24 h period.

To evaluate the effects of MPs on reproductive capacity,
2-3-day-old mated females were raised on standard cornmeal
food containing 1xMPs, 10xMPs, or no MPs (control) for 7
days. On day 8, the females were transferred to a Petri dish
for egg collection over a 24 h period.

Each Petri dish contained 2% yeast solution on top of an
apple juice-agar medium to provide better contrast for the
eggs, which were imaged using a digital camera (VARIO-
SUMMILUX-H 1:1.9-2.4/17-80 ASPH, Leica, Germany). Egg
number was counted using the Cell Counter plugin in ImageJ
(v.1.52P) (https://imagej.nih.gov/ij/download.html).  Sixteen
replicates were established for each group for analysis.

RNA-seq analysis

Virgin female flies aged 0-5 days were divided into 1xMP and
control groups. Each group initially consisted of four vials
containing 40 flies each. Flies were raised for 48 days, with
transfer to new vials containing fresh food with/without 1xMPs
every 2-3 days. Brain and ovary samples were first dissected
in ice-cold adult hemolymph-like saline solution (AHL; 3.156 g
of NaCl (Cat# 7647-14-5, Macklin, China), 1.712 g of sucrose
(Cat# 57-50-1, Sigma-Aldrich, USA), 0.946 g of trehalose
(Cat# 6138-23-4, Sigma-Aldrich, USA), 0.834 g of MgCl,-
6H,0 (Cat# 7791-18-6, Sigma-Aldrich, USA), 0.596 g of
HEPES (Cat# 7365-45-9, Sigma-Aldrich, USA), 0.186 g of KCI
(Cat# 7447-40-7, Sigma-Aldrich, USA), 0.168 g of NaHCO;,
(Cat# 144-55-8,Sigma-Aldrich, USA), 0.147 g of CaCl, (Cat#
10035-04-8, Macklin, China), and 0.069 g of NaH,PO,-H,O
(Cat# 10049-21-5, Macklin, China) in 500 mL; pH 7.5), then
transferred to a centrifuge tube in liquid nitrogen. The brains of
40 flies from either the control or 1xMP group were pooled
together as one sample for RNA extraction. Three samples
from the control group and two samples from the 1xMP group
with high-quality RNA (RNA integrity number, RIN>7.0) were
included for further RNA-seq analysis. Similarly, the ovaries of
40 flies from either the control group or 1xMP group were
pooled together as one sample. Four samples from the control
group and three samples from the 1xMP group were included
for further RNA-seq analysis.

RNA extraction, library construction, and sequencing of
samples were completed by Hangzhou Lianchuan
Biotechnology (China). Total RNA was extracted using Trizol
reagent (Cat# 15596018, Thermo Fisher, USA) following the
manufacturer’'s procedures. Total RNA quantity and purity
were analyzed using a Bioanalyzer 2100 and RNA 6000 Nano
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LabChip Kit (Cat# 5067-1511, Agilent, USA), with high-quality
RNA samples (RIN>7.0) used to construct the sequencing
library. After extraction, MRNA was purified from the total RNA
(5 pg) using Dynabeads Oligo (dT) (Cat# 61002, Thermo
Fisher, USA), with two rounds of purification. The mRNA was
then fragmented into short fragments using a Magnesium
RNA Fragmentation Module (Cat# 6150S NEB, USA). The
cleaved RNA fragments were reverse-transcribed to create
cDNA using SuperScript™ Il Reverse Transcriptase (Cat#
18064014, Invitrogen, USA), which was then used to
synthesize U-labeled second-stranded DNA with Escherichia
coli DNA polymerase | (Cat# M0209S, NEB, USA), RNase H
(Cat# 0297S, NEB, USA), and dUTP Solution (Cat# R0133,
Thermo Fisher, USA). An A-base was then added to the blunt
ends of each strand for ligation to the indexed adapters. Each
adapter contained a T-base overhang for ligation of the
adapter to the A-tailed fragmented DNA. Dual-index adapters
were ligated to the fragments, and size selection was
performed with AMPureXP beads (Cat# A63882, Beckman
Coulter, USA). After heat-labile UDG enzyme (Cat# 0280S,
NEB, USA) treatment of the U-labeled second-stranded DNA,
the ligated products were amplified by polymerase chain
reaction (PCR) under the following conditions: initial
denaturation at 95°C for 3 min; eight cycles of denaturation at
98°C for 15 s, annealing at 60°C for 15 s, extension at 72°C
for 30 s; and final extension at 72°C for 5 min. The average
insert size for the final cDNA libraries was 300+50 bp. Finally,
2x150 bp paired-end sequencing (PE150) was performed
using the lllumina NovaSeq™ 6000 platform (LC-Bio
Technologies, China) following the vendor’'s recommended
protocols. To obtain high-quality clean reads, reads were
filtered using Cutadapt (v.1.9, https://cutadapt.readthedocs.
io/en/stable/) and sequence quality was verified using FastQC
(v.0.11.9, http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Differentially expressed gene (DEG) analysis
between two different groups was performed using DESeq2
(https://bioconductor.org/packages/release/bioc/html/DESeq2.
html) (Love et al., 2014; Sahraeian et al., 2017) based on |log,
fold-change|21 and Q-value<0.05. The DEGs were then
subjected to Gene Ontology (GO) enrichment analysis
(Ashburner et al., 2000; Gene Ontology Consortium, 2021).
Data analysis and visualization were performed using R
(https://www.r-project.org/) and the OmicStudio platform of
LC-Bio Technologies (China; https://www.omicstudio.cn/tool).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
v.8 (RRID:SCR_002798) (GraphPad Software, USA). Data
are presented as meantstandard error of the mean (SEM)
with individual values. For normally distributed data, one-way
analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test or student t-test was applied, while
for non-normally distributed data, the Kruskal-Wallis test
followed by Dunn’s multiple comparison test was used.
Significance was set to P<0.05. All statistical analyses are
summarized in Supplementary Tables S1, S2.

RESULTS

MPs were detected in the digestive system

The MP particles used to treat flies were first verified using
bright-field and fluorescence microscopy (Figure 1A). The
green fluorescent microspheres ranged in size from 1 to 5 ym,
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with a density of 1.3 g/cc, zeta potential of 23.14 mV, and
softening point and decomposition temperature of 290°C, as
described in our previous study (Lu et al., 2021). To confirm
whether the MPs mixed in food were ingested and retained in
the digestive system, flies were exposed to standard cornmeal
food with 1xMPs, 10xMPs, or standard food alone (control) for
2 days (Figure 1B). Fluorescence signals were examined in
the whole body, followed by collection and further examination
of the digestive organs. After 2 days of exposure, MPs were
observed in the thorax and abdomen, with strong signals
detected in the crops and guts (Figure 1C).

MP exposure caused gut damage in adult flies

Previous research has shown that MP exposure leads to gut
damage in fly larvae (Zhang etal., 2020b). To examine
whether MP exposure also causes gut damage in adult flies,
adult flies were exposed to standard food or MP-mixed food at
two doses (1xMPs and 10xMPs) from days 1-7. The trypan
blue dye exclusion method, which selectively stains dead
tissues or cells (Strober, 2001) (Figure 2A), revealed visible
trypan blue in the abdomens of intact flies exposed to 1xMPs
and 10xMPs but not in control flies (Figure 2B). The ratio of
trypan blue-positive areas in gut sections exhibited a
significant increase in the 1xMP and 10xMP groups compared
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Figure 1 Microplastics (MP) were ingested and retained in the
digestive system

A: MPs used for exposure were characterized under light and
fluorescent microscopy. Scale bars: 20 ym. B: Flies of the treatment
groups were raised on standard food for 5 days and exposed to MPs
at two doses: 1xMPs (0.02 mg/mL MP mixed in food) and 10xMPs
(0.2 mg/mL mixed in food) from days 6 to 7. Control and MP-treated
groups were sampled on day 8 and subjected to imaging analysis (D
represents day). C: Fluorescence-labeled MPs were detected in crops
and guts after 2 days of MP treatment (dashed lines indicate outlines
of flies, arrows indicate MP with fluorescence; n=5-7 per group. Scale
bars: 200 ym).
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Figure 2 Intestinal cell damage was detected in MP-treated groups using trypan blue dye exclusion method

A: Adult flies were exposed to standard food or MP mixed in food at two doses: 1xMPs and 10xMPs from days 1 to 7. On day 7, flies were starved
for 16 h, then fed sucrose with trypan blue on day 8 for 2 h, with images taken 2 h later (D represents day). B: Gut leakage was revealed by trypan
blue staining of gut walls of 1xMP and 10xMP treatment groups compared to controls (arrows indicate trypan blue in abdomen) . Scale bars: 200
pm. C: Quantitative analysis of trypan blue-colored proportion of gut section showed a significant increase of gut-damaged area in 1xMP and
10xMP groups compared to controls (n=5-7 per group, one-way ANOVA followed by Bonferroni’s post-hoc analysis, ": P<0.05). D: Following
chronic MP exposure for 10 weeks, sub-groups of flies were dissected, and guts were imaged at the end of weeks 2, 4, 6, 8, and 10 (arrows
indicate sampling and imaging time points). E: MPs were observed in the guts at all examined time points (n=3 per group). Scale bars: 100 um.

to the controls (Figure 2B, C), suggesting that MP-induced gut
damage occurred as early as 7 days of treatment in adult flies.
To determine how long MP remain in the digestive system,
flies were chronically exposed to MP for up to 10 weeks
(Figure 2D). Results showed that MPs were robustly detected
in gut samples collected every 2 weeks over the 10 week
period (Figure 2E). These findings demonstrate that MPs
mixed in food are ingested, cause significant gut damage, and

remain in the digestive system.

MP exposure reduced D. melanogaster lifespan

Previous studies have demonstrated an association between
gut homeostasis and lifespan (Fan et al.,, 2018; Galenza &
Foley, 2021). Given the observed gut damage following MP
exposure, we hypothesized that continuous MP exposure
would reduce lifespan. As expected, flies in the MP-treated
groups exhibited a reduction in lifespan compared to flies in
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the control group (Figure 3A). We further quantified survival
rates on days 7, 14, and 21 (Figure 3B). Although the 1xMP
group exhibited a declining survival trend, the difference was
not significant at any time point. In contrast, the 10xMP group
showed significantly lower survival rates on days 14 and 21
compared to the control group. These findings indicate that
MP exposure reduces lifespan, with the onset of death
occurring as early as day 9 of treatment (Figure 3A).

MP exposure disturbed sleep structure and altered brain
gene expression

Gut function has been linked to sleep regulation (Tang et al.,
2022; Vaccaro etal., 2020). To investigate whether MP-
induced gut damage leads to abnormal sleep, flies were
placed in a D. melanogaster activity monitor system (DAM2)
for continuous observation under standard, 1xMP, or 10xMP
food conditions (Figure 4A). Results indicated that the sleep
profiles showed no significant differences among the groups
before or after MP exposure (Figure 4B). On day 8, after 5
days of exposure, the daytime maximum sleep episode length
was significantly increased in the 1xMP group compared to
the control, while no significant change was observed in the
10xMP group (Figure 4C, middle panel). Furthermore, no
significant changes in total sleep, mean episode duration,
number of episodes, or locomotion were detected (Figure 4C).
These findings suggest that MP exposure can disturb sleep
structure by increasing daytime maximum sleep episode
length, supporting the link between gut function and daytime
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Figure 3 MP exposure reduced lifespan in flies

A: Both 1xMP and 10xMP treatments reduced lifespan. B: Quantitative
analysis of the survival rate at different time points: days 7, 14, and 21
showed that 10xMP treatment resulted in a significant decrease in fly
survival rate (n=8 tubes per group, 30 flies per tube initially; one-way
ANOVA followed by Bonferroni’s post-hoc analysis, ": P<0.05; ns: Not
significant). D represents day. Solid red arrows indicate range of
significant differences between control and 10xMP groups.

810 www.zoores.ac.cn

sleepiness.

Although no accumulation of MP signals was detected in fly
brains over the 10 week period (Figure 5A), 48 days of MP
exposure led to changes in gene expression in the brain.
Notably, transcriptomic analysis identified 98 DEGs, including
nine up-regulated and 89 down-regulated genes, which were
subjected to GO enrichment analysis (Figure 5B, C; Table 1).
Results showed that MP exposure significantly altered the
expression of genes related to hydrolase activity, peptidase
activity, serine-type peptidase activity, proteolysis, and
carbohydrate metabolism. Despite the absence of MP signals
in the brain, our findings suggest potential involvement in
regulating the brain-gut axis through pathways that modulate
neuropeptide and metabolite levels and stability, influence the
balance of energy supply and consumption, and participate in
cell signaling and the release of inflammatory mediators
during inflammatory responses.

MP exposure impacted ovarian size and response
Previous studies have reported MP penetration in rodent
ovaries (An et al., 2021). To examine the potential presence
and impact of MPs in fruit fly ovaries, flies were exposed to
varying durations and concentrations of MPs, with the ovaries
then dissected and measured at weeks 0, 1, 2, 3, and 4
(Figure 6A). At baseline (week 0), ovary sizes were similar
across all groups. In the control group, ovary size increased
during the first week and remained at a comparable level until
the end of week 4 (Figure 6C, D). In contrast, MP-treated flies
had significantly smaller ovaries compared to the control
group, with notable size reductions observed at weeks 1, 3,
and 4 for the 1xMP group and weeks 1 and 2 for the 10xMP
group (Figure 6C, D), suggesting that MP exposure inhibits
ovarian development.

Mendes & Mirth (2016) showed that different nutrient
conditions significantly influence ovary size plasticity and
ovariole number. An egg-laying assay was conducted to
assess the impacts of MP exposure on female fecundity.
Regardless of whether MP exposure occurred in larvae during
development (Figure 7A, B), adult virgin females (Figure 7C),
or adult mated females (Figure 7D), no significant difference in
the number of eggs laid was observed between the MP-
treated and control groups (Figure 7B-D).

To determine why ovary size decreased despite normal
egg-laying ability, we first tested for MP penetration over a 10
week period. Results showed that, unlike in rodents, no MP
signals were detected in the ovaries of fruit flies (Figure 8A).

For further insight into the impact of MP exposure, ovarian
samples from flies exposed to 1xMPs for 48 days were
subjected to transcriptomic analysis. Notably, 732 DEGs were
identified, including 688 up-regulated and 44 down-regulated
genes, which were subjected to GO enrichment analysis
(Figure 8B, C). Results showed that MP exposure altered the
expression of genes involved in extracellular region/space,
hydrolase activity, lipid metabolism, fatty acid elongation and
biosynthesis, and regulation of egg-laying behavior
(Figure 8C; Table 2). Despite the absence of MPs in the
ovary, the proximity of the gut to the ovary suggests that MPs
leaking from the gut may affect ovarian development. These
findings indicate that MP exposure can affect the extracellular
matrix (ECM) surrounding the ovary and disrupt ovarian
development.

DISCUSSION

The distribution and concentration of MPs in the environment
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Figure 4 MP exposure disturbed sleep structure in flies

A: Schematic of D. melanogaster activity monitoring system. Sleep activity was detected by recording crossing changes in infrared beams at the
tube center. B: Adult flies were raised on standard food from days 1-2, then transferred to standard food or MP mixed in food at two doses: 1xMPs
and 10xMPs from days 3-8. Sleep profile of total sleep with/without MP food across 8 days (D represents day). C: Quantitative analysis of changes
in sleep amount, maximum episode length, mean episode length, number of episodes, and activity while awake during daytime (LP, light period)
and nighttime (DP, dark period) showed that 1xMP treatment resulted in a significant increase in maximum episode length during daytime (n=31-43
per group; one-way ANOVA followed by Bonferroni’s post-hoc analysis, ": P<0.05).

have been extensively documented (Fu et al., 2020; Yu et al.,
2016), and their potential adverse effects have been studied in
various organs and tissues using animal models, including
both invertebrates and vertebrates (Proki¢ et al., 2021). In the
present study, we used D. melanogaster as a terrestrial
animal model to study the impacts of chronic MP exposure on
sleep, lifespan, and reproduction. We used two doses of MPs
(0.02 mg/mL and 0.2 mg/mL mixed in food) previously
reported to adversely affect normal fly development and
mating behavior (Panacek et al., 2011; Posgai etal., 2011;
Zhang et al., 2020b).

Following dietary exposure to MPs, fluorescence-labeled
MP particles were detected in the digestive system of the flies,
with retention in the crops and guts. Gut leakage and cell

damage were revealed by trypan blue staining. The
detrimental impact of MPs on gut physiology is consistent with
findings in adult zebrafish (Jin et al., 2018, 2019; Qiao et al.,
2019), marine medaka (Kang etal., 2021), mice (Lu etal.,
2018), larval flies (Demir et al., 2022), and adult flies (Zhang
etal., 2020b), albeit with MP concentrations approximately
100 times higher than those used in the current study.
Ingested MPs have also been detected in other organs,
including the liver (Collard et al., 2017) and placenta (Ragusa
etal.,, 2021), suggesting that ingested MPs may potentially
affect other organs beyond the digestive system.

The gut serves as a crucial interface between the body and
environment, initiating the pathophysiological processes of
various multisystem diseases. In addition to gut damage, MP
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Figure 5 No MPs were detected in brains after 10 weeks of MP treatment, but altered brain gene expression was observed

A: Adult flies were exposed to standard food or MP mixed in food at two doses. Treatment continued for 10 weeks, and sub-groups of flies were
dissected and imaged at the end of weeks 2, 4, 6, 8, and 10. No MPs were observed in fly brains at any time point (scale bars=100 ym). B: MP

exposure led to differential gene expression in fly brains. C: Gene Ontology (GO) enrichment analysis showed brain pathways altered by MP

exposure (rich factor indicates degree of pathway enrichment score. Q-value represents significance of enriched pathway).

exposure significantly increased the length of daytime sleep
episodes without affecting locomotion ability. This subtle yet
significant impact on daytime sleep episode length should not
be neglected, as both sleep quantity and quality are vital for
overall physiological health (Pilcher etal., 1997; Wesselius
etal.,, 2018). For instance, patients with obstructive sleep
apnea exhibit markedly higher levels of intestinal barrier
markers (Li etal,, 2021), suggesting a link between gut
impairment and sleep abnormalities. The “gut-brain axis” is
associated with sleep via the immune response, endocrine
regulation, and neural modulation (Sgro etal., 2022; Tang
et al., 2022). Here, transcriptome GO analysis revealed that
MP exposure altered molecular pathways related to hydrolase,
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peptidase, and serine-type peptidase activity, as well as
proteolysis and carbohydrate metabolism, in the brain. These
observations suggest that MP exposure may affect the
regulation of the brain-gut axis, altering the levels and stability
of neuropeptides and metabolites, as well as the balance of
energy supply and consumption. Previous studies have shown
that changes in sleep duration and quality can affect protein
hydrolysis (Piovezan et al., 2015), while protein hydrolysates
can alleviate stress and enhance sleep (Qian et al., 2021). GO
enrichment analysis indicated that the hydrolase and
proteolysis pathways may play a role in sleep structure
modulation. GO analysis also indicated that MP exposure
down-regulated carbohydrate metabolism, consistent with
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Table 1 Pathway-related genes shown in GO scatter plot of the brain
Terms Q-value Genes

Hydrolase activity 3.88E-15 Mal-A1, CG12374, CG31198, LysD, Jon25Biii, Bace, Alp10, BTry, Cht9, Jon99Ci,
Jon25Bi, LManVI, LManV, Jon99Cii, primo-2, CG6295, mus312, CG15255, CG31343,
eTry, Alp9, CG10472, CG18180, Jon99Ciii, CG3841, CG8773, CG15534, Alp2,
CG31233, CG6048, LysP, Jon74E, Jon99Fi, Mal-A2, Phae1, CG6696, CG6283

Peptidase activity 2.12E-12 CG31198, Bace, BTry, Jon99Ci, Jon25Bi, Jon99Cii, CG15255, CG31343, €Try,
CG10472, CG18180, Jon99Ciii, CG8773, CG31233, CG6048, Jon74E, Jon99Fi,
CG6696

Proteolysis 3.65E-12 CG12374, CG31198, Jon25Biii, Bace, BTry, Jon99Ci, Jon25Bi, Jon99Cii, CG15255,

CG31343, €Try, CG10472, CG18493, CG18180, Jon99Ciii, CG8773, CG31233,
CG6048, Jon74E, Jon99Fi, Phae1, CG6696

Serine-type peptidase activity 1.60E-09 BTry, Jon99Ci, Jon25Bi, Jon99Cii, eTry, CG10472, CG18493, CG18180, Jon99Ciii,
CG6048, Jon74E, Jon99Fi

Serine-type endopeptidase activity 3.26E-08 Jon25Biii, BTry, Jon99Ci, Jon25Bi, Jon99Cii, eTry, CG10472, CG18180, Jon99Ciii,
CG6048, Jon74E, Jon99Fi, Phae1

Extracellular region 3.08E-07 Obpb56e, yellow-d, BTry, Cht9, CG6295, Obp99a, CG10725, Diedel, eTry, CG34426,
Agbr, Cp36, lectin-37Da, Mur18B, Lsp1a, js, CG6283

Alpha-1,4-glucosidase activity 3.27E-07 Mal-A1, Mal-A7, Mal-A4, Mal-A2

Hydrolase activity, acting on glycosyl bonds 1.09E-06 Mal-A1, LysD, Cht9, LManVI, LManV, CG15534, LysP, Mal-A2

Maltose metabolic process 3.15E-06 Mal-A1, Mal-A7, Mal-A4, Mal-A2

Maltose alpha-glucosidase activity 3.15E-06 Mal-A1, Mal-A7, Mal-A4, Mal-A2

Metabolic process 1.56E-05 Mal-A1, LysD, Cht9, LManVI, LManV, CG15534, Ugt35E2, LysP, Mal-A2

Extracellular space 2.37E-05 Obp56e, CG12374, LysD, BTry, Cht9, Listericin, Jhbp12, Obp99a, Diedel, eTry, Ag5r,
CG15534, CG14913, LysP, Lsp1a

Peptide catabolic process 5.39E-05 CG31198, CG31343, CG8773, CG31233

Catalytic activity 5.50E-05 Mal-A1, LysD, Mal-A7, Alp10, LManVI, LManV, Alp9, Alp2, Mal-A4, LysP, Mal-A2

Carbohydrate metabolic process 8.35E-05 Mal-A1, Mal-A7, Cht9, LManVI, LManV, Mal-A4, Mal-A2

Metalloaminopeptidase activity 1.12E-04 CG31198, CG31343, CG8773, CG31233

Peptide binding 1.24E-04 CG31198, CG31343, CG8773, CG31233

Metallopeptidase activity 1.43E-04 CG31198, CG15255, CG31343, CG8773, CG31233, CG6696

Aminopeptidase activity 4.72E-04 CG31198, CG31343, CG8773, CG31233

Alpha-glucosidase activity 1.02E-03 Mal-A1, Mal-A2

Carbohydrate binding 1.08E-03 LManVI, LManV, CG15818, lectin-37Da, CG14500

Alkaline phosphatase activity 1.14E-03 Alp10, Alp9, Alp2

Phosphatidylserine 1-acylhydrolase activity 2.81E-03 CG6295, CG6283

1-acyl-2-lysophosphatidylserine 2.81E-03 CG6295, CG6283

acylhydrolase activity

Chitin binding 3.94E-03 Cht9, CG10725, CG34426, Mur18B, js

Phospholipase A1 activity 5.41E-03 CG6295, CG6283

Cytolysis 8.56E-03 LysD, LysP

Alpha-mannosidase activity 8.56E-03 LManVI, LManV

Rhythmic behavior 9.95E-03 tim, vri

Mannose metabolic process 9.95E-03 LManVI, LManV

Cell wall macromolecule catabolic process 1.40E-02 LysD, LysP

Chitin metabolic process 1.63E-02 CG10725, CG34426, Mur18B, js

Protein deglycosylation 2.31E-02 LManVI, LManV

Endopeptidase activity 2.31E-02 Jon25Biii, Jon99Ci, Jon25Bi

Lysozyme activity 2.52E-02 LysD, LysP

Defense response to Gram-positive 2.99E-02 LysD, Listericin, LysP

bacterium

Obsolete nuclear telomeric heterochromatin 2.99E-02 SuUR

Protein localization to chromosome 2.99E-02 SuUR

Photoperiodism 2.99E-02 tim

Negative regulation of transcription 2.99E-02 tim

regulatory region DNA binding

Aspartic-type endopeptidase activity 2.99E-02 Bace

involved in amyloid precursor protein
catabolic process

Neuromuscular junction development, 2.99E-02 Act57B
skeletal muscle fiber

Neutral L-amino acid transmembrane 2.99E-02 NAAT1
transporter activity

Neutral amino acid transport 2.99E-02 NAAT1
L-amino acid transport 2.99E-02 NAAT1
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Continued

Terms Q-value Genes

D-amino acid transport 2.99E-02 NAAT1

D-amino acid transmembrane transporter  2.99E-02 NAAT1

activity

Imaginal disc-derived wing hair organization 3.07E-02 vri, qua

Cell surface 3.11E-02 Alp10, Alp9, Alp2
Chitinase activity 3.80E-02 LysD, Cht9
Phosphatase activity 3.86E-02 Alp10, Alp9, Alp2
Actin filament 4.84E-02 Actb7B, qua
Negative regulation of DNA-templated DNA 4.84E-02 SuUR

replication

Amyloid precursor protein catabolic process 4.84E-02 Bace
Non-membrane spanning protein tyrosine  4.84E-02 primo-2
phosphatase activity

SIx1-SIx4 complex 4.84E-02 mus312
Homologous recombination 4.84E-02 mus312

3'-flap endonuclease activity 4.84E-02 mus312

previous research showing that mice on a carbohydrate-
restricted diet exhibit decreased survival and accelerated
aging, along with alterations in gut microbiota that promote
inflammation (He et al., 2020). MP exposure may trigger an
inflammatory response, increasing the duration of sleep
episodes (Besedovsky etal, 2019). Our transcriptomic
analysis demonstrated that MP exposure altered the
expression of achl, a gene involved in signal transduction from
neurons to immune tissues. The up-regulation of achl, which
inhibits the expression of immune response genes (Li et al.,
2017), may decrease the resistance of flies, negatively
impacting immune function and overall physiological state,
including lifespan. However, several recent studies have
indicated that exposure to higher MP concentrations can
significantly shorten the total amount of sleep in D.
melanogaster (Jin etal.,, 2024; Tang etal., 2023). These
differing results may be due to the dose effect, but further
research is needed to clarify the underlying mechanisms.

All living organisms are continuously exposed to MPs, which
are widely distributed in the environment and negatively
impact organisms across their entire lives. Our assays on flies
revealed that both MP doses caused a significant decrease in
lifespan. Although no significant dose-dependent effect of MP
treatment was detected, there was a trend towards further
reduction in lifespan under the 10xMP dose compared to the
1xMP dose, in alignment with recent findings at even higher
doses (1 000x and 2 000x) (Kauts etal., 2023). Previous
studies have shown that exposure to polystyrene microbeads
reduces growth rates and lifespan in monogonont rotifers
(Jeong et al., 2016), while ingestion of high concentrations of
polyethylene MPs increases mortality rates in sea bass larvae
(Mazurais etal.,, 2015). Comparable adverse effects on
lifespan have also been observed in Caenorhabditis elegans
larvae after 3 days of MP exposure (Shang et al., 2020), as
well as in flies exposed to MPs for 28 days (El Kholy & Al
Naggar, 2023; Urbisz et al., 2024). However, to the best of our
knowledge, the present study is the first to demonstrate the
detrimental effects of MP exposure on D. melanogaster
lifespan (up to 80 days), highlighting potentially sensitive and
resistant windows. Although direct evidence linking MP
exposure to human lifespan is lacking, the urgency to address
environmental MP pollutants remains critical. Further studies
are needed to elucidate the cellular and molecular
mechanisms underlying MP-induced shortened lifespan. Our
findings of gut damage from MP exposure, as revealed by
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trypan blue staining, suggest a possible link between gut
homeostasis and lifespan (Fan et al., 2018; Galenza & Foley,
2021). Several animal models have reported disturbed gut
microbiota linked to the adverse effects of MP exposure
(Fackelmann & Sommer, 2019; Jin etal., 2018; Lu etal.,
2018, 2019). For instance, Newell & Douglas (2014)
demonstrated that axenic flies show longer developmental
stages and elevated glucose and triglyceride levels. Gould
etal. (2018) reported that fly lifespan and fecundity are
impacted by gut microbiome diversity. The intestine, a plastic
organ influenced by both external and internal factors
(Colombani & Andersen, 2020), coordinates physiological
activities. Altered gut microbiota from intermittent fasting is
associated with lifespan extension in flies via target of
rapamycin (TOR)-independent pathways (Catterson et al.,
2018). Reactive oxygen species (ROS) may be another
candidate pathway by which MP exposure reduces lifespan,
as ROS accumulation in the gut contributes to sleep
dysfunction and death (Vaccaro et al., 2020). Proteolysis, a
hallmark of aging, is disrupted by MP exposure, leading to
increased oxidative stress, cellular damage, DNA damage,
and aging processes, ultimately impacting lifespan (Korovila
etal., 2017). Our GO enrichment analyses identified
proteolysis as one of the top significant pathways, providing
molecular insight into the MP-induced reduction in survival
rates.

Beyond individual lifespan, fecundity is essential for species
reproduction and population survival. The effects of MP
exposure on animal reproductive systems have been
extensively studied, including zebrafish (Qiang & Cheng,
2021), male mice (Deng etal., 2021; Hou etal., 2021; Jin
etal., 2021), and female rats (An et al., 2021). In our study,
we observed a decrease in ovary size in flies after just one
week of MP exposure, which persisted during the chronic 4
week MP exposure period. Consistent with previous studies
(Goodman et al., 2021), cell morphology was altered in cells
exposed to MPs. Transcriptomic analysis also suggested that
MP exposure altered ECM gene expression. Fly ovaries can
regenerate three types of cells, namely, germline (GSC),
somatic (SSC) and escort stem cells (ESC) (Kirilly & Xie,
2007). The ECM plays a pivotal role in maintaining and
shaping the ovary and organizing ovarian stem cell niches
(Diaz-Torres et al., 2021; Pearson et al., 2016). GO analysis
also revealed that MP exposure altered fatty acid biosynthesis
and elongation, consistent with findings of increased
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Figure 6 MP exposure resulted in a reduction in ovary size

A: Adult flies were exposed to standard food or MP mixed in food at
two doses: 1xMPs and 10xMPs. Treatment continued for 4 weeks,
and sub-groups of flies were dissected and imaged at weeks 0, 1, 2, 3,
and 4 (arrows indicate dissection and imaging time points). B, C:
1xMP and 10xMP treatments both led to a reduction in ovary size.
Scale bars: 200 pm. D: Quantitative analysis showed significant
differences in 1xMP group at weeks 1, 3, and 4 and in 10xMP group at
week 1 compared to controls (n=10-12 per group; one-way ANOVA
followed by Bonferroni’s post-hoc analysis, : P<0.05; ™ P<0.01; ™
P<0.001; ns: Not significant).

unsaturated lipid concentrations in the ovaries of aged female
flies (Li etal., 2022). Our results suggest MP exposure can
alter ovarian structure by shifting unsaturated lipid
biosynthesis and modifying the surrounding ECM. Ovarian
development is influenced by nutritional conditions. For
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Figure 7 Female fecundity showed resistance to exposure to 0.02
mg/mL and 0.2 mg/mL MP mixed in food

A: To test the effect of MP exposure during development on female
fecundity, embryos were exposed to 1xMPs until eclosion, with virgin
flies mated with untreated males used for fertility tests. B: A 6-day egg-
laying assay showed that MP treatment had no effect on egg-laying
number (n=6 plates per group, 15 females per plate; Student t-test). C:
To test the effect of MP exposure during adulthood on female
fecundity of virgin flies, virgin flies were exposed to standard food or
MP mixed in food at two doses: 1xMPs and 10xMPs from days 1-7.
On day 6, untreated male flies were introduced and allowed to mate
with females for 2 days. On day 8, females were transferred to a Petri
dish for egg collection and images were taken and counted 24 h later.
D: To test the effect of MP exposure during adulthood on female
fecundity of mated flies, mated untreated female flies were exposed to
standard food or MP mixed in food at two doses: 1xMPs and 10xMPs
from days 1-7. On day 8, flies were transferred to a Petri dish for egg
collection and images were taken and counted 24 h later. C, D:
Quantitative analysis of number of eggs laid after MP exposure during
adulthood in virgin and mated flies showed no significant difference
between the control and MP-treated groups (n=16 per group, one-way
ANOVA followed by Bonferroni’s post-hoc analysis). D represent day.

example, third instar larvae fed with 20% sucrose food exhibit
decreased ovariole number compared to those fed with
standard food (Mendes & Mirth, 2016). The smaller ovary size
observed in our study upon MP exposure may be due to
limited nutrient absorption resulting from MP-induced gut
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Figure 8 No MPs were observed in the ovaries after 10 weeks of treatment, but ovarian gene expression was altered

A: Adult flies were exposed to standard food or MP mixed in food at two doses: 1xMPs and 10xMPs. Treatment continued for 10 weeks, and sub-
groups of flies were dissected and imaged at the end of weeks 2, 4, 6, 8, and 10. No MPs were observed in the ovaries at any time point (scale
bars=100 um; n=3—4 per group). B: MP exposure led to differential gene expression in the fly ovaries. C: GO enrichment analysis showed pathways
altered in the ovaries following MP exposure (rich factor indicates degree of pathway enrichment score. Q-value represents significance of enriched

pathway).

damage. Moreover, structural interaction between the ovary
and parts of the midgut and hindgut housed in the abdomen
may contribute to this effect. Gut leakage can initiate local
immune responses, indirectly affecting the ovaries, as
supported by GO enrichment in the immune response
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pathway. Although GO analysis showed MP exposure altered
genes related to circadian regulation and egg-laying behavior,
no significant changes in egg-laying were detected, even at
distinct developmental stages. This finding aligns with
previous studies using MP concentrations 1 000 times higher
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Table 2 Pathway-related genes shown in GO scatter plot of the ovaries

Terms Q-value

Genes

Extracellular space 5.97E-15

Extracellular region 9.18E-15

ImpL2, mfas, CG10433, Swim, CG17633, Ance, Timp, gbb, retinin, CG8562, PGRP-LB, Ag5r2, Obp99c,
Mmp1, CG6959, SPARC, CG5162, CG3868, CG42342, CG5867, PGRP-LC, NLaz, nec, CG5945, Adgf-D,
CG18585, LysP, CG8093, PGRP-SC1a, CG5397, Est-6, Agbr, CG7142, PGRP-LA, Ance-4, Spn43Ab,
CG14820, Spn42Dd, CG33127, CG8560, LysX, CG16799, Spn77Ba, Npc2e, Spn47C, CG17919, etaTry,
CCHa2, CG15534, CG9400, Apoltp, llp7, CG18628, CG4546, CG31997, Fst, PGRP-SC2, CG44008,
CG16820, Peritrophin-15a, upd3, LysS, iotaTry, CG3604, Tep3, CG9673, PGRP-SC1b, CG42780, CG9672,
CG14661, Vm32E, Npc2h, BG642312, daw, upd1, Spn28Dc, CG15533, CG18067, Gasp, CG32984, ssp7,
Phk-3, CG31207, serp, Spn42Dc, tsl, CG8539, Pde1c

ImpL2, Fs, CG18749, CG17633, Ance, Timp, gbb, retinin, Nplp3, PGRP-LB, CG6283, Ag5r2, Obp99c,
Vm26Aa, CG4666, Vm26Ab, Yp2, CG5162, Yp1, Vm34Ca, CG42397, CG42486, Muc26B, bou, lectin-37Da,
PGRP-SC1a, CG5177, Gbp2, Idgf1, Est-6, Ebplll, Yp3, Ag5r, Npc2g, CG6277, Spn42Dd, Muc68E, yellow-k,
Glt, | (2)34Fc, CG14526, Spn77Ba, CG18258, fon, shf, CG32284, etaTry, CCHa2, CG15293, CG9400, lIp7,
NimB3, spheroide, ckd, PGRP-SC2, yellow-d, CG3505, upd3, dec-1, iotaTry, Tep3, CG13075, Lectin-galC1,

PGRP-SC1b, Vm32E, Npc2h, CG6933, daw, NimB2, upd1, Spn28Dc, fat-spondin, Gasp, yellow-c, grass,
Phk-3, yellow-d2, CG10116, Nplp4, serp, tsl, CG7298

Hydrolase activity 9.15E-06

alpha-Man-IIb, Swim, Jon25Biii, CG17633, laza, Ance, Jon99Fii, CG10477, CG8562, PGRP-LB, LManVI,

CG4822, Mipp1, CG10472, Jon99Fi, CG6283, nrv2, lambdaTry, Mmp1, CG30100, alpha-Est7, CG11911,
Yp2, FASN2, CG16749, CG5162, LManV, CG17571, eya, PGRP-LC, Yp1, CG15255, CG14120, CG7378,
CG31343, CG33346, CG43110, Adgf-D, CG18585, LysP, CG33082, Mal-A2, CG9449, CG8093, PGRP-
SC1a, CG10827, Jon65Aii, CG5397, CG5177, hiro, Est-6, mag, Yp3, CG11842, Jon65Ai, CG5171, CG7142,
CG9701, PGRP-LA, Ance-4, CG18180, CG14820, alpha-Est8, CG6277, Amy-p, LManl, Jon44E, Decay,
CG33127, CG8560, Glt, LysX, CG16799, CG30002, CG3819, CG10970, CG9676, CG14526, Mal-A3,
CG4653, CG18258, etaTry, CG15534, kappaTry, spheroide, CG31198, PGRP-SC2, CG3505, CG11841,
CG30371, CG11912, LysS, iotaTry, CG11147, CG9673, CG9649, CG9780, PGRP-SC1b, CG4301,
CG9672, CG6067, Phae2, CG31326, CG1809, DNasell, Nig1, alpha-Est2, CG15533, grass, CG31200,
CG31265, Jon66Ci, CG42335, Btnd, CG10116, Vha100-5, serp, CG8539, Pdelc

Lipid metabolic 2.24E-04
process

Cyt-b5-r
1.16E-03

1.16E-03

Immune response

Fatty acid elongase
activity

Fatty acid elongation 1.16E-02
Fatty acid biosynthetic 1.58E-02

process
Cell wall

macromolecule

catabolic process

Circadian regulation of 4.39E-02
gene expression
Regulation of egg-
laying behavior
Regulation of cellular 4.76E-02
metabolic process

4.39E-02 LysP, LysX, CG16799, LysS

nej, cry, Clk
4.39E-02 Gadd45, Drip, Est-6

hry, melt

CG8303, CG30008, CG5326, CG9743, melt, CG16904, CG6283, CG5162, CG18609, NLaz, Fad2, CG8093,
mag, GstE14, CG9458, CG6277, CG18258, CG10097, CG6660, Npc1b, eloF, CG17562, FarO, CG15531,

Swim, PGRP-LB, Thor, PGRP-LC, nec, PGRP-SC1a, PGRP-LA, PGRP-SC2, upd3, PGRP-SC1b, CG15529
CG30008, CG5326, CG16904, CG18609, CG9458, CG6660, eloF

CG30008, CG5326, CG16904, CG18609, CG9458, eloF
CG30008, CG5326, CG9743, CG16904, CG18609, Fad2, CG9458, CG6660, eloF, CG15531

than ours (Jin et al., 2024). However, several earlier studies
have reported impaired female reproductive function, possibly
due to a dose effect (Shen et al., 2021; Tang et al., 2023). As
such, further investigation is needed to clarify how different
MP concentrations impact reproductive functions and to
explore potential generational/cross-generational impacts.
Another study in flies reported a reduction in egg-laying after
28 days of MP exposure (Urbisz et al., 2024). We speculate
that these differences in results may be attributable to an
interactive effect of age and accumulated MP impact, as egg-
laying typically peaks around 8-10 days after eclosion (Aigaki
& Ohba, 1984), and no detectable MP entry into the ovary was
observed in our study, even after 10 weeks of exposure.

Our study has several limitations. Although we observed a
decrease in ovary size after 4 weeks of MP exposure, the
underlying mechanisms and subtle effects on reproduction,
including potential impacts on future generations, require
further investigation. Additionally, efforts should be made to
explore the link between reduced lifespan and diminished
ovaries. Furthermore, the combined effects of MPs with
potentially accumulated organic pollutants or heavy metals

could exacerbate the adverse impacts on lifespan and
reproduction, given the release of phthalate esters (Deng
etal.,, 2020), polychlorinated biphenyls (Nor & Koelmans,
2019), and Cd, Pb, and Zn heavy metals (Yan et al., 2020)
from MPs and other small particles (Alaraby etal., 2020;
Anand etal., 2019). Reported MP concentrations in the
natural environment also vary widely, ranging from 2.5x1075 to
121 mg/mL (EFSA Panel on Contaminants in the Food Chain,
2016), with fresh/drinking water concentrations ranging from
3.75%107° to 0.162 mg/mL (Marsden et al., 2019) and indoor
and outdoor air concentrations ranging from 16.7x107% to
1x10% fi/mL (Li etal., 2020; Wright & Kelly, 2017). Further
studies are needed to investigate the impacts of different MP
exposure concentrations and provide a more realistic
understanding of animal responses.
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