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Abstract

Current knowledge on the toxic effects of microplastics (MPs) on human health relies on
the extrapolation of data collected from in vivo studies. These studies, however, present
limitations, as the particles used often differ from their environmental counterparts. Never-
theless, they provide valuable insights into the mechanisms underlying MPs’ toxicity. In
this study, we targeted the mitochondria to investigate the effects of two types of polyethy-
lene microplastics (PE MPs, 27-32 pum), fluorescent and non-fluorescent, on kidneys from
FVB/n mice. Animals were exposed for 28 days to two environmentally relevant concen-
trations of PE MPs (0.002% (w/w) and 0.006% (w/w)). Results reveal that both MPs induce
mitochondrial dysfunction, as indicated by oxygen flux depletion in different coupling-
controlled states. Complex II dysfunction, particularly at the highest concentration of
fluorescent particles, and alterations in other components of the electron transport chain
were identified as one of the causes of mitochondrial dysfunction. MPs” exposure also in-
duced subtle remodelling of the mitochondrial membrane lipid profile, marked by shifts in
specific saturated and unsaturated fatty acids, suggesting an adaptive response to preserve
membrane integrity. These alterations were accompanied by oxidative stress, evidenced by
decreased SOD and CAT activities, particularly under high concentrations of fluorescent PE
MPs. Overall, fluorescent MPs triggered stronger mitochondrial and metabolic disruptions
in the kidney. All together, these findings reinforce mitochondria as pivotal targets of
MPs’ toxicity and highlight the need for improved experimental models that better reflect
environmentally relevant exposure scenarios.
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1. Introduction

Microplastics (MPs), once considered solely an environmental concern, are now recog-
nised as a one-health issue due to their widespread effects on ecosystems, animals, and
human health [1]. Despite the recognition of human exposure to these particles by the
World Health Organisation [2] and numerous studies characterising the routes and levels
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of MPs exposure, the data on their hazardous effects rely on extrapolation of results from
in vivo investigations, using animal models, such as rodents and zebrafish, often combined
with in vitro assays. These studies present several limitations that may overestimate the
true impact of MPs on health, despite being the most practical approach to unveil MP-
induced toxicity [3,4]. The use of extremely high concentrations and modified particles
comprises some of the problems found and frequently overlooked. For instance, fluores-
cence labelling strategies, although primarily developed for tracing and bioaccumulation
studies, have been extensively employed in toxicological studies to evaluate the biological
effects of MPs. Therefore, fluorescent MPs should not be regarded as completely inert
tracers, as they may overestimate or modify the effects attributable to the polymer itself.
In this context, alternative strategies, such as the incorporation of quantum dots within
the polymer core, have emerged to improve photostability while minimising alterations to
particle properties [5].

Emerging evidence from murine models suggests that MPs can induce adverse effects
in various organ systems [6-8]. Recently, the toxic effects of MPs on the kidneys have
garnered the attention of researchers. Studies have shown that MPs can accumulate in
mouse kidneys, triggering oxidative stress and inflammatory responses [9,10]. Despite
these findings, research on renal toxicity remains limited compared with investigations
focused on organs traditionally recognised as primary targets of MPs, such as the liver and
the gut. However, the kidney’s physiological role predisposes it to MPs-induced damage.
As a vital organ involved in metabolism, excretion and endocrine function, the kidney plays
a key role in maintaining homeostasis in mammals by regulating the electrolyte levels and
maintaining acid-base balance [11]. Moreover, its function in filtering ultrafine particles
suggests it may serve as a site of MP accumulation, where retained particles could cause
tissue damage through mechanical irritation or immune activation [12,13]. Given that MPs
are synthetic materials with no natural clearance pathways, the mechanisms by which the
kidney handles or eliminates these particles remain poorly understood. Elucidating these
mechanisms is therefore crucial to understanding the systemic impact of MPs’ exposure
and to establishing the kidney as a sensitive indicator of MP-induced toxicity.

Mitochondria have been increasingly recognised as key targets for MPs’ action. Both
in vitro and in vivo investigations have reported dysfunctional mitochondria across multi-
ple organs, including the liver [6,14], lung [15], heart [16], small intestine [17], ovarian [18],
brain [19], and skin [20]. The kidney, one of the most energy-demanding organs in the
body, is highly packed with mitochondria, and mitochondrial dysfunction is a known
feature of acute kidney injury and chronic kidney disease, alongside oxidative stress [21].
Evidence also indicates that MPs can disrupt renal mitochondrial function. Shen and
collaborators [22] reported alterations in the expression of the subunits from the different
complexes of the electron transport chain in C57BL/6 mice exposed to 1 um PS-MPs for
8 weeks. In a similar approach, Xiong et al. [23] demonstrated ultrastructural mitochondrial
damage in podocytes, characterised by swelling and fragmentation. Zhou et al. [24], using
kidney organoids, observed profound alterations in mitochondrial function following PS
MPs exposure, including changes in mitochondrial architecture, loss of mitochondrial
membrane potential, disturbances in the tricarboxylic acid cycle and ATP accumulation.

In this study, we aimed to investigate the renal effects of MPs, with a particular focus
on mitochondprial function as a central target of MPs-induced toxicity. Polyethylene (PE)
was the polymer of choice due to its environmental relevance, as it represents the most
abundant plastic pollutant worldwide. Despite this, toxicological studies have predomi-
nantly focused on polystyrene (PS), leaving the effects of PE largely unexplored. To address
the gaps in MPs’ toxicological testing, both fluorescent and non-fluorescent PE MPs were
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evaluated to determine whether fluorescence labelling alters their biological behaviour and
toxicological profile.

2. Materials and Methods
2.1. Polyethylene Microplastics Characterisation

Non-fluorescent blue (PE MPs) and fluorescent yellow polyethylene (f-PE MPs) mi-
crospheres, ranging in size from 27 to 32 um, were obtained from Cospheric (Somis, CA,
USA). The particle size and morphology of PE MPs were verified using scanning electron
microscopy (SEM). The SEM images were obtained at 20 kV on a Hitachi S-3400N type II
microscope equipped with a Bruker x-flash 5010 at high vacuum. The sample was coated
with gold. To confirm the composition of the microsphere, Attenuated Total Reflection
Fourier-Transform Infrared (ATR-FTIR) was performed in an IRAffinity 1S spectrophotome-
ter (Shimadzu Corp., Kyoto, Japan). The spectra were collected over the 4000-500 cm !
range by averaging 64 scans at a wavenumber resolution of 2 cm~!. Solid samples (2 mg)
were finely ground, mixed with approximately 175 mg of dried potassium bromide and
pressed into pellets. Measurements of the zeta potential in a 100 mM HEPES buffer solution
were conducted using a Litesizer 500 dynamic light scattering (DLS) instrument (Anton
Paar, Graz, Austria).

2.2. Animal Care and Treatment

Thirty FVB/n healthy and non-genetically modified male mice (26-32 weeks old)
were randomly assigned to 5 experimental groups (1 = 6): control, PE MPs 0.002%, PE
MPs 0.006%, f-PE MPs 0.002% and {-PE MPs 0.006%. Male animals were selected to min-
imise potential variability associated with the female hormonal cycle. To ensure unbiased
assignment across all groups, a randomisation sequence was created using Microsoft Ex-
cel. Cage placement and the order of the experimental group were varied to mitigate
potential confounders. The size of MPs was grounded on the range of particles that have
been detected in human biological samples, including stool and cardiac tissue [25,26].
The concentrations of 0.002% and 0.006% (w/w) correspond to the weight of MPs in-
corporated into the feeding diet. Their selection was based on previous estimates of
human MPs exposure (0.1-5 g/week/person) [27]. The weekly intake of MPs for each
mouse was 16.1 mg/week/kg BW and 44.1 mg/week/kg BW for exposure concentra-
tions of 0.002% and 0.006%, respectively, for both MP types. To prevent the confounding
effects of chronic stress associated with oral gavage, the MPs were administered ad li-
bitum after incorporation into a standard chow diet (Diet Standard 4RF21®, Mucedola,
Italy) (Supplementary Material). Throughout the 28 days of MP exposure, the animals
were housed in polycarbonate cages (Eurostandart, Type 1264C, Tecniplast, Italy) within
a climate-controlled environment, maintained at a temperature of 23 + 2 °C, 50 + 10%
humidity, and a 12 h light/dark cycle. Animals” weight was monitored weekly. Food and
water intake were monitored weekly at the cage level and normalised to the number of
animals, allowing the estimation of average daily consumption per animal throughout
the exposure period. Food consumption was used to estimate the average MP intake per
experimental group. No humane endpoints were assessed because dietary microplastics
exposure was not predicted to cause distress to the animals.

Animals were euthanised via intracardiac exsanguination under xylazine anaesthesia
(40U—Rompum®, Bayer Healthcare S.A., Kiel, Germany). Blood samples were collected in
plain tubes for serum biochemistry assessment and performed only in a subset of samples
due to sample availability limitations (n = 3). Kidney, liver, testis and heart tissues were
harvested, weighed, and stored (—80 °C) until further analysis. Small portions of kidney
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tissues were preserved for future high-resolution respirometry analysis. Details of the
protocol are provided in the Supplementary Material [28].

All animal procedures were approved by the Ethics Committee of the University
of Tras-os-Montes and Alto Douro (ORBEA) and the Portuguese Veterinary Directorate
(DGAV) under approval number 0421,/000/000/2023, granted on 28 March 2023. These pro-
tocols complied with Portuguese legislation (Artigo 44°, Decreto-Lei n°113/7 August 2013)
and European regulations (EU Directive 2010/63/EU).

2.3. Histologic Analysis

Kidney samples were fixed in 10% neutral buffered formalin and routinely processed
for light microscopy. Paraffin-embedded samples were sectioned at 2 um and stained with
hematoxylin and eosin (HE). Samples were examined for the presence of tubular injury
and interstitial inflammatory infiltrate. For tubular injury, a semiquantitative score was
used by a blinded pathologist, who examined >10 cortical fields (<200 magnification) per
HE-stained section for each sample (adapted from Takaori et al. [29]). Tubular injury was de-
fined as tubular dilation, tubular cast formation, vacuolization, cell degeneration/necrosis,
sloughing off of tubular epithelial cells or loss of the brush border and thickening of the
tubular basement membrane. The tubules were evaluated according to the following
scoring system: 0 = no tubular injury; 1 < 10% tubules injured; 2 = 11-25% tubules injured;
3 = 26-50% tubules injured; 4 = 51-74% tubules injured; and 5 > 75% tubules injured. For
inflammatory infiltrate evaluation, a semiquantitative score was used: 0—no interstitial
inflammatory infiltrate; 1—less than five multifocal inflammatory aggregates; 2—five or
more multifocal inflammatory aggregates [30].

2.4. Serum Biochemistry Analysis

Whole blood samples were allowed to clot at room temperature for approximately
5 min and were subsequently centrifuged at 800x ¢ for 3 min. The obtained serum
was collected and stored at —20 °C until further biochemical analyses. Serum urea and
creatinine levels, as well as serum albumin, were measured to assess the presence of kidney
damage. These parameters were analysed by the certified external veterinary diagnostic
laboratory Cedivet (Matosinhos, Porto, Portugal), according to their standardised and
validated procedures.

2.5. High-Resolution Respirometry Measurements

Oxygen flux and concentration were followed in real-time in an oxygraph-2k high-
resolution respirometer (OROBOROS® Instruments; Innsbruck, Austria) operated at 37 °C,
using the software Oroboros DatLab 7.0. To prevent respiratory limitation, the oxygen
concentration was kept above 90 nmol O, /mL [31].

Briefly, preserved kidney aliquots were thawed, washed and homogenised in ice-cold
respiration buffer (220 mM mannitol, 75 mM sucrose, 0.5 mM EGTA, 0.3 mM magnesium
chloride (MgCly), 10 mM KH,POy, 10 mM HEPES, 0.1% BSA (w/v), pH 7.4). The tissue
homogenate (0.5-2 mg of protein) was added to both chambers containing respiratory
medium, and measurements were taken following the sequential addition of substrates,
inhibitors and uncouplers as specified in the applied SUIT protocol (Figure 11. Pyruvate
(5 mM) and malate (1 mM) were used for activation of Complex I, assessing the non-
phosphorylating mitochondrial respiratory state (LEAK respiration, L—classic state 2, Lcy).
The oxidative phosphorylation capacity (OXPHOS capacity, P—classic state 3) supported by
Complex I (Pcr) was assessed in the presence of saturating concentrations of ADP (1-5 mM).
Cytochrome c (10 uM) was introduced in the chamber to evaluate the integrity of the inner
mitochondrial membrane. Increased respiratory flux after cytochrome c addition suggests
that the outer mitochondrial membranes are not intact. To obtain maximal phosphorylating
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capacity supported by Complex I + II (Pcy4j1), succinate was added (5 mM), followed by
titration of Complex I inhibitor, rotenone, to assess Complex II-driven respiration (Pcp).
Oligomycin (5 uM), an ATP synthase inhibitor, was then added to measure LEAK respira-
tion in the presence of adenylates (ADP) (Lo, CII). Mitochondrial respiration was then
completely inhibited by adding Complex III inhibitor antimycin A, allowing residual oxy-
gen consumption (ROX) evaluation. To assess non-phosphorylating respiration supported
by Complex IV (Lomy CIV), 1 mM TMPD (N,N,N’,N'—tetramethyl-p-phenylenediamine)
and 2 mM ascorbate were introduced into the chamber. A Complex IV inhibitor, sodium
azide (40 mM), was used to assess oxygen consumption linked to the autoxidation of
ascorbate and TMPD. Because freezing is known to compromise the integrity of the inner
mitochondrial membrane, classic respiratory control ratios were not used as indicators
of coupling efficiency [32]. Citrate synthase activity was used to normalise results to
mitochondrial content, and results were expressed as pmol O, /CS activity.

2.6. Renal Mitochondrial Enzymes Evaluation

Kidney mitochondrial-enriched fractions were isolated via differential centrifugation
as described by Peixoto et al. [33] with alterations proposed by Silva et al. [34]. Briefly, the
kidney was homogenised in an ice-cold isolation medium (250 mM sucrose, 0.2 mM EGTA,
0.1 mM EDTA, and 0.1% BSA, pH 7.0), followed by 3 cycles of cycles to obtain a mito-
chondrial pellet. The mitochondrial-enriched fractions were washed and resuspended in a
washing medium (250 mM sucrose, 5 mM HEPES, pH 7.4), at a protein concentration of
1-10 mg/mL, quantified by the Biuret method [35].

Mitochondrial enzymatic activities were assessed according to Spinazzi et al. [36],
with minor modifications. Before kinetic assays for enzymatic evaluation, the renal
mitochondrial-enriched fractions were disrupted by performing three freeze-thaw cy-
cles. Assays were conducted for 5 min at 30 °C using 0.03-0.06 mg of protein from the
mitochondria-enriched fraction. A microplate reader was used to assess the kinetic re-
actions (Multiskan™ Sky-High Microplate Spectrophotometer, Thermo Fisher Scientific,
Waltham, MA, USA).

Briefly, for evaluation of mitochondrial mass and normalisation of mitochondrial
complexes’ enzymatic activities, citrate synthase (CS) was assessed based on the reduction
in DINB (¢ = 13.6 mM~'.cm™!). CS was expressed as uM DTNB reduc:ecl-min_l-mg_1
protein. NADH dehydrogenase (Complex I) activity was measured by monitoring the oxi-
dation of nicotinamide adenine nucleotide (NADH) at 340 nm (¢ = 6.2 mM~!-cm™!), with
a parallel assay in the presence of 0.0125 mM rotenone, for Complex I specific activity deter-
mination. The reduction of 6-dichlorophenolindophenol (DCPIP) (e = 19.1 mM~l.em™1)
at 600 nm was followed to measure the enzymatic activity of succinate dehydrogenase
(Complex II), considering only the activity sensitive to the presence of malonate, an in-
hibitor of Complex II. Complex II + III was measured by the reduction in oxidised cy-
tochrome c catalysed by Coenzyme Q-cytochrome c-oxireductase (Complex III), at 550 nm
(e =29.5mM t-cm™1). Cytochrome c served as the electron carrier for succinate oxidation
via Complex II. Only antimycin A-sensitive activity was considered. The enzymatic activity
of cytochrome ¢ oxidase (Complex IV) was specifically assessed by measuring the oxidation
of reduced cytochrome ¢ at 550 nm and running a parallel reaction in the presence of
1.25 mM KCN, a selective inhibitor of the enzyme.

2.7. Renal Oxidative Stress Evaluation
2.7.1. Antioxidant, Biotransformation and Metabolic Enzyme Activities

Sample processing and enzymatic kinetic reactions were carried out as previously
described by our team [34]. Briefly, kidney tissue was homogenised in ice-cold homoge-
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nization buffer (50 mM KH;POy, pH 7.0) and sonicated for 2 min (6 pulses of 20's, 70 A).
Differential centrifugation (1500, 8000 and 14,000 x g, 10 min., 4 °C) was used to separate
cytoplasmic, and both cellular- and mitochondrial-enriched lipidic fractions. Enzyme
activity and glutathione levels were analysed in the cytoplasmic supernatant, while lipid
peroxidation was assessed in the cellular and mitochondrial pellets. The biuret method
was used for total protein measurement [35]. Cytoplasm was analysed immediately. Lipid
fractions were stored at —20 °C until further analysis.

The xanthine—xanthine oxidase system was used to evaluate total and mitochondrial
superoxide dismutase (t-SOD and mt-SOD) activities at 560 nm. A control assay without a
sample-determined maximum nitroblue tetrazolium chloride (NBT) reduction by superox-
ide produced through the reaction system. For mt-SOD, 0.25 mM KCN was added to the
reaction mixture. Results were expressed as U-min~!-mg~! protein, with one unit corre-
sponding to the amount of SOD capable of inhibiting 50% of NBT reduction to formazan.
Catalase (CAT) activity was measured by tracking hydrogen peroxide reduction (H,O,)
(e =43.6 mM~!.cm™!) into water and oxygen at 240 nm. Results were expressed as mM
H,0, reduced-min~!-mg~! protein. Glutathione peroxidase (GPx) activity was assessed at
340 nm by monitoring nicotinamide adenine dinucleotide phosphate oxidation (NADPH)
(e =62mM 1.cm™!) via glutathione reductase (GR), and results were expressed as pM
NADPH oxidised-min~!-mg~! protein. Similarly, GR activity was assessed by monitoring
NADPH oxidation and presented as tM NADPH oxidised-min~—!-mg~! protein.

The enzymatic activity of glutathioneS-transferase, a biotransformation enzyme, was
evaluated at 340 nm following the conjugation of GSH (1 mM) with 2,4-dinitrochlorobenzene
(CDNB, ¢ = 9.6 mM~'.cm™!). The activity was reported as mM CDNB conjugated
min~! mg~! protein. For the energy metabolism evaluation, lactate dehydrogenase (LDH)
activity was assessed at 340 nm, following the NADH oxidation occurring in converting
pyruvate to lactate. Results were expressed as mM NADH oxidised-min~!-mg~! pro-
tein. All kinetic reactions were performed at 30 °C for 3 min using a microplate reader
(Multiskan™ Sky-High Microplate Spectrophotometer, Thermo Fisher Scientific, Waltham,
MA, USA).

2.7.2. Lipid Peroxidation and Glutathione Content Assessment

The thiobarbituric acid reactive substances (TBARS) were measured for lipid peroxi-
dation evaluation, as proposed by Ottolenghi et al. [37], with adaptations. Cellular- and
mitochondrial-enriched lipid fractions were added to 1 mL of thiobarbituric acid (TBA)
reagent (37.5% (w/v) trichloroacetic acid (TCA), 0.38% (w/v), TBA and 0.015% (w/v) buty-
lated hydroxytoluene (BHT)), incubated at 100 °C for 15 min., and cooled on ice. The mix
was centrifuged at 1.600x g for 10 min., the supernatant was collected, and absorbance was
read at 532 nm. Malondialdehyde (MDA) levels were calculated for lipid peroxidation esti-
mation (¢ = 1.56 x 10° M~1.cm™1), and results were presented as uM MDA mg’l protein.

For evaluation of the cellular redox state, the reduced (GSH) and oxidised glutathione
(GSSG) ratio was assessed, following the method by Hissin and Hilf [38], with modifications
by Silva et al. [31], using ortho-phthalaldehyde (OPT) as a fluorochrome. Calibration curves
were used to calculate GSH and GSSG concentrations. Fluorescence was measured at
339 nm (excitation) and 426 nm (emission). Results were expressed as the GSH/GSSG ratio.

2.8. Renal Lipid Profile Evaluation
2.8.1. Lipid Crude Isolation

Lipid crude from mitochondria-rich fractions was extracted using the modified Bligh
and Dyer [39] method. Briefly, 2-3 mg of mitochondrial protein was mixed with H,O to a
final volume of 800 pL, 2 mL of methanol, and agitated for 5 min. Then, 1 mL of chloroform
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was added to the mix under agitation, followed by centrifugation at 2000 g for 5 min. The
supernatant was collected, treated with chloroform and water, vortexed, and centrifuged
again. The organic phase was separated, dried under a nitrogen stream, and stored at
—20 °C for further analysis.

2.8.2. Phospholipid Quantification Assay

Phospholipid (PL) content was quantified using the phosphorus assay method pro-
posed by Bartlett and Lewis [40]. A volume of 650 puL of perchloric acid (70%) was added
to 50 uL of lipid crude, previously dried under a nitrogen stream, and vortexed. The
mixture was incubated for 2 h at 180 °C in a heating block system, cooled on ice before
the addition of 3300 uL of HyO, 500 pL of ammonium molybdate (10% w/v) and 500 pL
ascorbic acid (2.5% w/v), and incubated for another 10 min., at 100 °C. Absorbance at
800 nm was measured after the construction of a calibration curve of phosphate standard
that underwent equivalent sample treatment.

2.8.3. Fatty Acid Analysis

A base-catalysed reaction was followed to prepare fatty acid methyl esters (FAME) [41].
Lipid-enriched fractions (10 umol) were dried under nitrogen flow, followed by the addition
of 200 pL of methanolic potassium hydroxide (2 M) and a methylated C19:0 internal
standard (3 pg/mL in hexane). After vigorous vortexing for 2 min., 2 mL of NaCl solution
(10 g/L) was added to the mix, which was then centrifugated at 900x g for 5 min. The
organic phase was collected, dried under nitrogen, and reconstituted in 100 pL of hexane, for
further analysis. GC-MS was employed to separate and identify the FAME. The analysis was
performed using a Trace GC Ultra with a Polaris Q mass spectrometer operated in full scan
mode (ThermoScientific, Waltham, MA, USA), and a DB-FFAP column (30 m x 0.32 mm,
0.25 um film thickness). FAME samples (2 uL) were automatically injected in splitless mode
(splitless time: 1 min.), using a CombiPAL autosampler (CTC Analytics AG, Zwingen,
Switzerland), with helium as the carrier gas at a flow rate of 1.4 mL/min. The injector and
ion source temperatures were set at 220 °C. The temperature programme started at 58 °C
(2 min. hold), increased to 160 °C at 25 °C/min., then to 210 °C at 2 °C/min., and finally to
225 °C at 20 °C/min., with a 20 min. hold.

Fatty acid identification was achieved by comparing retention times and mass spectra
with commercial FAME standards (Supelco 37 Component FAME Mix; Sigma-Aldrich,
St. Louis, MO, USA). Data acquisition and results treatment were performed with Xcalibur
data system 2.0 (ThermoScientific, Waltham, MA, USA). Relative fatty acid abundance
was calculated by dividing each peak area by the sum of all identified fatty acid areas. All
values were normalised to the area of the internal standard (C19:0). The peroxidability
index (PI) and double bond index (DBI) were calculated as described elsewhere [42].

2.9. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism version 10 (Graph-
Pad Software, San Diego, CA, USA) and IBM SPSS Statistics version 30.0.0.0 (IBM Corp.,
Armonk, NY, USA). Assessments and analyses were performed on coded samples, with
unblinding conducted after their completion. To assess the suitability of data for parametric
testing, normality was tested using the Shapiro-Wilk test. Subsequently, the Brown-
Forsythe test was applied to evaluate the homogeneity of variances across groups. When
both assumptions of normal distribution and homogeneity of variances were verified, a
one-way ANOVA was conducted. Post hoc comparisons were performed using Sidak’s
multiple comparison test to evaluate specific group differences. When data did not meet
the assumptions required for parametric testing, the non-parametric Kruskal-Wallis test
was applied, followed by Dunn’s test for multiple comparisons. For repeated measures
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data, namely food and water consumption, a mixed-effects model was used, with a Geisser—
Greenhouse correction. Tukey’s post hoc was used to compare means across time points
and treatment groups. For the evaluation of histological lesion scores among different
experimental conditions, the chi-square test was applied. Differences were considered
statistically significant at p < 0.05. Outlier data points were identified and excluded based
on the Grubbs’ test (o = 0.05).

3. Results
3.1. Characterisation of PE MPs and f-PE MPs

The physicochemical properties of PE and {-PE MPs were evaluated. The infrared
spectral profiles obtained by FTIR (Figure S1G,H) confirmed that both materials exhibited
the characteristic vibrational features of PE, including the expected C—C and C-H bonds
associated with the repeating ethylene backbone. No additional absorption bands indica-
tive of chemical modification were significantly detected, and the spectra matched those
described for standard PE in previous reports [43,44]. The principal peaks and their as-
signments are summarised in Table S1. Morphological assessment using SEM showed that
both particle types possessed a spherical shape (Figure S1A,B,D,E). Size analysis revealed
comparable diameter distributions, with f-PE MPs averaging 29.4 &+ 2.2 pm and PE MPs
28.3 £ 2.1 um (Figure S1C,F). Surface charge analysis demonstrated that both materials
carried a negative zeta potential measured at —39.14 mV for {-PE MPs and —42.83 mV for
PE MPs.

3.2. Fluorescent PE-MP Exposure Alters Organ Weight and Reduces Weight Gain in Mice

Despite fluctuations in the values collected during the experimental period, water and
food consumption showed no statistically significant differences (Figure S2). The animals
exposed to the highest concentration of f-PE MPs were the only experimental group to show
a statistically significant decrease in weight gain (CTL vs. {-PE MPs 0.006%, p = 0.0114),
although a trend towards reduced weight gain was observed in all experimental groups
(Table S2).

The relative organ weight of the kidney was impacted by the presence of PE MPs
(Table S2). Kidneys of animals treated with the highest concentration of f-PE MPs showed
increased relative weight compared to controls (CTL vs. f-PE MPs 0.006%, p = 0.0004).
Similar results were observed for the relative weight of testicles (CTL vs. {-PE MPs 0.006%,
p = 0.0002). This pattern was also observed when comparing non-fluorescent PE MPs to
their fluorescent counterparts at the highest concentration tested, for the values obtained
for kidney and heart relative weight (PE MPs 0.006% vs. f-PE MPs 0.006%, p = 0.0337 for
kidneys; p = 0.0028 for heart). Additionally, when comparing the two concentrations of
fluorescent microplastics, the kidney, testicle, and heart exhibited increased relative weight
(f-PE MPs 0.002% vs. f-PE MPs 0.006%, p = 0.0118 for kidneys; p = 0.0313 for testicles;
p = 0.0100 for heart), indicating a fluorescence-dependent response. The liver’s relative
weight remained constant across all experimental groups.

3.3. Fluorescent PE MPs Enhance Local Renal Inflammation Without Affecting Classic Markers of
Renal Dysfunction

Blood urea nitrogen (BUN) and creatinine, two biomarkers of kidney disease, showed
no differences across all experimental groups (Table 1), showing the absence of acute
renal dysfunction. Kidney histopathological evaluation revealed significant differences
concerning inflammatory infiltrate and tubular injury across experimental groups, as
summarised in Table S3. Representative histological images are present in Figure S3. The
presence of an increased number of inflammatory infiltrate foci was more frequent in
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MP-exposed groups, especially in f-PE MPs groups. Notably, in the {-PE MPs 0.006% group,
no animal was lesion-free. This suggests a potential pro-inflammatory effect of fluorescent
MPs, more marked at higher doses. Concerning tubular injury, although the PE MPs 0.006%
group exhibited a high score in some animals, similar results were found between groups,
and no statistical differences were detected.

Table 1. Assessment of serum biomarkers for renal function. CTL—Animals fed standard chow
diet without MPs; PE MPs 0.002%—Animals fed standard chow diet with non-fluorescent PE MPs at
0.002% (w/w); PE MPs 0.006%—Animals fed standard chow diet with non-fluorescent PE MPs at
0.006% (w/w); f-PE MPs 0.002%—Animals fed standard chow diet with fluorescent PE MPs at 0.002%
(w/w); f-PE MPs 0.006%—Animals fed standard chow diet with fluorescent PE MPs at 0.006% (w/w).
Statistical analysis was performed using one-way ANOVA followed by Sidak’s multiple comparisons
test. In the table, values sharing at least one common letter are not significantly different (p > 0.05).
Values with no letters in common differ significantly (p < 0.05). Values are means + SD (n = 3).

Group Blood Urea Nitrogen (mg/dL) Creatinine (mg/dL)
CTL 65.87 £7.422 0.30 £0.00°
PE MPs 0.002% 65.87 £5.032 0.30 £0.00°
PE MPs 0.006% 63.07 £4.132 0.30 £0.00 2
f-PE MPs 0.002% 7240 +2.62° 0.33 £0.06°
f-PE MPs 0.006% 64.23 £741°% 0.33 £0.06°

3.4. PE MPs Exposure Alters Non-Phosphorylating Mitochondrial Respiration and Impairs
Oxidative Phosphorylation Capacity in Renal Mitochondria

ROUTINE respiration, corresponding to oxygen consumption under physiological
conditions, was reduced following exposure to both types and concentrations of MPs (CTL
vs. PE MPs 0.002%, p = 0.0002; CTL vs. PE MPs 0.006%, p = 0.0004; CTL vs. {-PE MPs
0.002%, p = 0.0006; CTL vs. {-PE MPs 0.006%, p = 0.0125) (Figure 1A).

This decrease was more pronounced in samples exposed to non-fluorescent particles,
despite no statistical significance when comparing with their fluorescent counterparts. The
oxygen consumption rate observed in the presence of reducing substrates for the different
complexes, without the protonmotive force for ATP synthesis, depends on the flux of H*
across the inner mitochondrial membrane caused by inherent uncoupling. This allows
for the assessment of the non-phosphorylating mitochondrial resting state, known as the
LEAK state, which corresponds to the classic state 2.

CL- CII-, and CIV-linked LEAK respiration show different oxygen flux patterns in the
different experimental groups. LEAK respiration supported by CI showed an equivalent
pattern to ROUTINE respiration results (CTL vs. PE MPs 0.002%, p = 0.0089; CTL vs. PE
MPs 0.006%, p = 0.0057; CTL vs. {-PE MPs 0.002%, p = 0.0109; and CTL vs. {-PE MPs 0.006%,
p = 0.0082) (Figure 1B). This trend was sustained when evaluating CII-dependent LEAK
respiration (CTL vs. PE MPs 0.002%, p = 0.0235; CTL vs. PE MPs 0.006%, p = 0.0027; CTL vs.
f-PE MPs 0.002%, p = 0.0015; CTL vs. {-PE MPs 0.006%, p = 0.0069) (Figure 1C). Complex
IV-supported oxygen flux was increased in the lowest concentration of PE MPs (CTL vs.
PE MPs 0.002%, p = 0.046) (Figure 1D).

To asses s mitochondria’s maximal generation capacity of a protonmotive force for
ATP production, the so-called oxidative phosphorylation (OXPHOS) capacity, conditions
of saturated ADP and oxygen concentrations were used, under the support of complex
substrates. All the groups exposed to microplastics, despite the type or concentration of
MPs tested, showed a decreased oxygen consumption rate at the different ET pathway
control states compared to the control group (p < 0.0001) (Figure 1E-G).
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Figure 1. High-resolution mitochondrial respirometry evaluation in the kidney from mice exposed
to PE-MPs. (I). Schematic representation of the substrate uncoupler inhibitor titration (SUIT) protocol
applied to kidney samples. Mitochondrial coupling states are depicted in green and red and described
on the Y-axis of the representation. The ET-pathway control state following each titration is presented
on the X-axis. Before the application of the SUIT protocol, bioenergetic parameters were assessed
at baseline (classic state 1—(A) R: ROUTINE Respiration). SUIT protocol: 1—5 mM pyruvate and
1 mM malate ((B) Lcy: Cl-linked LEAK respiration, classic State 2); 2—1 mM ADP ((E)—Pcy: CI-
linked OXPHOS capacity, classic State 3); 3—5 mM succinate ((G)—Pcymr: CI + II-linked OXPHOS
capacity, classic State 3); 4—2 uM rotenone ((F) Pcyy: ClI-linked OXPHOS capacity, classic State 3);
5—5 uM oligomycin ((C) Lomy cir: Cll-linked LEAK respiration with inhibition of ATP synthase,
classic State 4); 6—5 uM antimycin A (ROX—residual oxygen consumption—non-mitochondrial
respiration); 7—0.5 mM TMPD (+2 mM Ascorbate) ((D) Lomy crv: CIV-linked LEAK respiration with
inhibition of ATP synthase, classic State 4); 8—20 mM sodium azide. CTL—Animals fed standard
chow diet without MPs; PE MPs 0.002%—Animals fed standard chow diet with non-fluorescent PE
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MPs at 0.002% (w/w); PE MPs 0.006%—Animals fed standard chow diet with non-fluorescent PE
MPs at 0.006% (w/w); f~-PE MPs 0.002%—Animals fed standard chow diet with fluorescent PE
MPs at 0.002% (w/w); f~PE MPs 0.006%—Animals fed standard chow diet with fluorescent PE MPs
at 0.006% (w/w). Statistical analysis was performed using one-way ANOVA followed by Sidak’s
multiple comparisons test. Values are means £ SD (n = 6), with two replicates (* p < 0.05; ** p < 0.01;
*** p <0.001; **** p < 0.0001).

3.5. Exposure to Both Fluorescent and Non-Fluorescent PE-MPs Increases Mitochondrial Mass but
Impairs Electron Transport Chain Activity in Kidney Mitochondria

The enzymatic activity of Complex I appears to be reduced across all treatments in
comparison to the control group (Figure 2A). Nevertheless, this decrease did not reach
statistical significance. All experimental groups presented a diminution in Complex II
activity in kidney mitochondrial fractions when compared with the control group (CTL vs.
PE MPs 0.002% p < 0.0001; CTL vs. PE MPs 0.006% p < 0.0001; CTL vs. {-PE MPs 0.002%
p < 0.0001; CTL vs. {-PE MPs 0.006% p < 0.0001) (Figure 2B). Animals exposed to fluorescent
particles showed a diminution of Complex II activity compared to animals treated with
non-fluorescent microplastics for the same concentration.
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Figure 2. Impact of PE MPs, fluorescent and non-fluorescent, on mitochondrial respiratory com-
plexes. ((A) Complex I/CS; (B) Complex II/CS; (C) Complex II + III/CS; (D) Complex IV/CS)
and citrate synthase (E) enzymatic activities. Citrate synthase was used for normalising the enzy-
matic activities of the complexes. CTL—Animals fed standard chow diet without MPs; PE MPs
0.002%—Animals fed standard chow diet with non-fluorescent PE MPs at 0.002% (w/w); PE MPs
0.006%—Animals fed standard chow diet with non-fluorescent PE MPs at 0.006% (w/w); f-PE MPs
0.002%—Animals fed standard chow diet with fluorescent PE MPs at 0.002% (w/w); f-PE MPs
0.006%—Animals fed standard chow diet with fluorescent PE MPs at 0.006% (w/w). Statistical
analysis was performed using one-way ANOVA followed by Sidak’s multiple comparisons test.
Values are means + SD (n = 6), with two replicates (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

This decrease was only statistically significant among groups treated with the higher
concentration of MPs (PE MPs 0.002% vs. {-PE MPs 0.002% p = 0.8810; PE MPs 0.006%
vs. f-PE MPs 0.006% p = 0.003). A similar pattern was noted for Complex II + III with
a decreased activity in all experimental groups compared to the control group (CTL vs.
PE MPs 0.002% p = 0.0012; CTL vs. PE MPs 0.006% p = 0.0015; CTL vs. {-PE MPs 0.002%
p = 0.0083; CTL vs. f-PE MPs 0.006% p = 0.0052) (Figure 2C). For Complex IV, similarly to
Complex II and Complex II + III, animals exposed to microplastics presented a decreased
activity (CTL vs. PE MPs 0.002% p = 0.0237; CTL vs. PE MPs 0.006% p = 0.0001; CTL vs.
{-PE MPs 0.002% p < 0.0001; CTL vs. f-PE MPs 0.006% p = 0.0019) (Figure 2D). Fluorescence
particles lead to a decrease in the enzymatic activity for the lowest concentration of MPs
tested (PE MPs 0.002% vs. {-PE MPs 0.002% p = 0.0038). An opposite effect was observed
for the highest concentrations of MPs; however, the increase observed was not statistically
different (PE MPs 0.006% vs. f-PE MPs 0.006% p = 0.7931).

All treatments presented an increase in citrate synthase activity when compared to
the control group (CTL vs. PE MPs 0.002% p = 0.0271; CTL vs. PE MPs 0.006% p = 0.0186;
CTL vs. f-PE MPs 0.002% p = 0.0007; CTL vs. {-PE MPs 0.006% p = 0.0009), indicating a
higher mitochondrial mass following exposure to both concentrations and types of PE MPs
(Figure 2E).

3.6. PE MPs Differentially Modulate Kidney Antioxidant Enzyme Activities and Modulate
Energy Metabolism

Total and mitochondrial SOD (tSOD and mtSOD, respectively) were impacted dif-
ferently by PE MPs and their fluorescent counterparts. Total SOD showed a significant
depletion in the renal cytosolic fraction of animals exposed to f-PE MPs 0.0002% (CTL vs.
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{-PE MPs 0.002%, p = 0.0081) (Figure 3A), whereas mitochondrial SOD was maintained
constant across all experimental groups (Figure 3B).
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Figure 3. Renal enzymatic antioxidant system. ((A) tSOD—Total superoxide dismutase; (B) mtSOD—
mitochondrial superoxide dismutase; (C) CAT—catalase; (D) GPx—glutathione peroxidase; (E) GR—
glutathione reductase), phase II biotransformation enzymes ((F) GST—glutathione-S-transferase)
and metabolic enzymes ((G) LDH—lactate dehydrogenase) response to PE MPs. CTL—Animals
fed standard chow diet without MPs; PE MPs 0.002%—Animals fed standard chow diet with
non-fluorescent PE MPs at 0.002% (w/w); PE MPs 0.006%—Animals fed standard chow diet with
non-fluorescent PE MPs at 0.006% (w/w); f~PE MPs 0.002%—Animals fed standard chow diet with
fluorescent PE MPs at 0.002% (w/w); f~PE MPs 0.006%—Animals fed standard chow diet with
fluorescent PE MPs at 0.006% (w/w). Statistical analysis was performed using one-way ANOVA
followed by Sidak’s multiple comparisons test. Values are means + SD (n = 6), with two replicates
(* p <0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Catalase activity was found diminished in the kidneys of animals exposed to mi-
croplastics, but only the groups exposed to the highest concentration of PE MPs and the
lowest concentration of f-PE MPs reached statistical significance (CTL vs. PE MPs 0.006%,
p =0.0095; and CTL vs. f-PE MPs 0.002% p = 0.0061) (Figure 3C). The highest concentration
of {-PE MPs led to an increase in this enzyme activity compared to the lowest one (f-PE
MPs 0.002% vs. f-PE MPs 0.006%, p = 0.0360). GR and GPx activity presented different
patterns of response. The highest concentration of f-PE MPs presented a higher GPx activity
when compared with the remaining groups (CTL vs. f-PE MPs 0.006%, p < 0.0001; PE
MPs 0.006% vs. f-PE MPs 0.006%, p < 0.0001; {-PE MPs 0.002% vs. {-PE MPs 0.006%,
p <0.0001) (Figure 3D). GR activity was diminished in MPs-exposed groups, except in
the group exposed to the lowest concentration of fluorescent microplastics (CTL vs. PE
MPs 0.002%, p = 0.0032; CTL vs. PE MPs 0.006%, p = 0.0010; CTL vs. {-PE MPs 0.006%,
p = 0.0062) (Figure 3E). The activity in this group was increased when compared to their
non-fluorescent counterparts (PE MPs 0.002% vs. f-PE MPs 0.002%, p = 0.0002). However,

https://doi.org/10.3390/microplastics5020113


https://doi.org/10.3390/microplastics5020113

Microplastics 2026, 5, 113 14 of 25

the highest concentration of f-PE MPs led to a decreased activity (f-PE MPs 0.002% vs. {-PE
MPs 0.006%, p = 0.0004).

Microplastics did not impact renal biotransformation capability as the GST activity
was constant across groups compared to control, except for the increase observed in f-PE
MPs 0.006—exposed animals compared to the lowest concentration (f-PE MPs 0.002% vs. f-
PE MPs 0.006%, p = 0.0403) (Figure 3F). Furthermore, the renal energy metabolism, assessed
through LDH activity, was found to be diminished following microplastic exposure (CTL
vs. PE MPs 0.006%, p = 0.0019; CTL vs. {-PE MPs 0.002%, p = 0.0003; CTL vs. f-PE MPs
0.006%, p = 0.0103) (Figure 3G).

3.7. Exposure to Low and High Concentrations of PE MPs Induces Oxidative Damage and Redox
Imbalance in Kidney Tissues

Lipid peroxidation showed distinct patterns, indicating varying levels of oxidative
damage across the renal cellular and mitochondrial fractions. The highest concentration of
{-PE MPs led to the highest levels of MDA, in the cellular fraction (CTL vs. {-PE MPs 0.006%,
p < 0.0001; PE MPs 0.006% vs. f-PE MPs 0.006%, p < 0.0001; f-PE MPs 0.002% vs. f-PE MPs
0.006%, p < 0.0001) (Table 2). For the mitochondrial fraction, exposure to microplastics
increased oxidative damage, as seen by the augmented levels of MDA, although statistical
significance was only observed in the PE MPs 0.002% and f-PE MPs 0.006% groups (CTL
vs. PE MPs 0.002%, p = 0.0093; CTL vs. f-PE MPs 0.006%, p = 0.0050) (Table 2).

Table 2. Markers of cellular damage (lipid peroxidation) and redox state (GSH—glutathione reduced,
GSSG—glutathione oxidised) evaluation in kidneys harvested from mice exposed to PE MPs. CTL—
Animals fed standard chow diet without MPs; PE MPs 0.002%—Animals fed standard chow diet
with non-fluorescent PE MPs at 0.002% (w/w); PE MPs 0.006%—Animals fed standard chow diet
with non-fluorescent PE MPs at 0.006% (w/w); f~PE MPs 0.002%—Animals fed standard chow diet
with fluorescent PE MPs at 0.002% (w/w); f-PE MPs 0.006%—Animals fed standard chow diet with
fluorescent PE MPs at 0.006% (w/w). Statistical analysis was performed using one-way ANOVA
followed by Sidak’s multiple comparisons test. In the table, values sharing at least one common
letter are not significantly different (p > 0.05). Values with no letters in common differ significantly
(p < 0.05). Values are means + SD (n = 6), with two replicates.

CTL PE MPs PE MPs £-PE MPs £-PE MPs
0.002% 0.006% 0.002% 0.006%
Lipid Peroxidation
Cellular Fraction —— yq9 4 g170a 0256 + 01382 0.396 + 0.134 2 0.292 + 0.041 2 1.265 + 0.345 b

(tM MDA.mg ™! protein)
Mitochondrial Fraction
(uM MDA.mg ™! protein)
Redox cellular state
GSH/GSSG  5.088 +2.1602 3.235 +0.988 2 11.043 + 4.726 5.900 £ 1.996 2 4974 +£27712

0.250 + 0.042 2 0.491 +0.133b 0.326 =+ 0.093 b 0.367 £ 0.126 2P 0.525 + 0.054 b

A disruption in the redox balance was observed in the group exposed to the highest
concentration of non-fluorescent particles, as seen by the increase in GSH and GSSG ratio
(CTL vs. PE MPs 0.006%, p = 0.0488; PE MPs 0.002% vs. PE MPs 0.006%, p = 0.0038; PE MPs
0.006% vs. f-PE MPs 0.006%, p = 0.0430) (Table 2).

3.8. Fluorescent PE MPs Affect Mitochondrial Fatty Acid Composition and PUFA Balance

A total of 14 fatty acid species were identified in the renal mitochondrial-enriched frac-
tion, including five saturated (SFA) (Figure 4A), four monounsaturated (MUFA) (Figure 4B),
and five polyunsaturated fatty acids (PUFA) (Figure 4C).
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Figure 4. Renal Fatty acid profile of mitochondrial-enriched fractions: (A) Saturated fatty acids
(SFA) relative abundance; (B) Monounsaturated fatty acids (MUFA) relative abundance; (C) Polyun-
saturated fatty acids (PUFA) relative abundance. C14:0—Myristic acid; C16:0—Palmitic acid;
C16:1—Palmitoleic acid; C18:0—Stearic acid; trans-C18:1n-9—Elaidic acid; cis-C18:11n-9—Oleic acid;
C18:2n-6—Linoleic acid; C18:3n-3—alpha-linolenic acid; C20:0—Arachidic acid; C20:1#-9—Gondoic
acid; C20:2n-6—Ficosadienoic acid; C20:3n-6—Eicosatrienoic acid; C20:4n-6—Arachidonic acid;
C24:0—Lignoceric acid. CTL—Animals fed standard chow diet without MPs; PE MPs 0.002%—
Animals fed standard chow diet with non-fluorescent PE MPs at 0.002% (w/w); PE MPs 0.006%—
Animals fed standard chow diet with non-fluorescent PE MPs at 0.006% (w/w); f-PE MPs 0.002%—
Animals fed standard chow diet with fluorescent PE MPs at 0.002% (w/w); f~PE MPs 0.006%—
Animals fed standard chow diet with fluorescent PE MPs at 0.006% (w/w). Statistical analysis
was performed using one-way ANOVA followed by Sidak’s multiple comparisons test. Values are
means £ SD (n = 6), with two replicates (* p < 0.05; ** p < 0.01).

Palmitic acid (C16:0) represented the dominant SFA, with stearic acid (C18:0) as the
second most abundant, followed by the lignoceric acid (C24:0). Linoleic acid (C18:2n-6) was
the most prevalent PUFA and the dominant n-6 species, with arachidonic acid (C20:4n-6)
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contributing secondarily. Alpha-linolenic acid was the only #n-3 FA identified, detected
at levels below 1%. This low abundance was comparable to that of several FA, including
myristic acid (C14:0), arachidic acid (C20:0), gondoic acid (C20:171-9), and eicosadienoic
acid (C20:2n-6).

MPs exposure induced minor alterations in mitochondrial FA profile, primarily af-
fecting C18, C20 and C24 species. Lignoceric acid presented a decrease in MP-exposed
groups (CTL vs. PE MPs 0.006%, p = 0.0038; CTL vs. {-PE MPs 0.002%, p = 0.0024). Stearic
acid levels were increased following exposure to both concentrations of non-fluorescent
PE MPs (CTL vs. PE MPs 0.002%, p = 0.018; CTL vs. PE MPs 0.006%, p = 0.0321) and the
highest concentration of the fluorescent ones (CTL vs. {-PE MPs 0.006%, p = 0.0034). At the
highest concentration, fluorescent particles led to a decrease in elaidic (trans-C18:11-9) and
oleic (cis-C18:1n-9) acids when compared to their non-fluorescent counterparts (PE MPs
0.006% vs. f-PE MPs 0.006%, p = 0.0209) and to their low concentration equivalents (f-PE
MPs 0.002% vs. {-PE MPs 0.006%, p = 0.0276), respectively. Among C20 FA, several species
were affected: (1) arachidic acid increased in a concentration-dependent manner across
both types of MPs tested (PE MPs 0.002% vs. PE MPs 0.006%, p = 0.0109, {-PE MPs 0.002%
vs. f-PE MPs 0.006%, p = 0.0265), and when compared with the control group (CTL vs. PE
MPs 0.006%, p = 0.0379); (2) gondoic acid was significantly increased in animals exposed to
PE MPs 0.006% (CTL vs. PE MPs 0.006%, p = 0.0440); (3) eicosadienoic acid content was the
highest in the group exposed to the highest concentration of fluorescent MPs (CTL vs. f-PE
MPs 0.006%, p = 0.0204; PE MPs 0.006% vs. {-PE MPs 0.006%, p = 0.0142).

Data presented in Figure 4 were used to quantify the total content of SFA, MUFA,
PUFA, as well as n-3 and n-6 PUFA (Table 3). Key lipid ratios were also derived, including
PUFA /SFA and n-3/n-6 (Table 3). The levels of SFA, MUFA, n-3 and n-6 species remained
constant across all experimental groups, except for total PUFA levels, which present signifi-
cant depletion at the highest concentration of fluorescent MPs (f-PE MPs 0.002% vs. {-PE
MPs 0.006%, p = 0.0384). MPs exposure did not significantly affect the double bond and
peroxidability index. Similarly, the PUFA /SFA remained constant across all experimental
groups. The higher concentrations for both types of MPs had different effects on 1n-3/n-6
ratio: non-fluorescent PE MPs led to an increased ratio (PE MPs 0.002% vs. PE MPs 0.006%,
p = 0.0369) whereas the fluorescent counterparts led to a depleted one (PE MPs 0.006% vs.
{-PE MPs 0.006%, p = 0.0061).

Table 3. Lipid characteristics of mitochondrial-enriched fractions isolated from the kidneys of mice
treated with MPs. CTL—Animals fed standard chow diet without MPs; PE MPs 0.002%—Animals
fed standard chow diet with non-fluorescent PE MPs at 0.002% (w/w); PE MPs 0.006%—Animals
fed standard chow diet with non-fluorescent PE MPs at 0.006% (w/w); f-PE MPs 0.002%—Animals
fed standard chow diet with fluorescent PE MPs at 0.002% (w/w); f~PE MPs 0.006%—Animals fed
standard chow diet with fluorescent PE MPs at 0.006% (w/w). Statistical analysis was performed
using one-way ANOVA followed by Sidak’s multiple comparisons test. In the table, values sharing
at least one common letter are not significantly different (p > 0.05). Values with no letters in common
differ significantly (p < 0.05). Values are means + SD (n = 6).

PE MPs PE MPs . o
CTL 0.002% 0.006% £-PE MPs 0.002%  {-PE MPs 0.006%
Fatty acid
. SFA 44.44 +2432 4713 +2.772 45.69 + 2442 45.60 +1.892 47.81 +£2152
(relative abundance %)
. MUfA 27.62 +1.972 2436 +3.612 2943 +3.172 30.39 £ 3.60 2 23.56 + 4.442
(relative abundance %)
PUFA 27.88 + 0.63 2P 28.18 + 1.75ab 26.66 + 1.21 @b 25.68 +£1.302 28.57 4+ 1.42P

(relative abundance %)
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Table 3. Cont.
PE MPs PE MPs o o
CTL 0.002% 0.006% f-PE MPs 0.002%  f-PE MPs 0.006%
. n-6 PUFA 27.72 £ 0.652 28.02 +£1.742 25.82 +1.984 2642 +£2.282 29.34 £2.602
(relative abundance %)
. n-3 PUFA 0.16 £0.03 2 0.16 £0.03 2 0.17 £ 0.022 0.15+0.022 0.16 £0.03 2
(relative abundance %)
n-3/n-6  0.0052 & 0.00112P  0.0053 4 0.0009 @  0.0069 & 0.0006 >  0.0052 4 0.00052  0.0050 + 0.0006 2
PUFA/SFA 0.63 £0.052 0.62£0.052 0.59 £0.08 2 0.60 £0.032 0.63 £0.06 2
Peroxidability index (PI) 0.64 £0.032 0.63 £0.042 0.58 £0.032 0.58 £ 0.06 2 0.64 £0.032
Double bond index (DBI) 0.64 +0.032 0.63 +0.042 0.58 +0.03 2 0.58 + 0.06 2 0.64 +0.032

* SFA—Saturated fatty acid; MUFA—Monounsaturated fatty acid; PUFA—Polyunsaturated fatty acid.

4. Discussion

Risk assessments on MPs’ toxicity often rely on unfitted models, which can misrepre-
sent their true impact on human health [45,46]. In this study, we compared the toxic effects
of an inadequate model—fluorescent PE MPs—with a more suitable one—non-fluorescent
PE MPs. Using renal mitochondria as targets for toxicity evaluation, we used an in vivo
model to assess how different MPs can influence the toxicological outcome. In this study,
we demonstrated that PE MPs, when administered to mice for 28 days, impaired renal
physiology by disrupting mitochondrial bioenergetics, compromising renal antioxidant
defence system and promoting mitochondrial membrane lipid remodelling, leading to
kidney injury reflected by local inflammation. Overall, these results indicate that PE MPs
induce mitotoxicty, highlighting mitochondria as central targets in MP-induced renal toxic-
ity. Notably, fluorescent PE MPs consistently induced stronger alterations across several
endpoints when compared with their non-fluorescent counterparts, suggesting that fluores-
cent labelling itself may influence particle biological behaviour and toxicological outcomes,
although the precise mechanisms underlying these differences remain unclear. Importantly,
the chemical identity and conjugation strategy of the fluorophore used in the commercially
available particles are not disclosed by the manufacturer, limiting further mechanistic
interpretation of these effects. Nonetheless, fluorescent labelling may alter particle physico-
chemical properties and interactions with biological systems, potentially contributing to
the enhanced mitochondrial and oxidative alterations observed with fluorescent MPs. In
addition, possible dye leakage under biological conditions cannot be excluded.

The physiologic role of the kidney may increase its susceptibility to MPs, with previous
studies reporting renal structure alterations following particle exposure [23,47]. Consistent
with previous reports, our results revealed local inflammatory infiltrates and an increase in
kidney weight, especially with fluorescent MPs. However, serum biomarkers of kidney
tissue injury, namely BUN and serum creatinine, remained unchanged. Several studies
have reported functional abnormalities following exposure to MPs, but the findings are
inconsistent. Meng and collaborators [10] observed increased BUN and creatinine levels
in mice exposed to four sizes of MPs (50, 300, 600 nm, and 4 pum) for four weeks, whereas
Tang et al. [48] reported an opposite trend in a similar model. Together, these findings
suggest that the observed renal local damage was likely insufficient to cause systemic
alterations detectable by classical renal biomarkers.

Mitochondrial function has emerged as a key target in MPs-induced toxicity, with
current findings underscoring the importance of investigating mitochondrial health in
the kidney [22-24]. Mitochondrial bioenergetic capacity and efficiency can be assessed
through the evaluation of mitochondrial respiration, providing an assessment of overall
mitochondprial function [49,50]. In our study, both fluorescent and non-fluorescent MPs
impaired mitochondrial respiration, reducing oxygen flux in most coupling control states.
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This reduction may reflect functional alterations in electron transport chain complexes or
disturbances in membrane potential [51]. Furthermore, the decreased OXPHOS capacity
detected—measured as mitochondrial oxygen flux under ADP-saturated conditions—may
suggest a compromise ATP-generating potential, which can negatively impact upstream
cellular processes. Changes in ATP content have been described in the literature following
MPs exposure, indicating that the particles may impact mitochondrial respiration and,
consequently, chemical energy production [9,19,52].

Our results revealed that evaluation of the electron transfer pathways control states
relying on CI and CII showed similar patterns, suggesting functional impairment at both
complexes. This dysfunction likely contributes to the observed reduction in endogenous
mitochondrial respiratory activity, as reflected in diminished ROUTINE respiration. Al-
though a decrease in CIV-dependent LEAK respiration was not observed, suggesting no
immediate dysfunction at this complex level, this did not prevent the potential impairment
of NADH- and FADH,-dependent pathways by PE MPs. In fact, an increase in LEAK
respiration was observed at the lowest concentration of non-fluorescent particles. Since the
efficacy of OXPHOS relies on the tight coupling of the electron transport chain and ADP
phosphorylation, any uncoupling between these processes can compromise mitochondrial
efficiency. Nonetheless, under physiologic conditions, OXPHOS is not entirely coupled,
with a small number of protons bypassing ATP synthase and re-entering the matrix without
generating ATP, a process known as proton leak [53]. Thus, an increase in LEAK respiration
may indicate uncoupling, reflecting mitochondrial stress or damage. This has been widely
reported under exposure to environmental stressors, including MPs. For instance, Peng and
collaborators [54] described an augmented proton leak in A549 and Caco-2 cell lines follow-
ing exposure to PS MPs, likely due to damage to ETC complexes or the inner mitochondrial
membrane. Together, these findings support the hypothesis that MPs compromise renal
mitochondrial bioenergetics, not only by impairing OXPHOS capacity, but possibly also by
promoting uncoupling, ultimately disrupting energy homeostasis at the cellular level.

Enzymatic assays confirmed respiratory dysfunction and revealed particle-specific
effects. Activities of Complex II and IV were reduced with toxicant exposure, particularly
with fluorescent MPs, whereas Complex I remained unchanged. Complex II activity results
support respiratory measurements that indicate dysfunction at this complex. This complex,
also known as succinate dehydrogenase (SDH), plays a dual role in the mitochondrial
electron transport chain and the tricarboxylic acid cycle, catalysing the oxidation of succi-
nate to fumarate and contributing to reducing equivalents to ETC via FADH, [53]. Micro-
and nano-plastics seem to perturb different metabolic pathways of the TCA cycle. Consis-
tent with this, Lin et al. [55] reported malate accumulation alongside decreased levels of
fumarate. Furthermore, in an investigation by Tao et al. [56], a decrease in SDH activity
was similarly reported following mice exposure to PS MPs, indicating that MPs exposure
disturbs oxidative phosphorylation and the citrate cycle in the mitochondria.

Complex IV and Complex I activity did not fully align with the findings from high-
resolution respirometry. While respiratory measurements suggested CI impairment and
unaffected CIV activity, enzymatic assays revealed no alterations in CI activity, likely due
to high data variability; however, they did reveal a decrease in CIV activity, particularly in
groups exposed to fluorescent MPs. Nonetheless, mitochondrial respiration relies on the
coordinated function of multiple key processes, and not exclusively on the integrity of the
electron transport chain [57,58]. Indeed, findings on MPs’ renal mitotoxicity have revealed
that MPs impacted the expression of different protein subunits of Complex IV, namely
cytochrome c oxidase subunit 3 (MT-CO3), supporting our findings [22]. These results
suggest that PE MPs, interfere with the integrity and function of key components of the
ETC, thereby partially contributing to the compromised OXPHOS capacity observed. These
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effects were stronger in the exposure to fluorescent MPS, suggesting that fluorescence la-
belling influences stress responses at the mitochondrial level, probably as a consequence of
altered surface properties. Interestingly, citrate synthase activity was increased in exposed
groups, which may suggest mitochondrial biogenesis as a compensatory response to func-
tional impairment, a phenomenon also described under other mitochondrial stressors [59].
Nonetheless, considering that citrate synthase activity was used as an indirect marker of
mitochondrial content, these findings should be interpreted with caution.

The fatty acid composition of mitochondrial membranes shapes their biophysi-
cal properties, including fluidity and permeability, ultimately affecting the organelle’s
function [60,61]. In our study, fatty acid remodelling was primarily observed at higher
concentrations of MPs, with increases in C18:0 and C20:0 content and a decrease in C24:0
levels. Since SFA tend to rigidify biological membranes compared with unsaturated species,
these changes likely reflect stress-induced remodelling of the mitochondrial membrane [60].
The depletion in C24:0, a very-long-chain fatty acid (VLCFA), may represent an adap-
tive response to counterbalance the increased rigidity from higher SFA incorporation and
preserve mitochondrial function. The decrease in this VLCFA in mitochondria may also
suggest perturbations in fatty acid elongation or mitochondrial import pathways. In-
deed, previous studies have reported that MPs induce dysregulation of elongation-related
genes such as Elovl5 (Elongation of very-long-chain fatty acid 5) [62,63]. Furthermore,
MPs appear to dysregulate mitochondrial-associated endoplasmic reticulum membranes
(MAMs), potentially impairing lipid transport from the endoplasmic reticulum to the mi-
tochondpria [64]. In parallel, the increase in unsaturated species, namely in C20:11-9 and
C20:2n-6, further supports a compensatory attempt to restore membrane fluidity under
MP-induced stress. The total content of SFA, MUFA and PUFA remained constant across
all experimental groups, reinforcing that, despite shifts in individual FA, mitochondrial
membrane homeostasis was sustained and the membrane remodelling was adaptive rather
than disruptive. Thus, the changes in mitochondrial membrane composition do not seem to
cause the mitochondrial dysfunction observed. Nonetheless, these interpretations should
be considered with caution, since mitochondrial-enriched fractions were obtained through
differential centrifugation, a methodology that may allow residual contamination from
other cellular compartments.

Beyond bioenergetics and lipid remodelling, oxidative stress is a major mechanism
of MP-induced toxicity [7,14]. In our study, MPs impacted the renal antioxidant defence
system in a concentration- and particle-type-dependent manner, with higher concentrations
and fluorescent MPs exerting the strongest effect, reinforcing the influence of fluorescence
labelling on enhancement of toxic effects. Total SOD activity was decreased following
exposure, with CAT activity following a similar trend. This coordinated reduction is likely
linked to their functional coupling, since the product of SOD activity (H,O;) serves as
the substrate for CAT. A similar pattern of enzymatic response has been widely observed
across various organs in murine models exposed to MPs [65-67]. These changes suggest a
failure of the primary enzymatic defence against ROS, consistent with the overproduction
of oxidative species frequently observed in MPs-induced toxicity [18,68]. Interestingly,
mitochondrial SOD remained unchanged across all experimental groups, suggesting that,
despite mitochondrial dysfunction, the intrinsic mitochondrial antioxidant defence was not
directly compromised. Nevertheless, elevated MDA levels in the mitochondrial fraction
indicate lipid peroxidation and oxidative damage at these levels, likely as a downstream
consequence of impaired mitochondrial function [69]. Similar findings have been reported
in human-derived cellular models exposed to MPs, supporting lipid peroxidation as a
relevant mechanism underlying MPs-induced cellular toxicity [70].
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The glutathione system plays a central role in maintaining cellular redox balance.
Despite the importance of this biochemical pathway in redox homeostasis, studies on MPs’
toxicity have overlooked its full assessment. Most murine studies measure only GSH levels,
often reporting a decrease in its content without evaluating the coordinated activity of GPx
and GR [9,14]. In our study, GR activity decreased following exposure to MPs, except at
the lowest concentration of fluorescent MPs. Despite this decrease, the GSH/GSSG ratio
remained constant across all groups, except at the highest concentration of non-fluorescent
particles, indicating that alterations in glutathione-cycle enzymes may not directly translate
into shifts in redox status. This pattern suggests activation of compensatory mechanisms,
such as the up-regulation of GSH biosynthesis and modulation of other thiol-dependent sys-
tems (e.g., thioredoxin), which can buffer oxidative insults and maintain redox balance [71].
GPx activity remained mostly unchanged, except in the high-concentration fluorescent
MPs group, where an increase was detected alongside elevated cellular MDA, suggesting
an adaptive response to lipid peroxidation [72]. Interestingly, despite changes in GPx
activity, the GSH/GSSG ratio remained stable in this group, supporting the aforementioned
conservation of cellular redox homeostasis despite enzymatic alterations.

GST activity also remained functional, reinforcing that detoxification capacity was not
entirely lost under MP-induced stress. In contrast, intracellular LDH activity decreased
with MPs exposure, likely reflecting renal cell damage and enzyme leakage, as LDH release
into the circulation is a well-recognised marker of cellular injury [73]. Consistent with
this, Cheng et al. [74] described an augmented content of serum LDH following PP-MPs
exposure for 28 days in mice. Given the partial reliance of renal structures on anaerobic
metabolism for energy production, changes in LDH activity may additionally suggest
an impacted carbohydrate metabolism, although a more comprehensive investigation is
required to confirm this. Taken together, our findings indicate that MPs” exposure induced
oxidative stress, as evidenced by increased lipid peroxidation and changes in antioxidant
enzyme activities, particularly under high concentrations of fluorescent PE MPs, despite
sustained cellular redox balance.

Overall, our findings indicate that MPs” exposure compromises renal mitochondrial
function at multiple levels: oxidative phosphorylation, membrane composition and antioxi-
dant defences, with fluorescent MPs inducing stronger toxic effects than non-fluorescent
ones, highlighting the much-needed improvement in the MP models for toxicological
assessment, diving into the potential toxicity of the fluorophores used in plastic labelling.
The observed oxidative stress appears both a cause and a consequence of mitochondrial
dysfunction, reinforcing the central role of mitochondria in mediating MP-induced renal
injury. Importantly, our findings are consistent with evidence from human-derived cellular
models, demonstrating that both micro- and nano-plastics can induce metabolic stress
responses, mitochondrial dysfunction, and oxidative damage, further supporting mitochon-
drial impairment as a central mechanism underlying MPs-induced toxicity and reinforcing
the potential relevance of these findings for human health [75,76].

5. Conclusions

In summary, this study demonstrates that mitochondria can be considered key tar-
gets of MPs’ toxicity in the kidney, revealing that exposure to both fluorescent and non-
fluorescent MPs impairs mitochondrial bioenergetics, changes respiratory complexes’ enzy-
matic activities, and disrupts redox homeostasis. Some of these effects seem to be more
prominent following exposure to fluorescence particles. Moreover, our findings revealed
that the kidney, due to its physiological and metabolic characteristics, should be accounted
as a critical target of MP exposure in a similar way to the liver and the gut. These re-
sults highlight the need to refine the MP model in toxicological testing to better reflect
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real environmental exposure conditions, as well as to adopt integrative, multi-organ, and
multidisciplinary approaches that capture the impact of MPs on organisms as a whole.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /microplastics5020113/s1, Figure S1: Characterisation of PE MPs.
(A) SEM image of PE MPs at 200 x magnification; (B) SEM image of PE MPs at 1000x magnification;
(C) Size distribution of PE MPs; (D) SEM image of {-PE MPs at 200 x magnification; (E) SEM image
of f-PE MPs at 1000 x magnification; (F) Size distribution of f-PE MPs; (G) FTIR spectrum of PE
MPs; (H) FTIR spectrum of {-PE MPs; Figure S2: Effect of PE-MPs on animals’ food (A) and water
(B) intake. Weekly food and water consumption was monitored during the experiment. CTL—
Animals fed standard chow diet without MPs; PE MPs 0.002%—Animals fed standard chow diet
with non-fluorescent PE MPs at 0.002% (w/w); PE MPs 0.006%—Animals fed standard chow diet
with non-fluorescent PE MPs at 0.006% (w/w); f-PE MPs 0.002%—Animals fed standard chow diet
with fluorescent PE MPs at 0.002% (w/w); f-PE MPs 0.006%—Animals fed standard chow diet with
fluorescent PE MPs at 0.006% (w/w). Statistical analysis was performed using a mixed-effects model
with Geisser—Greenhouse correction, followed by Tukey’s multiple comparisons test. Values are
means + SD (n = 6), with two replicates (* p < 0.05; ** p < 0.01; *** p <0.001; **** p < 0.0001). Figure S3:
Representative images of kidney histopathological changes identified in mice exposed to PE MPs and
{-PE MPs. (A) Kidney with tubular cell injury characterised by mild degeneration (Group {-PE MPs
0.002%); (B) Presence of multifocal inflammatory cell aggregates, characterised by the presence of
mononuclear cells (Group PE MPs 0.006%). CTL—Animals fed standard chow diet without MPs;
PE MPs 0.002%—Animals fed standard chow diet with non-fluorescent PE MPs at 0.002% (w/w);
PE MPs 0.006%—Animals fed standard chow diet with non-fluorescent PE MPs at 0.006% (w/w);
f-PE MPs 0.002%—Animals fed standard chow diet with fluorescent PE MPs at 0.002% (w/w); f-PE
MPs 0.006%—Animals fed standard chow diet with fluorescent PE MPs at 0.006% (w/w). Table S1:
Main absorption bands of non-fluorescent polyethylene microplastics (PE MPs) and fluorescent
polyethylene microplastics (f-PE MPs) and their assignments. Table S2: Effect of two fluorescent and
non-fluorescent PE MPs concentrations on ponderal gain and mean relative organ weight. CTL—
Animals fed standard chow diet without MPs; PE MPs 0.002%—Animals fed standard chow diet
with non-fluorescent PE MPs at 0.002% (w/w); PE MPs 0.006%—Animals fed standard chow diet
with non-fluorescent PE MPs at 0.006% (w/w); f-PE MPs 0.002%—Animals fed standard chow diet
with fluorescent PE MPs at 0.002% (w/w); f-PE MPs 0.006%—Animals fed standard chow diet with
fluorescent PE MPs at 0.006% (w/w). Statistical analysis was performed using one-way ANOVA
followed by Sidak’s multiple comparisons test. In the table, values sharing at least one common letter
are not significantly different (p > 0.05). Values with no letters in common differ significantly (p < 0.05).
Values are means £ SD (n = 6). Table S3: Percentage and number of animals with inflammatory
infiltrate and tubular injury, and respective scores. PE MPs 0.002%—Animals fed standard chow
diet with non-fluorescent PE MPs at 0.002% (w/wm/m); PE MPs 0.006%—Animals fed standard
chow diet with non-fluorescent PE MPs at 0.006% (w/wm/m); {-PE MPs 0.002%—Animals fed
standard chow diet with fluorescent PE MPs at 0.002% (w/wm/m); f-PE MPs 0.006%—Animals
fed standard chow diet with fluorescent PE MPs at 0.006% (w/wm/m). Statistical analysis was
performed using the chi-square test. In the table, values sharing at least one common letter are not
significantly different (p > 0.05). Values with no letters in common differ significantly (p < 0.05).
Values are means + SD (n = 6).
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