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ARTICLE INFO ABSTRACT

Keywords: Accumulating evidence shows widespread contamination of water sources and food with microplastics. Although
Microplastics the liver is one of the main sites of bioaccumulation within the human body, it is still unclear whether micro-
Polyethylene plastics produce damaging effects. In particular, the hepatic consequences of ingesting polyethylene (PE)
Ilﬁi::eer microplastics in mammals are unknown. In this study, female mice were fed with food contaminated with 36 and
Fibrosis 116 um diameter PE microbeads at a dosage of 100 ug/g of food for 6 and 9 weeks. Mice were exposed to each

type of microbead, or co-exposed to the 2 types of microbeads. Mouse liver showed altered levels of genes
involved in uptake, synthesis, and p-oxidation of fatty acids. Ingestion of PE microbeads disturbed the detoxi-
fication response, promoted oxidative imbalance, increased inflammatory foci and cytokine expression, and
enhanced proliferation in liver. Since relative expression of the hepatic stellate cell marker Pdgfa and collagen
deposition were increased following PE exposure, we assessed the effect of PE ingestion in a mouse model of
CCly-induced fibrosis and showed that PE dietary exposure exacerbated liver fibrogenesis. These findings provide
the first demonstration of the adverse hepatic effects of PE ingestion in mammals and highlight the need for

Lipid metabolism

further health risk assessment in humans.

1. Introduction

In the wake of industrial development and anthropogenic activities,
a dramatic expansion in global production chains for plastic goods has
occurred over the past several decades (Lim, 2021). Currently, about
400 million tons of plastic materials are produced each year, and this is
projected to double by 2050 (Lim, 2021). Due to accelerated production
and limited reuse, transformation, and recycling initiatives, the world’s
ability to handle the excess of used plastic products has been over-
whelmed (Ferronato and Torretta, 2019). Once discarded in nature,
plastic waste is exposed to physical (e.g., ultraviolet radiation and
temperature), chemical (e.g., salinity, pH, and corrosive agents), and
biological (e.g., bacteria, microalgae, and plankton) factors that cleave
these materials into microplastic (MP; 1-5000 pym in diameter) and
nanoplastic (NP; <1 um) particles (Hirt and Body-Malapel, 2020; Song
et al., 2017).

Humans are exposed to MPs every day. They are omnipresent in our
food, beverages, water, and air (Gasperi et al., 2018; Mortensen et al.,

2021). A recent study estimated MP median intake rates are 553 and 883
particles/capita/day for children and adults, respectively. This intake
can lead to irreversible accumulation in tissues of 8.32 x 10° parti-
cles/capita for children and up to 5.01 x 10* particles/capita for adults
(Mohamed Nor et al., 2021). Human exposure to MPs starts in utero and
lasts a lifetime. For example, a pilot study detected MPs in meconium
sampled during two cesarean sections for breech deliveries (Braun et al.,
2021). Another study that analyzed MPs in three meconium as well as 6
infant and 10 adult fecal samples concluded that MP concentrations
were significantly higher in infant than in adult stool (J. Zhang et al.,
2021a). Several studies have detected various MPs in human adult stool
(Lugman et al., 2021; Schwabl et al., 2019; Wibowo et al., 2021). MPs
were also found in human colectomy and cirrhotic samples (Horvatits
et al., 2022; Ibrahim et al., 2021). Furthermore, accumulating evidence
from human and mouse studies have shown that MPs disrupt the
integrity of the intestinal barrier, enter the bloodstream (Leslie et al.,
2022; Sun et al., 2022), and accumulate in different tissues and organs
such as gut, liver, brain, and kidney (Deng et al., 2017; Im et al., 2022;
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Mu et al., 2022).

As the main bioaccumulation target of MPs, the liver has been the
subject of several studies on the impact of MP ingestion in mice. Hep-
atotoxicity and lipid metabolism disturbances have been observed after
ingestion of polystyrene (PS) MPs (Cheng et al., 2022a; Lu et al., 2018).
Oral exposure to PS MPs induced oxidative stress (Deng et al., 2017; Mu
et al., 2022) and promoted inflammation under basal and pathological
conditions (Deng et al., 2017; Huang et al., 2022; Luo et al., 2022; Wen
et al., 2022; Zhao et al., 2021; Zheng et al., 2021). Several hallmarks of
hepatotoxicity were also observed following chronic exposure to poly-
vinyl chloride (PVC) MPs (Chen et al., 2022).

Although PE is the most abundant polymer in raw and treated
drinking water and bottled mineral water (Mortensen et al., 2021), and
one of the most common monomers found in human food (Bai et al.,
2022), little is known regarding its effect on mammalian liver. Thus far it
has been reported that PE MP exposure induces liver damage in several
aquatic organisms (da Costa Aratjo et al., 2020; Dong et al., 2022; Hu
etal., 2022; Lu et al., 2022; Mak et al., 2019). Therefore, the purpose of
this study was to explore the hepatic effects of sub-chronic PE MP
exposure in mice.

2. Methods and materials
2.1. Particles

PE microbeads were acquired from Cospheric (Santa Barbara, USA).
Two categories of microbeads were used: red fluorescent beads (RB;
item# UVPMS-BR-1.090; 10-45 um) and green fluorescent beads (GB;
item# UVPMS-BG-1.00; 106-125 pm). Size range and polymeric
composition were characterized in a previous study (Djouina et al.,
2022a). The median size of microbeads was 36 and 116 ym for RB and
GB, respectively. Both were composed of a pure PE polymer as
confirmed by Fourier transform infrared spectra.

2.2. Mice and experimental protocols

All animal procedures were conducted in accordance with institu-
tional guidelines approved by the Animal Care and Ethical Use Com-
mittee of the University of Lille (committee no.75; authorization no.
APAFIS #38663-2022082613292602). C57BL/6 mice were purchased
from Janvier Labs (Le Genest-Saint-Isle, France) and housed under
standard conditions. Female mice from 7 to 12 weeks old were used in
the study.

In the first set of experiments, mice were randomly assigned to 4
experimental groups (n = 10/group): 1) control group, receiving control
food; 2) RB group, receiving food spiked with 100 pg RB microbeads/g
of food; 3) GB group, receiving food spiked with 100 pg of GB
microbeads/g of food; and 4) RB+GB group, receiving food spiked with
100 pg each of RB and GB microbeads/g of food. The concentration of PE
microbeads added to food was 100 ug/g since this amount is within the
realistic range of human ingestion levels (Djouina et al., 2022a; Sen-
athirajah et al., 2021). Treatment periods were either 6 or 9 weeks.
Blood and liver were sampled at necropsy.

In the second set of experiments, to induce chronic liver fibrosis, 8-
week old C57BL/6 female mice were injected with CCly (Sigma-
Aldrich; 0.2 ml/kg; in olive oil at a ratio of 1:4; i.p. injection twice a week
for 8 weeks). Mice were randomly divided into 5 groups (n = 8/group):
1) control group, receiving control food and olive oil i.p. repeated in-
jections; 2) CCly group, receiving control food and CCly repeated in-
jections; 3) CCl4 +RB group, receiving food spiked with 100 pg of RB
microbeads/g of food and CCl, repeated injections; 4) CCl4 +GB group,
receiving food spiked with 100 ug of GB microbeads/g of food and CCl,
repeated injections; and 5) CCl4 +RB+GB group, receiving food spiked
with 100 ug each of RB and GB microbeads/g of food and CCl4 repeated
injections. Animals were sacrificed 24 h after the last injection of CCly.
Blood and liver were sampled at necropsy.
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2.3. Serum enzyme activity

Serum activity of alanine transaminase (ALT) and aspartate amino-
transferase (AST) were measured using commercial kits (MAKO52 and
MAKO55, Sigma-Aldrich). The optical density (OD) at 570 nm for ALT
and 450 nm for AST was measured using a microplate reader (Fluos-
tarOmega, BMG Labtech). Following incubation for 2-3 min at 37 °C,
initial absorbance was recorded and kinetic measurements were recor-
ded every 5 min for 1 h. Pyruvate and glutamate were used as standards
for ALT and AST, respectively. AOD was calculated and ALT and AST
activities were derived based on the ratio of AOD and reaction time.

2.4. Liver total cholesterol, triglyceride, and free fatty acid content
measurements

To isolate lipids, liver samples (~50 mg) were homogenized in 1 ml
of 2:1 (v/v) chloroform-methanol mixture. Following centrifugation at
1000 g, 1 ml of supernatant was recovered and 200 pl of distilled water
was added. Samples were centrifuged at 650 g and the organic layer was
removed, evaporated for 24 h, and reconstituted in isopropanol. Tri-
glyceride content was measured with Triglyceride Reagent (T2449,
Sigma-Aldrich) and Free Glycerol Reagent (T2449, Sigma-Aldrich).
Glycerol Standard (G7793, Sigma-Aldrich) was used as a reference
standard. OD was measured at 450 nm. Total cholesterol and free fatty
acids were assayed using commercially available kits (Cholesterol FS # 1
1300 99 10 021, DiaSys, and free fatty acid quantification kit, MAK044,
Sigma-Aldrich, respectively).

2.5. Liver histological analysis

Liver was fixed in 4% formaldehyde overnight, processed, and
embedded in paraffin wax by an automatic sample preparation system
(LOGOS One, Milestone). Serial histological sections of 4 um thickness
were cut, deparaffinized, rehydrated for hematoxylin and eosin (H&E)
staining (05-06004/L, 05-10007/L, Bio-Optica) or sirius red staining
(P6744 and 365548, Sigma-Aldrich). The slides were scanned on a Zeiss
AxioScan.Z1® slide scanner (Zeiss, Jena, Germany) at 20X
magnification.

Whole tissue was analyzed with QuPath software (version 0.4.1.)
(Bankhead et al., 2017). To localize and quantify inflammatory foci, the
"Cell Detection" command was used followed by the "Cell Classification"
command for identification of immune cells. Each inflammatory focus
was manually drawn, measured, and counted. To quantify sirius red
staining, the “Estimate Stain Vectors” command was applied to each
slide and then the percentage of staining was calculated with the “Pos-
itive Cell Detection” command.

2.6. Immunohistochemical staining and quantification

Serial histological sections of 4 um thickness were cut, deparaffi-
nized, and rehydrated. For antigen unmasking, sections were placed in
10 mM sodium citrate buffer (pH 6.0) and incubated in a heat-induced
antigen retrieval chamber for 20 min at 121 °C. After washing, sec-
tions were blocked for 30 min with 5% goat serum. Rabbit anti-mouse
Ki-67 primary antibody (MAS5-14520, Invitrogen) and rabbit anti-
mouse alpha-smooth muscle actin (a-SMA) primary antibody
(#19245, Signaling Technology) were then incubated overnight at 4 °C
(1:200 dilution). After washing, tissue sections were incubated for 30
min at room temperature with InmPRESS® HRP Goat Anti-Rabbit IgG
Polymer Detection Kit (Vector Laboratories, Inc., United States) and
staining was exposed with SignalStain® DAB Substrate (#8059, Cell
Signaling Technology). Nuclear staining with hematoxylin was per-
formed before addition of mounting medium. The slides were then
scanned under 20X magnification as described earlier. Inmunostaining
quantification was performed with QuPath software. The percentage of
cells positive for either Ki-67 or a-SMA staining was calculated with the
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"Positive Cell Detection" command.

For apoptosis analysis in liver sections, the In Situ Cell Death
Detection Kit, TMR red TUNEL technology (#12156792910, Roche) was
performed according to manufacturer’s specifications. Tissue sections
were dewaxed, rehydrated as described earlier, and pretreated in per-
meabilization solution (0.1% Triton X-100 *, 0.1% sodium citrate) for 8
min. After washing, the samples were labeled with the TUNEL reaction
mixture and incubated for 60 min at + 37 °C in a humidified atmosphere
in the dark. Sections were counterstained with DAPI (Molecular Probes,
Eugene OR, USA). The slides were then scanned at 20X magnification
and the percentage of positive cells was quantified with the "Positive
Cell Detection" command in QuPath software.

2.7. Real-time quantitative polymerase chain reaction (RT-gPCR)

Liver tissue samples were homogenized with ceramic beads using a
FastPrep-24 tissue homogenizer (MP Biomedical). Total RNA was
extracted with the NucleoSpin® RNA kit (Macherey-Nagel). Transcript
levels of genes were quantified with the StepOne™ Real-Time PCR
system using a SYBR Green PCR master mix (Thermo Fisher Scientific).
The primer sequences were designed using Primer Express 3 (Thermo
Fisher Scientific) and are available upon request. Melting curve analyses
were performed for each sample and gene to confirm the specificity of
the amplification. The relative expression of each target gene was
normalized to the relative expression of the Polr2a gene. Quantification
of target gene expression was based on the comparative cycle threshold
(Ct) value. The fold changes in the target genes were analyzed by the
27A5C method.

2.8. Liver malondialdehyde (MDA) analysis

Liver lysates were incubated with acetic acid and sodium dodecyl
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sulfate at 95 °C for 1 h, followed by centrifugation at 800 g for 10 min.
Supernatants were transferred to a black 96-well plate and the fluores-
cence intensity was measured at Aex = 532 and Aepy, = 553 nm. 1,1,3,3-
Tetramethoxypropane (Sigma-Aldrich) was used as a standard. Protein
concentration in samples was determined using the DC™ protein assay
(Bio-Rad Laboratories). Liver MDA concentration was normalized by the
sample protein concentration and expressed as nanomoles per mg of
protein.

2.9. Statistics

Results are expressed as mean =+ standard error of the mean. The
statistical significance of differences between experimental groups was
calculated using the Mann-Whitney nonparametric U test (GraphPad
Prism software, USA). Statistical significance was defined as p < 0.05.

3. Results

Exposure to 36 um RB and 116 ym GB PE microbeads individually or
in combination for 6 and 9 weeks did not induce mouse mortality, gross
clinical symptoms, or significant body weight variation compared to the
control group (Suppl. Fig. 1A). After 9 weeks of exposure, the mice
exposed to RB-contaminated diet showed increased serum AST and ALT
activities, suggesting potential hepatotoxicity of PE microbeads (Suppl.
Fig. 1B).

3.1. PE microbeads cause disturbances in liver lipid metabolism

Hepatic transcriptional levels of genes related to fatty acid meta-
bolism were evaluated using RT-qPCR to determine the effect of PE
microbead exposure (Luo et al., 2019; X. Wang et al., 2023b). After a
6-week administration period, the relative expression of two genes
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Fig. 1. Effects of polyethylene (PE) exposure on liver lipid metabolism. Mice were exposed to food spiked with 100 pg/g of PE microbeads (red beads (RB), green
beads (GB), or RB+GB; n = 10/group) or control food (CT; n = 10) for 6 and 9 weeks. Gene expression was quantified by RT-qPCR for (A) fatty acid uptake markers,
(B) p-oxidation markers, (C) fatty acid synthesis markers, and (D) triglyceride synthesis markers. In addition, biochemical analysis of liver (E) cholesterol, (F) tri-
glyceride and (G) free fatty acid levels were assessed. Upper panel: 6 weeks exposure. Medium and lower panel: 9 weeks exposure. * p < 0.05, * * p < 0.01,
* %% p < 0.005, and * ** * p < 0.001 compared to the control group as determined by the Mann-Whitney U test.
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involved in fatty acid uptake, platelet glycoprotein 4 (Cd36) and fatty
acid binding-protein, liver (Fabpl), were increased in mice exposed to
RB+GB contaminated food as compared to control mice (Fig. 1A).
Exposure to RB-contaminated food induced downregulation of Fabp1 in
liver. The third marker of fatty uptake, long-chain fatty acid transport
protein 2 Slc27a2/Fatp2, was not modified by PE dietary exposure. A
two-fold increase in expression of the peroxisome proliferator-activated
receptor alpha (Ppara) gene was detected after exposure to both types of
PE microbeads, whereas the transcription of the others genes involved in
B-oxidation, including peroxisomal acyl-coenzyme A oxidase 1 (Acox1),
carnitine O-palmitoyltransferase 1, liver isoform (Cptla), and
medium-chain specific acyl-CoA dehydrogenase, mitochondrial
(Acadm), did not vary between groups (Fig. 1B). For genes involved in
fatty acid synthesis, levels of peroxisome proliferator-activated receptor
gamma (Pparg) and acyl-CoA desaturase 1 (Scd1) were elevated in the
liver of RB+GB exposed mice, and fatty acid synthase (Fasn), ATP-citrate
lyase (Acly), and acetyl-CoA carboxylase 1 (Acaca) were significantly
upregulated in all groups of PE-exposed mice (Fig. 1C). Genes involved
in triglyceride synthesis, diacylglycerol O-acyltransferase 1 (Dgatl),
diacylglycerol O-acyltransferase 2 (Dgat2), glycerol-3-phosphate acyl-
transferase 1, mitochondrial (Gpam), and microsomal triglyceride
transfer protein large subunit (Mttp), were not modified by PE exposure,
with the exception of Gpam which was increased in GB-exposed mice
(Fig. 1D). After 9-week exposure, significant modulation of fatty acid
metabolism markers was also observed. Exposure to RB microbeads
downregulated the expression of Fabpl and Acox1 and upregulated the
expression of Dgatl. Exposure to GB microbeads increased the levels of
Fatp2, Cptla, and Gpam. Expression of Ppara and Pparg was higher in
liver of mice exposed to GB and RB+GB. The relative expression of Cd36,
Acaca, and Mttp was increased in all groups of PE-exposed mice. In
summary, dietary exposure to PE microbeads disturbed genes associated
with fatty acid metabolism in favor of increased mRNA levels of genes
associated with fatty acid uptake, f-oxidation, and synthesis.
Biochemical parameters of the liver were also evaluated. Liver
cholesterol levels were significantly increased in mice fed with food
contaminated with GB microbeads (Fig. 1E). Hepatic triglycerides were
elevated in mice exposed to RB+GB-contaminated food (Fig. 1F). The
hepatic levels of free fatty acids were not significantly modified
(Fig. 1G). Taken together, these data show that dietary exposure to PE
microbeads altered lipid metabolism in liver of exposed mice.
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3.2. PE microbeads alter liver detoxification and oxidative defense
biomarkers

Hepatic metabolism is generally conducted in two phases and carried
out by distinct groups of enzymes. For phase 1, hepatic cytochrome p450
(Cyp) is the main enzyme group. Among this gene family, Cyp2a4 and
Cyp2b10 mRNA levels were increased in the three groups of PE-exposed
mice after 6-week exposure (Fig. 2A). The upregulation of Cyp2a4 in
liver was also observed after 9-week exposure. The main phase 2
xenobiotic metabolizing enzymes are glutathione S-transferases and
UDP glucuronosyl-transferases. Levels of Gstal were upregulated in
livers of mice exposed to RB, GB, and RB+GB after 6 weeks, and Ugtlal
in liver of RB+GB-exposed mice after 9-week exposure.

The effect of PE dietary exposure was evaluated using biomarkers of
liver oxidative stress. In 6-week exposed mice, transcripts of nitric oxide
synthase, inducible (Nos2), catalase (Cat), nuclear factor erythroid 2-
related 2 (Nfe2l2), NAD(P)H dehydrogenase [quinone] 1 (Nqol), and
heme oxygenase 1 (Hmox1) were elevated in mice fed RB+GB (Fig. 2B)
and Cat levels were decreased in liver of mice fed RB-contaminated food.
Superoxide dismutase [Cu-Zn] (Sodl), superoxide dismutase [Mn],
mitochondrial (Sod2), and glutathione peroxidase 1 (GpxI) relative
levels were not modified. In 9-week exposed mice, Nfe2l2 was upregu-
lated in GB-exposed mice and Nqol was overexpressed in mice exposed
to RB and RB+GB. Hmox]1 transcription was increased in liver of mice
fed RB, GB, and RB+GB. Liver MDA content, a marker of lipid peroxi-
dation levels, was decreased in mice exposed to RB for 6 weeks, and
increased in mice exposed to RB+GB for 6 weeks and to RB for 9 weeks
(Fig. 2C). Therefore, in mice, the processes of detoxification and
oxidative defense were altered by dietary exposure to PE microbeads.

3.3. Effect of PE microbeads on liver inflammation

H&E staining was used to analyze histological changes within liver
tissues (Fig. 3A). No overt signs of necrosis, ballooning, edema, or hy-
peremia were observed. As focal inflammation is the most frequently
observed inflammatory lesion of liver in rodent toxicity studies, the
number and size of the inflammatory foci present in hepatic parenchyma
were quantified (Oliveira et al., 2019) (Fig. 3A-B). Although the abun-
dance of inflammatory foci was unmodified, their size was significantly
increased in liver of mice exposed to RB+GB for 6 weeks compared to
controls. After 9-week exposure, the inflammatory foci were more
numerous in mice exposed to GB and RB+GB. There was a similar trend
for the size of inflammatory foci with a significance threshold reached
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Fig. 2. Effects of polyethylene (PE) exposure on liver xenobiotic metabolism and oxidative stress markers. Mice were exposed to food spiked with 100 ug/g of PE
microbeads (red beads (RB), green beads (GB), or RB+GB; n = 10/group) or control food (CT; n = 10) for 6 and 9 weeks. Gene expression was quantified by RT-qPCR
for (A) xenobiotic-metabolizing enzymes, and (B) oxidative stress genes. (C) Analysis of liver MDA levels. Upper panel: 6 weeks exposure. Lower panel: 9 weeks
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mokines. Left: 6 weeks exposure. Right: 9 weeks exposure. * p < 0.05, * * p < 0.01, * ** p < 0.005, and * ** * p < 0.001 compared to the control group as deter-

mined by the Mann-Whitney U test.

for the RB+GB group. Major liver cytokines and chemokines were
quantified at the transcriptional level (Fig. 3C). After 6-week exposure,
the mRNA abundance of tumor necrosis factor (Tnf), interferon gamma
(Ifng), interleukin-1 beta (I11b), interleukin-6 (I16), CC motif chemokine
2 (Ccl2), and C-C motif chemokine 5 (Ccl5) were increased in mice fed
RB+GB compared to control mice. Decreased levels of Il1b and Il6
transcripts were also quantified in GB- and RB-exposed mice, respec-
tively. After 9-week exposure, downregulation of Il1b was observed in
both RB- and GB-exposed mice. Il6 levels were highly elevated in liver of
mice fed RB+GB. CCI2 mRNA was upregulated in GB-exposed mice.
These results show that co-exposure to RB and GB PE microbeads
induced low grade inflammation of the liver.

3.4. PE microbeads induce liver cell proliferation

Proliferation marker protein Ki-67 (Mki67) is a marker of cell divi-
sion and its overexpression is an indicator of proliferation (Dubuquoy
et al., 2015). Relative mRNA expression of Mki67 was increased after
6-week exposure to RB+GB, and after 9-week exposure to GB and
RB+GB (Fig. 4A). Immunohistochemical staining of Ki-67 protein
confirmed the increased number of Ki-67-positive cells in liver of mice
exposed to RB+GB, both after 6- and 9-week exposure (Fig. 4B),
showing that dietary exposure to PE increased cell proliferation in liver.
Because apoptosis can be induced to protect the liver from an over-
shooting proliferative response (Campana et al., 2021), and PS MP
exposure has been shown to induce liver apoptosis (Li et al., 2021; S.
Wang et al., 2023a), we sought to determine whether apoptosis was

affected in our experimental conditions ( Fig. 4C). The TUNEL staining
showed no modification of apoptosis by PE MP ingestion.

3.5. PE microbeads alter expression of hepatic cell markers

Markers of the main cell types in liver were quantified by RT-qPCR
(Saleh et al., 2021; Yang et al., 2021). The levels of specific gene
markers of hepatocytes, albumin (Alb) and hepatocyte nuclear factor
4-alpha (Hnf4a), were not modified after 6-week exposure but increased
after 9-week exposure to RB+GB (Fig. 5A). The specific markers of
cholangiocytes, hepatocyte nuclear factor 1-beta (Hnflb) and tran-
scription factor SOX-9 (Sox9), were increased in RB-exposed mice and
decreased in GB-exposed mice after 6-week exposure (Fig. 5B). After
9-week exposure, Hnflb mRNA was downregulated in GB-exposed mice
and both Hnflb and Sox9 were decreased in mice fed RB+GB. The
specific markers of hepatic stellate cells (HSCs), actin, aortic smooth
muscle (Acta2) and platelet-derived growth factor subunit A (Pdgfa),
were upregulated after 6-week exposure to RB+GB (Fig. 5C). After
9-week exposure, levels of Pdgfa were elevated in mice fed RB, GB, and
RB+GB. The specific markers of portal fibroblasts, elastin (Eln) and
Thy-1 membrane glycoprotein (Thyl), were unmodulated by dietary
exposure to PE microbeads (Fig. 5D). The levels of the specific markers
of Kupffer cells, macrosialin (Cd68) and C-type lectin domain family 4
member F (Clec4f), were unaltered after 6-week exposure but either
downregulated (Cd68) or upregulated (Clec4f) after 9-week exposure to
GB microbeads.
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Fig. 4. Effects of polyethylene (PE) exposure on liver cell proliferation and apoptosis. Mice were exposed to food spiked with 100 ug/g of PE microbeads (red beads
(RB), green beads (GB), or RB+GB; n = 10/group) or control food (CT; n = 10) for 6 and 9 weeks. (A) mRNA quantification of the proliferative marker Ki-67. (B)
Representative pictures of Ki-67-stained liver and Ki-67 immunostaining quantification. (C) Representative pictures of TUNEL-stained liver and TUNEL immuno-
staining quantification * p < 0.05, * * p < 0.01, * ** p < 0.005, and * ** * p < 0.001 compared to the control group as determined by the Mann-Whitney U test.
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Fig. 5. Effects of polyethylene (PE) exposure on markers of main liver cell types. Mice were exposed to food spiked with 100 ug/g of PE microbeads (red beads (RB),
green beads (GB), or RB+GB; n = 10/group) or control food (CT; n = 10) for 6 and 9 weeks. Gene quantification of cell type-specific biomarkers for (A) hepatocytes,
(B) cholangiocytes, (C) hepatic stellate cells, (D) portal fibroblasts, and (E) Kupffer cells. Upper panel: 6 weeks exposure. Lower panel: 9 weeks exposure. * p < 0.05,
**p <0.01, * ** p < 0.005, and * ** * p < 0.001 compared to the control group as determined by the Mann-Whitney U test.

groups showed a significant increase of serum AST and ALT activity
levels compared to the control group (Fig. 7A). The elevated AST and
ALT activity levels were significantly worsened in mice fed RB+GB
compared to control mice. Sirius red staining and immunohistochemical

3.6. PE microbeads exacerbate the development of CCly-induced liver
fibrosis

Since at least one HSC marker was upregulated after both 6 and 9

weeks of combined PE MP exposure, we performed sirius red staining to
assess collagen deposition and therefore HSC activation (Fig. 6). Sirius
red positive areas were increased in liver of mice exposed to GB for 6
weeks (Fig. 6A) and exposed to GB and RB+GB for 9 weeks (Fig. 6B).
Since the activation of HSCs and their conversion into myofibroblasts
play key roles in the development of liver fibrosis, we assessed the ef-
fects of dietary exposure to PE microbeads in a mouse model of induced
liver fibrosis by repeated i.p. administration of CCly. All CCls-induced

staining of a-SMA were used to evaluate the degree of fibrosis (Fig. 7B).
Results showed that collagen deposition and a-SMA protein were pre-
sent in liver of mice repeatedly administered CCly, confirming the in-
duction of hepatic fibrosis. This was also confirmed by the quantitative
increase of both sirius red and a-SMA positive areas in all the CCly
fibrotic groups compared with the control group (Fig. 7C-D). Further-
more, the areas positive for sirius red and a-SMA were significantly
increased in mice exposed to GB and RB+GB compared to fibrotic mice
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Fig. 6. Effects of polyethylene (PE) exposure on liver HSC activation. Mice were exposed to food spiked with 100 pg/g of PE microbeads (red beads (RB), green beads
(GB), or RB+GB; n = 10/group) or control food (CT; n = 10) for 6 and 9 weeks. Representative images of liver sections stained with sirius red and sirius red-positive
area quantification. A: 6 weeks exposure. B: 9 weeks exposure. * p < 0.05, * * p < 0.01, and * ** * p < 0.001 compared to the control group as determined by the

Mann-Whitney U test.
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green beads (GB), or RB+GB) or control food for 8 weeks (n = 8/group). Mice were administered carbon tetrachloride (CCly; 0.2 ml/kg bw) to induce liver fibrosis or
olive oil as a control (CT) by ip. injection once a week for 8 weeks. (A) Serum alanine transaminase (ALT) and aspartate aminotransferase (AST) activity levels. (B)
Representative images of liver sections stained with sirius red (upper panel) and a-SMA (lower panel). (C) Sirius red-positive area quantification. (D) a-SMA-positive
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exposed to uncontaminated food. Consistent with these results, bio-
markers of hepatic fibrosis, including Acta2, Pdgfa, collagen alpha-1(I)
chain (Collal), and vimentin (Vim), were significantly upregulated in
the 4 groups of mice repeatedly exposed to CCly (Fig. 7E). Exposure to

GB enhanced the upregulation of Vim in liver as compared to control
food. Exposure to RB+GB significantly enhanced the expression of
Acta2, Pdgfa, Collal, and Vim transcripts in liver. As a whole, these
results show that dietary PE exposure exacerbated CCls-induced liver
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fibrosis.
4. Discussion

PE is the second-most commonly used commercial polymer. It is used
in various industries, including agricultural mulches, composite mate-
rials, and packaging (El-Sherif et al., 2022). PE is the predominant
polymer in personal care products as well as marine samples (Aka-
nyange et al.,, 2022), and among the most frequently detected MP
polymers in food, water, and beverages (Vitali et al., 2022). Increasing
evidence indicates that dietary exposure to PE MPs alters morphology,
mucin release, and immune and inflammatory responses in the gut
(Djouina et al., 2022a; Li et al., 2020; Sun et al., 2021). Moreover, it
disturbs intestinal microbiota composition and metabolism (Djouina
et al., 2022a; Li et al., 2020; Sun et al., 2021). However, less is known
about the effects of PE on liver. In this study, we evaluated the hepa-
totoxicity of PE MPs after 6- and 9-week exposures. Two different
average sizes of PE microbeads were used, 36 um (RB) and 116 um (GB),
either individually or in combination. Since hallmarks of hepatotoxicity
have been described following mouse exposure to MPs composed of
other polymers, we investigated whether PE RB and GB can cause
similar adverse hepatic effects.

The PE MPs studied are of 36 and 116 um average diameter size. The
2 types of MPs were chosen in order to reproduce what has been
detected in human feces (N. Zhang et al., 2021b). There was about a
3-fold difference in diameter between the 2 types of MPs, in order to
raise the issue of size-dependency of MP hepatoxic effects. No parameter
showed opposite variation between 36 and 116 um MPs. The variations
observed in our study were either common or specific to the 2 types of
MPs. For example, after 9-week exposure, the increase of Cd36, Acaca,
and Mttp was common between 36 and 116 um MPs, the down-
regulation of Fabpl and Acoxl was specific to 36 pm MPs, and the
upregulation of Slc27a2, Cptla, Pparg, Gpam was specific to 116 pm
MPs. At first glance, the dissimilarity between 36 and 116 um MPs
cannot be explained by a difference in the cell internalization pathway,
since the 2 types of MPs are too large to be internalized by liver or im-
mune cells (Beijer et al., 2022; Stock et al., 2021). However, our data do
not allow to determine whether the administered MPs were degraded by
digestion, which would have resulted in bringing liver cells into contact
with MPs of internalizable size. Literature data on the fate of ingested
PM are contradictory. In vitro, two studies argue against PE degradation
through digestion. Stock et al. showed that artificial in vitro digestion of
4 um PS particles modified their surface and increased their size. Such
changes did not occur for 67 um PP, 136 um PVC, 60 um PET, and
notably 90 um PE MPs (Stock et al., 2020). Fournier et al. exposed
1-10 um PE MPs to the mucosal artificial colon M-ARCOL, a one-stage
fermentation system, which simulates the mean physico-chemical and
microbial parameters of the human colon, including not only the
luminal but also mucosal microbiota through an external mucin-alginate
beads compartment. They did not observe major changes in the poly-
meric surface composition of PE MPs (Fournier et al., 2023). By contrast,
Tamargo et al. subjected PET MPs to digestion simulation in a stan-
dardized in vitro static model and to gut-microbial dynamic fermenta-
tion using the simgi® model. They observed structural degradation of
the PET MPs during the gastrointestinal digestion (Tamargo et al.,
2022). In vivo, the studies have reported inconsistent findings on liver
accumulation of smaller MPs as compared with the one used in the
current work. In a first study, Deng et al. showed that both 5 and 20 pm
PS MP accumulated in liver after 28-day oral exposure (Deng et al.,
2017). By contrast, after 21 weeks of exposure to the PS MPs
(40-100 pm), no notable accumulation of MPs was observed in the gut
or liver, although mice exhibited gut microbiota dysbiosis, tissue
inflammation, and plasma lipid metabolism disorder (Deng et al., 2022).
Lee et al. exposed mice to 10-50 ym PE MPs for 28 days. No particles
were detected in the liver, spleen, kidney, or heart, while MPs were
found in lung, stomach, duodenum, ileum, and serum (Lee et al., 2022).
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Lastly, the findings of Zaheer et al. suggested that, in mice fed with
10-20 um PE MPs for 1 week, PE MPs digested in the stomach were
deposited into the gut, and the smaller-sized PE fragments transitioned
and accumulated in the brain (Zaheer et al., 2022). In view of these
studies, it seems unlikely that PE MPs reached the liver in our experi-
mental conditions. Therefore, the effects are more likely to be mediated
indirectly, in particular through the effects of MPs on dysbiosis and in-
testinal immunity, themselves differently impacted depending on the
size of the ingested MPs (Djouina et al., 2022b).

In the current work, two times of exposure, 6 or 9 weeks, were
evaluated. The effects of MP exposure are known to be time-dependent
(Dolar et al., 2022; Shi et al., 2022; Xue et al., 2021), and our aim was to
identify common effects between both exposure time and therefore to
highlight and rather focus on long lasting effects. After 6-week exposure,
36 um PE MP exposure decreased liver lipid peroxidation, whereas it
increased it after 9-week exposure. The time-dependent effects of MP on
oxidative stress has been previously reported in earthworm and bivalves
(Lackmann et al., 2022; Z. Li et al., 2022; L. Li et al., 2022). In liver of
mice exposed for 1 week to 1 um PS MP, the major metabolic response
was related to oxidative stress, which was no longer the case after
2-week exposure (Shi et al., 2022). Our findings further confirm that
MPs exert a time-dependent effect on liver oxidative and antioxidative
balance.

Results showed that PE ingestion enhanced the transcriptional
expression of several genes involved in fatty acid metabolism. Most
notably, Acaca was elevated in mice exposed to both PE microbeads
either individually or in combination and at both endpoints. This gene is
responsible for catalyzing the rate-limiting step of de novo lipogenesis
and regulates fatty acid p-oxidation in hepatocyte (Bates et al., 2020). In
addition to its role of lipid accumulation in hepatocytes, ACACA pro-
motes HSC activation and thus fibrosis, which is in accordance with our
results regarding HSC and fibrosis. PE ingestion also led to increased
cholesterol and triglyceride levels.

Liver lipid metabolism has previously been studied in response to PS
MP ingestion. In contrast to PE, ingestion of PS MPs in drinking water
(100 and 1000 pg/l for 5 weeks) decreased Cd36 and Pparg mRNA
expression, leading to decreased triglyceride and total cholesterol liver
accumulation (Lu et al., 2018). Aged PS MPs were shown to decrease
relative mRNA expression of liver Srebplc, Fasn, and Scdl, favoring a
decrease of lipid accumulation in liver similarly to PS MPs (Yang et al.,
2022). It is important to note that the latter study observed these out-
comes only in female mice, indicating that the effects of PS MPs in liver
lipid metabolism are sex-specific. Moreover, maternal exposure to PS
MPs in drinking water during gestation decreased total cholesterol he-
patic levels in both male and female offspring, which was associated
with downregulation of numerous genes involved in fatty acid uptake,
B-oxidation, and synthesis (Luo et al., 2019). Similarly, PVC ingestion
(0.5 mg/day for 60 days) induced decreased hepatic triglyceride levels
(Chen et al., 2022). Therefore, the effects of PE appear to be opposite
compared to PS and PVC, since our data supports hepatic lipid accu-
mulation by PE. The effect on lipid digestion is also different between
types of polymers. Using an in vitro gastrointestinal digestion model, PS,
PET, PE, PVC, and polylactic-co-glycolic acid reduced lipid digestion,
and PS had the strongest inhibition (Tan et al., 2020). In this study, two
mechanisms were identified for PS effects on lipid digestion: (1) PS MPs
decreased the bioavailability of lipid droplets via forming large
lipid-MPs heteroaggregates due to the high MP hydrophobicity; and (2)
PS MPs adsorbed lipase, and reduced its activity by changing the sec-
ondary structure and disturbing the essential open conformation.
Further studies are needed to better understand how polymers interact
with lipids.

Ingestion of PE significantly induced the expression of xenobiotic
metabolizing enzyme expression. For example, Cyp2a4 expression was
upregulated by both RB and GB, either individually or in combination, at
6- and 9-week exposures. CYP2A4 expression is strongly female-biased
(female/male ratio of ~1000) and catalyzes testosterone
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hydroxylation (Nail et al., 2021). CYP2A4 has a broad substrate speci-
ficity, including steroid hormones, lipids, and other xenobiotics such as
cadmium (Wang et al., 2022). Other liver defense mechanisms include
genes encoding nitric oxide synthase 2 and catalase as well as Nfe2l2,
Ngol, and Hmox1. PE ingestion modulates genes that regulate oxidative
stress, which is consistent with other studies that show liver oxidative
damage following ingestion of PS MPs (Li et al., 2021; Mu et al., 2022),
PS nanospheres (Yasin et al., 2022), and PVC MPs (Chen et al., 2022).

Our results demonstrate that PE can induce low-grade inflammation
in liver as shown by the increased presence of hepatic inflammatory foci
and upregulation of inflammatory cytokines. Similarly, exposure to PS
MPs (500 and 1000 mg/1) caused IL-1p secretion in liver (Mu et al.,
2022), and exposure to PS MPs (0.5 mg/mouse) increased the infiltra-
tion of natural killer cells and macrophages to non-parenchymal liver
cells and dysregulated the expression of several cytokines (Zhao et al.,
2021). Although pro-oxidative and pro-inflammatory effects are pre-
dominant in hepatic response to PE MP exposure, anti-inflammatory
response was also observed. For example, 116 um PE MP exposure led
to I11b downregulation after 6- and 9-week exposure. These findings are
in accordance with results obtained with human cell lines, showing that
PE MP exposure induced pro-inflammatory cytokine response in kera-
tinocytes, whereas opposite effect was observed in THP-1 and U937
immune cells (Gautam et al., 2022). The MP induced cell-specific im-
mune modulation remains to be elucidated.

PE MP ingestion led to hyperproliferation of the liver which can have
potential consequences for the promotion of hepatocarcinogenesis.
Based on hepatic cell markers and collagen deposition staining, our data
suggests that HSCs could be the target of hyperproliferation which
prompted an investigation into the effects of PE ingestion on liver
fibrosis susceptibility. PE exposure was found to increase the severity of
CCly-induced hepatic fibrosis, which is based on data showing a signif-
icant elevation of collagen and a-SMA deposition in liver as well as
enhanced expression of several fibrotic markers.

Shen et al. demonstrated that PS MPs administrated at either 0.1 or
1 mg/1 in drinking water for 60 days was sufficient to induce develop-
ment of severe liver fibrosis in mice. In contrast, sub-chronic PE dietary
contamination induced weak liver fibrosis under healthy conditions, and
worsened fibrogenesis under profibrotic conditions. It is not possible at
this time to determine whether these dissimilarities on fibrosis outcomes
were due to differences in experimental design or chemical differences
in the polymers. Other studies have also shown that polymer MPs can
worsen preconditions. For example, exposure to PS was shown to
exacerbate cyclophosphamide and acetaminophen-induced liver injury
(Liu et al., 2022; Wen et al., 2022). Moreover, PS NPs potentiated the
development of hepatic fibrosis in mice fed a high-fat diet (Z. Li et al.,
2022; L. Li et al., 2022). These results raise concerns that MP exposure
could aggravate pre-existing liver pathologies in susceptible individuals.

More research is necessary to determine the human relevance of
these results. Recent studies, however, have started to explore the effects
of PS in human pluripotent stem cell-derived liver organoids (Cheng
et al., 2022a, 2022b). Several hallmarks of hepatoxicity, such as
increased inflammation and compromised antioxidative balance,
observed in vivo have been confirmed in human liver organoids. Fatty
acid p-oxidation inhibition leading to steatosis was also consistently
observed in mouse studies and in human liver organoids. In addition, an
increase in the fibrotic marker Collal was also detected in liver orga-
noids (Cheng et al., 2022a).

5. Conclusion

In summary, the present study demonstrated that PE MP food
contamination alters defense mechanisms and promotes lipid accumu-
lation, low-grade inflammation, and cell proliferation in mouse liver.
Dietary PE exposure worsened fibrogenesis in a model of CCls-induced
liver fibrosis. This study shows that PE exposure, similarly to PS, can
lead to adverse effects in the liver. Overall, these findings confirm that
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ubiquitous contamination by MPs has the potential to contribute to the
aggravation of chronic liver pathologies.
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