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ARTICLE INFO ABSTRACT

Handling Editor: Professor Matthew Wright Microplastics (MPs) are widespread in environment, being detected in human tissues, as placenta and breast
milk. Given their potential endocrine and neurobehavioral effects, we studied whether perinatal exposure to MPs
causes dysfunctions in dams and offspring. From gestational day 7 (G7) until weaning, Wistar rat dams received
water (control group; n = 9) or 10 pm polystyrene microparticles (25 pg/kg body mass, MP group; n = 8).
Biometric and biochemical parameters of dams and offspring were evaluated at weaning (21 days-old), puberty
(45 days-old) and adulthood (120 days-old). Behavioral tests were performed at puberty and adulthood. MP
dams showed lower body mass from the G10 until delivery but returned to control levels during lactation; also
exhibited lower plasma cholesterol and T4 levels at weaning. MP offspring showed age- and sex-dependent al-
terations in lipid and endocrine homeostasis, including changes in cholesterol, triglycerides, corticosterone,
thyroid hormones, leptin and FSH levels. Adult offspring also showed sex-specific behavioral alterations. MP
males showed increased anxiety-like behavior during puberty and adulthood, reduced caloric intake and pref-
erence for the high-fat diet whereas adult females exhibited increased caloric intake. Thus, perinatal exposure to
a single dose of 10-pm polystyrene microplastics was associated with behavior, lipid and endocrine disturbances
in both dams and offspring.
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1. Introduction

Since the 1950s, the global market has seen an increase in the pro-
duction and consumption of plastic. The advantages of this material to
preserve and transport food and water compared to other materials are
undeniable, such as low cost, easy handling and manufacturing, high
resistance, good rigidity and malleability (Nayanathara Thathsarani
Pilapitiya and Ratnayake, 2024). Due to these advantages, annual
plastic production has increased from 234 million in 2000 to 460 million
tons in 2019 (“Global Plastics Outlook economic drivers, environmental
impacts and policy options,” 2022), and is projected to reach 1 billion in
the next 25 years, if regulatory policies remain unchanged (Ritchie et al.,

2023). The consequence of the excessive production and consumption of
plastics is the generation of waste that may accumulate for centuries in
the environment due to the improper disposal and handling of these
materials (Geyer et al., 2017; Nayanathara Thathsarani Pilapitiya and
Ratnayake, 2024). Plastics are degraded into smaller particles (micro-
plastics, MPs) by the action of microorganisms, ultraviolet radiation,
high temperatures, mechanical action and chemical degradation. MPs
also accumulate and amplify the biological and environmental effects of
plastics, being an emerging pollutant (Liu et al., 2022).

MPs are particles with a diameter of less than 5 mm that appear as
foam, fiber, fragments or microspheres, and are classified according to
their origin as primary or secondary. Primary MPs are those
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intentionally produced in small dimensions for direct use in industry,
being part of the composition of exfoliating cosmetics, glitter and syn-
thetic fabrics. Secondary MPs are those originated from the environ-
mental degradation of macroplastics such as bottles, bags and nets
(Salvador Cesa et al., 2017; Ullah et al., 2023). It is estimated that,
annually, an individual is exposed through inhalation, ingestion, or
dermal contact to between 74,000 and 121,000 plastic particles present
in atmospheric air, food and beverages. Although these values may vary
depending on exposure scenarios and the methodological approaches
used for particle detection, identification and quantification, they pro-
vide a useful estimate of human exposure to microplastics (Barcelo et al.,
2023; Ziani et al., 2023; Zurub et al., 2023).

In 2021, MPs (5-10 pm), including polypropylene-containing parti-
cles, were detected for the first time in human placentas (Ragusa et al.,
2021). Since then, MPs have been observed in breast milk samples,
where particles ranging from 2 to 12 pm were mainly composed of
polyethylene, polyvinyl chloride, and polypropylene (Ragusa et al.,
2022). In blood, particles >0.7 pm including polyethylene tere-
phthalate (PET), polystyrene (PS), and polyethylene (PE), were detected
(Leslie et al., 2022). In the lungs, MPs ranging from approximately 12 to
2475 pm were predominantly composed of polypropylene and PET
(Jenner et al., 2022). In cardiac tissues, MPs ranging from approximately
20 to 469 pm were identified, including PET, polyurethane (PU) and
poly(methyl methacrylate) (PMMA) (Yang et al., 2023). MPs ranging
from approximately 21.8 to 286.7 pm were also identified in human
testicular tissue and semen, with polystyrene predominating in the testis
and polyethylene and polyvinyl chloride being the major polymers
detected in semen (Zhao et al., 2023). More recently, micro- and
nanoplastics, predominantly polyethylene and mainly in the nanoscale
range (approximately 100-200 nm), were detected in human brain tis-
sue (Campen et al., 2024).

The studies described above have reported different sizes and poly-
mer types of plastic particles. These findings have raised several ques-
tions regarding the consequences of exposure to plastic particles on
human health, and a considerable number of experimental studies have
been conducted to investigate the mechanisms underlying these effects.
Cell cultures and animal models have shown that MPs can affect
digestive, respiratory, endocrine, reproductive, and immune systems
(Lee et al., 2023). In experimental rodent models, the ingestion of MPs
causes bioaccumulation, inflammation, and oxidative stress in the liver
(Deng et al., 2017), lungs (Lim et al., 2021), intestine (Li et al., 2020),
brain (Estrela et al., 2021), gonads (Jin et al., 2021), and placenta
(Fournier et al., 2020), in addition to altering the immune response and
lipid metabolism of offspring (Luo et al., 2019a). The presence of MPs in
both human placenta and breast milk, and in the fetal tissues of exper-
imental rodents, confirms their ability to contaminate offspring. The
plasticity of the perinatal period makes individuals highly sensitive to
physiological changes and, therefore, insults during this phase can cause
important metabolic changes during adult life (Lisboa et al., 2021).
Therefore, thorough investigations are needed to identify health-related
consequences of early MP exposure and elucidate associated
mechanisms.

In the literature, there are some studies using rodent models to
evaluate the short- and long-term effects of MP exposure exclusively
during pregnancy and lactation (Cheng et al., 2025; Lu et al., 2024; Luo
et al., 2019a, 2019b; Zhang et al., 2023). In mice, Luo et al. (2019a)
administered the 5 pm polystyrene MPs solution (100 and 1000 pg/L)
via drinking water and showed metabolic disorders associated with gut
microbiota dysbiosis, liver transcription disorders, and serum metabo-
lites (such as cholesterol and triglycerides) in F1 and F2 generations. As
one of the few experimental studies to evaluate microplastic exposure
during pregnancy and lactation, this work demonstrated measurable
biological effects at relatively low exposure levels. Consequently, its
findings guided the selection of the particle size and the exposure dose
adopted in the present study. The rationale was that if biological effects
could be detected at such a small particle size and low exposure dose,
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these findings could have important implications for the establishment
of public policies regarding population exposure to microplastics.

Based on this previous report, in rats, we designed a similar model of
maternal MP exposure during perinatal period to investigate, for the first
time, biometric, lipid and hormonal parameters of dams and male and
female offspring at the end of exposure (weaning). The offspring were
also studied during puberty and adulthood, during which periods we
evaluated anxiety-like and eating behaviors. The hypothesis of the
present study is that maternal exposure to polystyrene microparticles
during gestation and lactation may induce short- and long-term alter-
ations in metabolic homeostasis, lipid metabolism, endocrine regulation
of major physiological axes such as the hypothalamic-pituitary-adrenal
(HPA) and hypothalamic-pituitary-thyroid (HPT) axes, as well as
anxiety-like and feeding behaviors in the offspring.

2. Materials and methods
2.1. ARRIVE statement

The experimental design was approved by the Animal Care and Use
Committee of the Biology Institute of UERJ (CEUA 033/2022), which
based its analysis on the principles adopted and promulgated by the
Brazilian Law (no. 11.794/2008). All animal procedures were con-
ducted in accordance with the ARRIVE guidelines and the NIH Guide for
the Care and Use of Laboratory Animals (National Research Council, US)
and all experiments and data analyses were performed in a blinded
manner. Wistar rats were housed in a temperature-controlled vivarium
(23 £+ 1°C) with an artificial light/dark cycle (lights on from 7:00 a.m. to
7:00 p.m.), free access to water and standard diet for rodents (Nuvilab,
Sao Paulo, Brazil). For 24 h, 3-months-old nulliparous female rats in
estrous were mated with males at a proportion of two females:one male.
The successful copulation was confirmed by examination of a vaginal
smear for the presence of sperm, vaginal plug detection, estrous cycle
monitoring and body mass evaluation.

2.2. Experimental design of perinatal exposure to microplastic

As depicted in Fig. 1, on 7th gestational day (G7), pregnant rat dams
were assigned alternatively to one of two groups: MP (Microplastic
group, n = 8) or CON (Control group, n = 9). However, there was no
randomization, which represents a limitation of the study design.

The MP group received 25 pg/kg body mass/day of 10 pm poly-
styrene microparticles (72986 - Sigma Aldrich, Sao Paulo, Brazil)
diluted in filtered water while the CON group received filtered water.
From G7 until weaning (Postnatal day 21 - PND21), dams received the
treatment by intragastric gavage. On the day after birth, all litters were
adjusted to six pups per dam (3 males and 3 females) to maximize
lactation performance and to ensure standardized nutrition until
weaning (Passos et al., 2000). One male and female offspring per dam
were euthanized at weaning (PND21), puberty (PND45) and adulthood
(PND120), ensuring that the litter was considered the experimental unit.

2.3. Biometric parameters

During gestation and lactation, the dams' body masses (BM) and food
intake were recorded daily. The pups’ body masses were monitored
every day from birth until PND21. At the 9th lactational day, pups milk
intake was evaluated. For this, they were separated from their dams for
2 h, then they were weighed and placed with their dams for 1 h. After
this period of ad libitum feeding, all pups were weighed again. From
weaning onward, male and female offspring were housed in same-sex
groups and received standard rodent chow. Chow consumption was
measured per cage and expressed as the mean consumption per animal.
Body mass and food intake were monitored two days per week until
PN120.
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Fig. 1. Experimental model of perinatal exposure to microplastics. CON, Control group; MP, Microplastic group; GO, gestational day 0; G7, gestational day 7; L21,
lactation day 21; PN40, postnatal day 40; PN43, postnatal day 43; PN45, postnatal day 45; PN114, postnatal day 114; PN115, postnatal day 115; PN120, postnatal

day 120; NMR, nuclear magnetic resonance; BM, body mass.

2.4. Milk collection and analysis

At PND10 and PND18, dams were separated from the pups for 2 h
and milk samples were collected. To induce milk secretion, synthetic
oxytocin (Oxiton® 5U.L./mL, SP, Brazil) was administered (i.p.) and 10
min later, dams were lightly anesthetized with thiopental (Thiopentax®
50 pg/mL i.p.). Milk was extracted by gently stripping the thoracic and
abdominal teats, being collected in a microtube and used for the quan-
tification of carbohydrates, total protein and total fat (Rodrigues et al.,
2018).

Carbohydrate content was measured by a colorimetric method using
picric acid (Vetec Quimica fina LTDA, RJ, Brazil) (Khramov et al., 2008),
commercial lactose being used as a standard (Sigma-Aldrich Co, St.
Louis, MO, USA). Total protein content was estimated by the colori-
metric method described by Peterson (1977) (Peterson, 1977), using
bovine serum albumin (Sigma, St. Louis, MO, USA) as a standard. Total
lipids content was determined by a colorimetric method using a com-
mercial kit according to the manufacturer's instructions (Bioclin, Belo
Horizonte, MG, Brazil).

All milk composition analyses were performed in duplicate using
previously validated methodologies, and samples from all experimental
groups were analyzed under identical analytical conditions.

2.5. Behavioral tests

2.5.1. Anxiety-like behavior and locomotion assessments

The elevated plus maze (EPM) and the open field (OF) tests were
performed either on PND40 or on PND114; different animals were used
at each age. The order of behavioral testing was not counterbalanced; all
animals were evaluated first in the EPM and subsequently in the OF test
24 h later. However, the lack of counterbalancing may be a limitation of
the study design. All behavioral tests were conducted in a sound-
attenuated room. Animals were allowed a minimum of 10 min of
habituation to the environment before the testing session began. Ani-
mals were tested under indirect light (40 lux at maze/arena level). After
each test, animals were immediately returned to their home cage. The

maze and the arena were cleaned with a 35% ethanol solution and dried
between tests. All behavioral tests were video recorded. Behavior was
assessed by a blind experimenter using the recorded images.

The EPM was performed to evaluate the animals’ anxiety-like
behavior. The EPM had 4 arms, 2 without protective walls (open arms
—0A; 50 x 10 cm) and 2 with walls (closed arms — CA; 50 x 10 x 40 cm),
arranged perpendicularly and 40 cm above the floor. Each animal was
placed in the center of the maze and had 5 min to explore the maze. The
total time spent and the number of entries into the open and closed arms,
and the central area (CA) of the maze were recorded. The percentages of
time spent in the open arms and entries into the open arms were used as
measures of anxiety (Silva et al., 2019).

The OF was used to evaluate locomotor activity and anxiety-like
behavior of the animals, being performed 24 h after the EPM. In this
test, the enclosed arena (60 x 60 x 50 cm) had a floor divided by lines
into 16 squares of the same size (12 external and 4 internal), defining
central and peripheral areas. After being placed in the periphery of the
arena, each animal was allowed to explore it for 5 min. Locomotor ac-
tivity was quantified based on the number of rectangles crossed by the
animals in the center (CN) and in the periphery (P). A crossing was
considered valid when the animal crossed the line with all four paws
(Silva et al., 2019).

2.5.2. Feeding behavior: preference test

On PND43 and PND115, animals did a food challenge test with a
high-fat diet (HFD). Males and females were fasted from 7:00 a.m. to
7:00 p.m. Palatable food was offered during the active period of the rat,
and animals were allowed to choose freely between the two diets:
standard and HFD (PragSolucoes Biociéncias, Sao Paulo, Brazil -
Table S1). In each cage, the food compartment was divided into two
sides, with each of the diets being offered on one of the sides. After a 12-
h fasting period, the diets were offered continuously for 12 h. The diet
consumption was considered as the difference between the initial and
final diet present in each cage (Soares et al., 2022).
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2.6. Oral glucose tolerance test (OGTT)

After fasting (12 h), a blood sample was collected from the tail of
120-day-age female and male offspring to determine basal glycemia
(Time 0) using a glucometer (OneTouch Ultra®, Johnson & Johnson,
Sao Paulo, Brazil). Then, glucose (50%) was administered in sterile sa-
line (0.9% NaCl) via an oral probe at 2 g/kg of BM. The level of glucose
was evaluated 15, 30, 60 and 120 min after the administration
(Pietrobon et al., 2020). No animals were excluded from the OGTT
analysis.

2.7. In vivo body composition evaluation — nuclear magnetic resonance
(NMR)

At the day before the euthanasia, the total fat and lean mass of the
offspring were evaluated using an NMR equipment for small animals
(Minispec LF90 TD-NMR, Bruker, Rheinstetten, Germany). A quality
control check of internal voltages, temperature, magnets, and parame-
ters was performed using a standard provided by the manufacturer. The
instrument was routinely calibrated and subjected to quality control
according to the manufacturer's recommendations using the supplied
reference standard. Non-anesthetized rats were placed in a clear plastic
cylinder and kept immobile by insertion of a tight-fitting plunger into
the cylinder. Then, the tube was inserted in the chamber of the NMR for
approximately 2 min (duration of the scan). Results are shown as per-
centage (%) of fat mass and of lean mass.

2.8. Euthanasia

At weaning (PND21), one pup from each sex and litter was eutha-
nized after a 2-h fast and the dams after a 12-h fast. At puberty (PND45)
and adulthood (PND120), one offspring from each sex and litter was
euthanized after 12-h fast. All rats were euthanized by quick decapita-
tion. At PND90, the estrous cycle of all female offspring was evaluated
every day (8:00 a.m.) by vaginal smears and they were euthanized
during diestrus. To minimize physiological variability associated with
the estrous cycle, all hormonal and tissue analyses in adult females were
performed using samples collected during diestrus.

The total blood was collected in heparinized tubes and centrifuged
(1500 xg/20 min, 4°C) to obtain plasma, which was kept frozen
(—20°C) until assaying. The visceral fat depots (retroperitoneal, gonadal
and mesenteric), thyroid, adrenal gland, pancreas and gonads (testicles
and ovaries - only in adulthood) were dissected out, weighed and
immediately frozen (—80°C).

2.9. Plasma analysis

Before euthanasia, the dam's and offspring's fasting glycemia was
measured from the tail tip using a handheld glucometer (OneTouch
Ultra®, Johnson & Johnson, Sao Paulo, Brazil). Plasma cholesterol
(CHOL) and triglycerides (TG) concentrations were determined using
Biosystem® commercial test kits (Bioclin, Belo Horizonte, MG, Brazil),
following the manufacturer's instructions. Plasma insulin, leptin, thy-
roid hormones, thyrotropin (TSH), corticosterone, estradiol, testos-
terone, follicle stimulating hormone (FSH) and luteinizing hormone
(LH) levels were determined using commercial kits, as depicted in
Table S2. In the hormone assays, some data points were excluded
because they fell outside the assay's standard curve range and/or were
identified as outliers by Prism software. The number of samples was
never lower than five per group.

2.10. Statistical analyses
Results were expressed as mean + standard error of the mean (SEM)

and analyzed through the statistical program GraphPad Prism 8.0 (San
Diego, CA, USA). Data were tested for normality using the
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Kolmogorov-Smirnov test and were analyzed by Student's t-test,
considering p < 0.05 as significant. Since sex was not considered a
factor, only the programming effect (MP vs CON) was included in the
analyses. For offspring analyses, the litter was considered the experi-
mental unit. Therefore, only one male and one female offspring from
each litter were included at each age evaluated, with each animal rep-
resenting its respective litter.

3. Results
3.1. Dam's biometric, plasma and milk measurements at weaning

From the 3rd MP exposure day (G10) until delivery (G21), MP dams
showed lower BM (Fig. 2A), which was associated with a 16% reduction
in BM gain (p = 0.013, Fig. 2B) and reduced food intake (—11%,
p = 0.025, Fig. 2C). From delivery until weaning, the MP dam's BM and
food intake were similar to control ones (Fig. 2A-D), as well as the mass
of white adipose tissue compartments at PND21 (Fig. 2E).

The masses of thyroid, adrenal gland and pancreas of dams were
similar between MP and control groups (Table S3).

Milk macronutrient content on the 3rd (PND10) and 11th (PND18)
MP exposure day was similar between groups (Table S4). At weaning,
MP dams showed 34% and 9% reductions in plasma cholesterol
(p = 0.0381, Table S5), and T4 levels (p = 0.0195, Table S5), respec-
tively, whereas fasting glucose, plasma triglyceride, insulin, leptin, TSH,
T3, and corticosterone contents were unchanged (Table S5).

3.2. Offspring's biometric and plasma parameters at weaning and puberty

MP male pups had an 9% reduction in BM from PND9 until weaning
(Fig. 3A), whereas total lean and fat mass were unchanged (Fig. 3C), but
the retroperitoneal adipose compartment was reduced in 44% when
compared to control (MP = 0.017 + 0.002 g; CON = 0.031 + 0.003 g,
p = 0.010, Fig. 3D), while gonadal and mesenteric compartments were
unchanged. MP males did not show any differences between the masses
of thyroid, adrenal gland and pancreas when compared to controls
(Table S6). Regarding plasma parameters at weaning, male pups showed
higher TG (+93%, p = 0.0457, Table S7) and lower corticosterone levels
(—65%, p < 0.001, Table S7). Fasting glucose, CHOL, insulin, leptin,
TSH, T3, and T4 plasma concentrations were similar to those of controls
(Table S7).

In the first 4 days after weaning, MP male pups had increased BM
(+21%, p = 0.008, Fig. 3A), which can be associated with the increased
food intake at same period (+8%, p = 0.007, Fig. 3B). From PND25 until
PND45, MP male BM and food intake were similar to the control group
(Fig. 3A and B). At puberty, body composition and adipose tissue com-
partments were unchanged (Fig. 3E and F). MP's male adrenal gland was
12% smaller than control group (p = 0.026, Table S8), whereas thyroid
and pancreas did not show any differences between groups. At this same
age, the MP male CHOL, TG and T3 plasma levels were 27%
(p = 0.0167), 39% (p = 0.0094) and 43% (p = 0.0159) lower than
controls, respectively (Table 1). Fasting glucose, insulin, leptin, TSH, T4,
and corticosterone were unchanged (Table 1).

MP female pups had lower BM from PND15 until weaning (—9%,
Fig. 3G), while total lean and fat mass were unchanged (Fig. 31), but the
mesenteric adipose compartment was 47% less than the control ones
(MP = 0.087 + 0.014 g; CON = 0.165 + 0.023 g, p = 0.016, Fig. 3J),
whereas retroperitoneal and gonadal compartments were unchanged.
MP females did not show any differences between groups regarding the
masses of thyroid, adrenal gland and pancreas (Table S6). At weaning,
MP females had 40% and 2-fold higher CHOL (p = 0.0107) and TG
(p = 0.0490) plasma levels, respectively (Table S7). Fasting glucose,
insulin, leptin, TSH, T3, T4, and corticosterone were similar between
groups (Table S7).

From weaning to puberty, BM and food intake in MP females were
unchanged (Fig. 3G and H). At PND45, MP female total lean and fat
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Fig. 2. Effects of microplastics administration during gestation and lactation on maternal biometric parameters. Body mass evolution during gestation and lactation
(A). Body mass gain during gestation (B). Cumulative food intake during gestation (C). Cumulative food intake during lactation (D). Mass of white adipose tissue
compartments (E). Ret, retroperitoneal compartment; Gon, gonadal compartment; Mes, mesenteric compartment. Values are mean + SEM. CONn = 9, MP n = 8.

Student's unpaired t-test. *p < 0.05.

masses were similar to control ones (Fig. 3K), whereas retroperitoneal
fat depots were 40% lighter than those of the control group
(MP =0.176 £+ 0.026 g; CON = 0.293 + 0.015 g, p = 0.001, Fig. 3L). MP
showed similar masses of thyroid, adrenal gland and pancreas when
compared to controls (Table S8). Plasma lipids and hormones were
unchanged in the female MP group (Table 1).

3.3. Offspring's biometric and plasma parameters at adulthood

From puberty until adulthood, MP male had was similar to control
ones (Fig. 4A), despite showing 4% less food intake during this period
(p = 0.003, Fig. 4B). At PND120, total lean mass, total fat mass and
compartments were unchanged in MP males (Fig. 4C and D). MP male
pancreas mass was 6.5% smaller than in the control group (p = 0.03,
Table S9), whereas thyroid, adrenal gland and testicles did not show any
differences. Adult MP male fasting glucose and plasma lipids were
similar to control ones (Table 2), whereas plasma leptin level was 42%
lower (p = 0.0419) and FSH was 53% higher (p = 0.0115) than control
ones (Table 2). Plasma insulin, TSH, T3, T4, Corticosterone, LH and
sexual steroids were unchanged in adult MP males (Table 2).

Concerning females, both BM and food intake were similar between
groups from puberty until adulthood (Fig. 4E and F). The body
composition at PND120, as well as the adipose tissue compartments
were also similar between groups (Fig. 4G and H). MP females showed

no differences in thyroid, adrenal gland, pancreas and ovaries when
compared to controls (Table S9). At this age, MP female fasting glucose,
insulin, leptin, T4, gonadotrophins, sexual steroids levels, and plasma
lipids were unchanged, whereas corticosterone was 58% lower
(p = 0.0138) than in the control group and TSH, and T3 were 53%
(p = 0.0275) and 150% (p = 0.0106) higher in the controls, respectively
(Table 2).

3.4. Offspring's behavioral tests

Regarding behavior traits, MP males showed anxious behavior in
open field test with lower percentage of entrances in center both in
puberty (—70%, p = 0.014, Fig. 5B) and adulthood (—69%, p = 0.02,
Fig. 5D), whereas MP females did not show any differences in anxious
behavior (Fig. 5E and G) and locomotor activity (Fig. 5F and H),
regardless of age.

At puberty, both MP males and females showed feeding behavior
similar to control animals (Fig. 6A-D). At adulthood, MP males showed
energy intake 9% lower than controls (p = 0.014, Fig. 6E), which can be
associated with a 10% lower preference for HFD observed in these an-
imals (p = 0.013, Fig. 6F). On the other hand, MP females showed total
energy intake 5% higher than control ones (p = 0.04, Fig. 6G), however,
the SD and HFD intake was similar between groups (Fig. 6H).

In adulthood, MP males and females showed similar blood glucose
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Fig. 3. Effects of microplastics administration during gestation and lactation on biometric parameters of offspring at weaning and puberty. Body mass evolution of
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Table 1
Plasma parameters of pubescent offspring exposed to MP during the perinatal
period.

CON MP P
MALE
Glucose (mg/dL) 100.90 + 4.96 97.71 + 4.35 0.6443
CHOL (mg/dL) 71.73 £ 5.70 52.57 + 3.62 0.0167*
TG (mg/dL) 30.19 + 3.06 18.37 £+ 2.05 0.0094*
Insulin (ng/mL) 0.16 + 0.039 0.35 + 0.14 0.2473
Leptin (ng/mL) 0.24 + 0.04 0.26 + 0.10 0.8979
TSH (ng/mL) 1.75 + 0.29 1.92 + 0.30 0.6915
T3 (ng/mL) 1.88 + 0.22 1.07 + 0.19 0.0159*
T4 (ng/mL) 434.00 £ 20.95 372.00 + 25.05 0.0766
Corticosterone (ng/mL) 91.75 + 15.89 55.99 + 14.39 0.1339
FEMALE
Glucose (mg/dL) 99.25 + 3.46 90.43 + 4.91 0.1580
CHOL (mg/dL) 57.92 + 3.24 51.01 + 2.80 0.1418
TG (mg/dL) 18.73 +1.28 16.52 + 3.72 0.5637
Insulin (ng/mL) 0.14 + 0.08 0.16 + 0.05 0.8705
Leptin (ng/mL) 0.13 £ 0.04 0.14 £+ 0.04 0.9053
TSH (ng/mL) 1.07 + 0.10 0.98 + 0.11 0.5520
T3 (ng/mL) 0.91 + 0.09 0.65 + 0.09 0.0657
T4 (ng/mL) 362.00 + 30.81 313.30 + 22.48 0.2469
Corticosterone (ng/mL) 48.67 + 6.74 67.23 + 14.98 0.2267

CHOL, Cholesterol; TG, Triglycerides; TSH, Thyroid stimulating hormone; T3,
Triiodothyronine; T4, Thyroxine. Groups: CON - dams that were exposed to
filtered water during gestation and lactation; MP - dams that were exposed to
10 pm polystyrene microparticles during the same period. Values are
mean + SEM of 1/sex/litter of CON (n = 5-9) and MP dams (n = 5-8). Student's
unpaired t-test. *p < 0.05 - MP vs CON.

levels during the oral glucose tolerance test (OGTT) at all evaluated time
points (males: p(t15) = 0.4487; p(t30) = 0.6469; p(t60) = 0.6725; p
(t120) = 0.8839; females: p(t15) = 0.9460; p(t30) = 0.2610; p
(t60) = 0.6023; p(t120) = 0.9226). Furthermore, the area under the
curve (AUC) did not differ between groups in either sex (males:
p = 0.9892; females: p = 0.5867, Figs. S1 and S2).

Fig. 7 provides an integrated summary of the main biometric,
metabolic, endocrine, and behavioral alterations observed in dams and
offspring following perinatal MP exposure, highlighting age- and sex-
dependent responses.

4. Discussion

The increase in plastic generation worldwide has worsened the
dispersion of microplastics in the environment. Thus, we humans are
more exposed to these particles. Several plasticizers are already known
to cause serious hormonal and metabolic alterations, known as chemical
endocrine disruptors (Braun, 2017; Haverinen et al., 2021; Silva et al.,
2019). Microplastics still lack a clear mechanism of action, but it is
known that they are not inert particles, as previously thought, as they
have been demonstrated in the literature as possible causes of oxidative
stress, inflammation, and metabolic alterations (Ali et al., 2024).

In this study, we evaluated the effects of maternal exposure to MPs
on male and female offspring at different ages, including weaning
(PND21), puberty (PND45), and adulthood (PND120). We observed
biometric changes, with both body mass loss as well as gain, depending
on age. Regarding hormonal parameters, we observed changes in TSH,
T3, T4, corticosterone, leptin, and FSH. Changes in lipid metabolism
were also observed, both in plasma triglyceride and cholesterol con-
centrations. Regarding the behavior of these animals, we observed
changes in feeding behavior in both sexes and anxiety only in males.

The transient increase in body mass observed in male offspring
immediately after weaning was accompanied by increased food intake
during the same period and occurred after the reductions in body mass
and retroperitoneal adipose tissue observed at weaning. Taken together,
these findings suggest a compensatory adaptation to restore growth and
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energy reserves, a phenomenon commonly described following devel-
opmental insults during critical windows of development (Barker,
2004). Since these differences were no longer present at puberty, the
effect appears to be transient rather than indicative of a persistent
alteration in body weight regulation.

Luo et al. (2019a) provided the basis for defining the dose to be
followed in this study. The dose they administered in mice during
pregnancy and lactation, of 100 pg/L of 5 pm particles, via drinking
water, is equivalent to the dose of 25 pg/kg of body mass that we used in
rats after correcting for the animal's contact surface. Luo et al. (2019a) is
one of the few groups, to date, that has worked with a model of MP
exposure during critical periods of offspring development.

In our study, MP dams had lower plasma cholesterol concentrations;
Luo et al. (2019a) found an increase in this parameter. Regarding pu-
berty, we found changes in lipid metabolism only in MP males, with a
reduction in both cholesterol and triglycerides. Luo et al. (2019a) also
observed this reduction in triglycerides, but an increase in cholesterol.
Furthermore, they also observed changes in females, with a decrease in
both parameters (Luo et al., 2019a). Thus, these differences can be
explained by specie-specific effects.

In another study, Luo et al. (2019b) exposed female mice only during
gestation to MP particles at the same dose as ours (100 pg/L), with a size
of 5 pm, and evaluated the offspring at puberty (PND42). They also
measured serum cholesterol and triglycerides in both males and females.
They observed an increase in cholesterol in MP males and a decrease in
triglycerides in both MP males and females. When compared with our
results during puberty, we observed a similarity only in the reduction in
triglyceride content in MP males, while cholesterol in our model was
also reduced and females showed no change (Luo et al., 2019b).

These transient changes in lipid metabolism, which differed between
male and female offspring, may indicate the programming of metabolic
pathways during critical developmental windows, when regulatory
mechanisms involved in lipid homeostasis, including hepatic lipid
metabolism, are not yet fully mature (Wesolowski et al., 2016).
Early-life disturbances in lipid homeostasis may be particularly sensitive
to sex-specific endocrine pathways, which modulate lipid handling
across development and could contribute to the divergent patterns
observed between males and females at weaning and puberty
(Palmisano et al., 2018). Although we did not measure sex steroid
hormone levels or signaling at weaning, MP exposure may could have
affected these pathways, potentially contributing to the alterations in
lipid homeostasis observed in the offspring.

MP male offspring at adulthood had higher plasma FSH concentra-
tions. Jin et al. (2022), also working with MP direct exposure of adult
male mice, via drinking water, at a dose of 100 pg/L and with 10 pm
particles, similarly showed increased plasma FSH concentrations (Jin
et al., 2022). This group also found lower LH and testosterone concen-
trations, which was not observed in our research group. Increased FSH
concentrations may be indicative of infertility, as this hormone is asso-
ciated with gametogenesis. Xu et al. (2023), administering polystyrene
nanoplastic particles to adult mice, observed decreased male fertility by
inducing oxidative stress in the testes and influencing the expression of
genes related to apoptosis and inflammation. Furthermore, there was a
decrease in sperm count and quality (Xu et al., 2023).

Jin et al. (2021) exposed male mice to MP of different sizes (0.5 pm,
4 pm, and 10 pm) and demonstrated the occurrence of impaired sper-
matogenesis, testicular inflammation, and damage to the
blood-testicular barrier (Jin et al., 2021). FSH is known to act on Sertoli
cells, stimulating sperm development and maturation. Thus, any
changes in these cells could be reflected in FSH concentrations, espe-
cially if there is decreased synthesis of inhibin, the hormone responsible
for FSH negative feedback.

Grillo et al. (2024) studied cultured mouse Sertoli cells (TM4) and
exposed them to 5 pm microplastic particles at two concentrations
(10 pg/mL and 50 pg/mL). They observed antiproliferative and cyto-
toxic effects, inducing oxidative stress, autophagy, apoptosis, and
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Fig. 4. Effects of microplastic administration during gestation and lactation on biometric parameters of offspring at adulthood. Body mass gain from puberty to
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female offspring (H). BM, body mass; Ret, retroperitoneal compartment; Gon, gonadal compartment; Mes, mesenteric compartment. Values are mean + SEM. CON
n =9, MP n = 8. Student's unpaired t-test. *p < 0.05.

Table 2
Plasma parameters of adult offspring exposed to MP during the perinatal period.
Male Female
CON MP P CON MP P
Glucose (mg/dL) 88.38 + 3.36 89.50 + 4.09 0.8348 104.00 £ 6.03 99.50 + 3.22 0.5211
CHOL (mg/dL) 38.33 + 2.91 37.34 + 5.08 0.8682 41.43 + 3.10 48.26 + 2.74 0.1806
TG (mg/dL) 18.00 + 2.68 15.21 + 3.21 0.5155 20.60 + 2.52 22.21 + 1.89 0.6192
Insulin (ng/mL) 0.20 £+ 0.04 0.14 £+ 0.05 0.2730 0.11 +£0.01 0.07 + 0.02 0.0828
Leptin (ng/mL) 1.71 £ 0.25 0.98 £0.18 0.0419* 1.08 + 0.21 1.12+0.13 0.8750
TSH (ng/mL) 4.62 +0.73 4.23 +0.38 0.6649 1.01 +0.12 1.55 + 0.18 0.0275*%
T3 (ng/mL) 1.10 £ 0.12 1.40 £ 0.26 0.3367 0.52 £+ 0.08 1.30 £ 0.23 0.0106*
T4 (ng/mL) 434.90 £+ 25.03 390.80 + 32.97 0.3013 298.10 £+ 16.49 341.30 + 13.84 0.0703
Corticosterone (ng/mL) 18.92 + 4.96 19.32 + 4.10 0.9509 33.22 + 5.56 13.83 + 3.78 0.0138*
FSH (mIU/mL) 16.40 + 2.23 25.13 + 2.01 0.0115* 40.34 + 5.77 28.80 + 4.05 0.1240
LH (mIU/mL) 4.84 + 0.41 6.32 +£1.18 0.2568 7.45 +1.43 5.57 £ 0.87 0.2542
Testosterone (ng/mL) 36.51 + 4.99 32.05 + 5.54 0.5586 1.55 +0.29 1.56 + 0.48 0.9964
Estradiol (ng/mL) 0.53 + 0.04 0.52 + 0.06 0.9006 0.51 + 0.05 0.59 + 0.06 0.5683

CHOL, Cholesterol; TG, Triglycerides; TSH, Thyroid stimulating hormone; T3, Triiodothyronine; T4, Thyroxine; FSH, Follicle stimulating hormone; LH, Luteinizing
hormone. Groups: CON - dams that were exposed to filtered water during gestation and lactation; MP - dams that were exposed to 10 pm polystyrene microparticles
during the same period. Values are mean + SEM of 1/sex/litter of CON (n = 5-9) and MP dams (n = 5-8). Student's unpaired t-test. *p < 0.05 - MP vs CON.
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Fig. 5. Effects of microplastics (MP) administration during gestation and lactation on behavioral parameters of offspring at puberty and adulthood. Anxiety-like
behavior assessed in Elevated Plus Maze of male offspring at puberty (A) and adulthood (C). Locomotor activity and anxiety-like behaviors assessed in Open
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n =9, MP n = 8. Student's unpaired t-test. *p < 0.05.

mitochondrial dysfunction triggered by endoplasmic reticulum stress.
These data suggest that these particles may influence male fertility by
interfering with Sertoli cell homeostasis (Grillo et al., 2024).

Although increased FSH concentrations may suggest alterations in
the regulation of the hypothalamic-pituitary-gonadal (HPG) axis, the

present study did not directly evaluate reproductive function. Therefore,
it is not possible to conclude whether the alterations observed in adult
MP males translate into impaired fertility. Nevertheless, considering the
evidence from previous studies demonstrating adverse effects of micro-
and nanoplastics on spermatogenesis, Sertoli cell homeostasis, sperm
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quality and testicular integrity, the increase in FSH may indicate alter- than direct evidence of reproductive dysfunction. Future studies evalu-
ations in endocrine regulation that explain further investigation rather ating sperm parameters, testicular histology, inhibin concentrations,
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and fertility outcomes are necessary to clarify the functional significance
of this hormonal alteration.

At adulthood, MP male offspring showed lower plasma leptin, with a
slightly reduced food intake. Roh et al. (2024), working with oral MP
direct exposure of adult male mice, at a dose of 100 pg/mL and particles
with 0.5 pm of diameter, one time per day and 3 days per week
(0.5 mL/day) for 9 weeks, showed increased leptin levels both in serum
and adipose tissue, with no alteration in food intake (Roh et al., 2024).
Moon et al. (2024) evaluated the impact of MP exposure (10 pg/mL for
14 days, 2.0 pm particle size) on adipose tissue in vivo and in vitro. Adult
males showed MP accumulation in white adipose tissue (visceral and
subcutaneous), as well as smaller adipocyte size with the presence of
inflammatory markers (Moon et al., 2024). In stem cells derived from
human adipose tissue, these authors observed dysfunction in adipocyte
differentiation and a reduced capacity for the formation of functional
adipose tissue (Moon et al., 2024). Thus, in our study, perinatal exposure
to MP may have programmed white adipose tissue dysfunction, being
associated with lower leptin synthesis in adult males.

Leptin acts both centrally and peripherally. The central response
involves action on the hypothalamic arcuate nucleus with an anorexi-
genic effect. In a model of perinatal exposure to bisphenol A (BPA),
MacKay et al. (2017) observed structural changes in the hypothalamic
leptin circuit. The male offspring showed a reduction in POMC neurons,
indicating that the hypothalamic architecture that responds to leptin
was altered during an insult in a critical developmental window
(MacKay et al., 2017). Therefore, it is possible that in our study this
circuitry is altered by MP and, even with hypoleptinemia, its central
sensitivity is increased, reducing food intake. Regarding the peripheral
response of leptin, its action on the sympathetic nervous system (SNS)
should be highlighted. In obesity, selective leptin resistance is observed,
meaning that even with hypothalamic resistance, the SNS remains
stimulated, leading to hypertension and modulation of vascular tone in
obese individuals (Correia and Rahmouni, 2006). Thus, in our experi-
mental model, an alteration in peripheral leptin sensitivity could affect
the SNS and have cardiovascular consequences. As neither hypotha-
lamic circuitry nor sympathetic nervous system activity was directly
evaluated in the present study, the proposed mechanisms linking peri-
natal MP exposure to altered leptin signaling remain speculative and are
based on previous experimental evidence. Thus, more studies are
necessary to clarify the molecular mechanisms linking perinatal MP
exposure and the regulation of leptin expression, secretion, and hypo-
thalamic signaling.

Our results showed that both male MP offspring at weaning and fe-
male MP offspring in adulthood had lower plasma corticosterone levels.
Xiong et al. (2025) demonstrated a reduction in this parameter in male
mice. In this study, exposure was via gavage of 5 pm particles for 4
weeks, with three different doses: 0.25 mg/day, 0.5 mg/day, and
1 mg/day. MP exposure was observed to lead to mitochondrial damage
caused by oxidative stress, thus impairing steroidogenesis through the
inhibition of important pathways. Consequently, corticosterone levels
were reduced (Xiong et al., 2025).

Farag et al. (2024) studied adult male Sprague-Dawley rats and
exposed them to two doses (3.75 mg/kg and 15 mg/kg body mass) of
polyethylene microplastic with an average size between 4.0 and 6.0 pm.
These microparticles had a detrimental effect on the histological char-
acteristics of the adrenal gland, as well as hormonal changes in both
corticosterone and ACTH levels. At both doses, higher plasma ACTH
concentrations were observed, while only the higher dose resulted in
lower corticosterone levels. This adrenal gland dysfunction has been
linked to oxidative stress and inflammation caused by MP (Farag et al.,
2024).

Here, we observed different response patterns between male and
female offspring when separately analyzed, which may reflect differ-
ential developmental programming induced by MP exposure. Some
studies demonstrated that gestational and direct exposures to MPs and
NPs can produce distinct physiological outcomes in male and female
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offspring, such as sexually dimorphic alterations in cardiovascular
development and function, differences in oxidative stress, immune re-
sponses and body weight regulation, suggesting that susceptibility to MP
exposure during critical developmental windows may differ between
sexes (Cary et al., 2025; Lafram et al., 2026).

Early-life environmental insults may induce long-term changes in
neuroendocrine regulation that emerge at different developmental
stages in males and females, probably due to differences in the matu-
ration of stress-responsive pathways and steroid hormone regulation
(Burgess et al., 2019; Gehrand et al., 2018; Zambrano et al., 2023). In
this study, corticosterone levels were reduced in males at weaning,
whereas reductions in females were observed only during adulthood,
suggesting distinct trajectories of HPA axis adaptation following peri-
natal MP exposure. Some studies observed that developmental pro-
gramming of stress-related pathways differs between male and female
offspring after early-life insults, with endocrine alterations becoming
apparent at different ages in each sex (Burgess et al., 2019; Gehrand
et al., 2018; Zambrano et al., 2023). Thus, the distinct timing of corti-
costerone alterations observed in this study may reflect differential
adaptation of the HPA and HPG axes following developmental MP
exposure. However, one limitation of our study was the lack of evalu-
ation of the HPG axes on the puberty, although we detected increased
FSH concentration in adult males. Based on previous experimental
studies, alterations in adrenal morphology, oxidative stress markers,
inflammatory pathways, and mitochondrial function are potential
mechanisms that could explain our findings (Farag et al., 2024; Xiong
et al., 2025). Future investigations evaluating adrenal gland histology
and molecular pathways involved in steroidogenesis will be necessary to
clarify how perinatal MP exposure leads to corticosterone alterations in
male and female offspring. Also, although we did not detected changes
in circulating sex steroid hormone concentrations, the action of these
hormones on neurohormonal circuits related to behavior, could explain
the changes in anxiety-like behavior.

In our results, we observed changes in the thyroid axis at certain
ages. MP dams had lower T4 concentrations, MP males at puberty had
lower T3 levels, while, in adulthood, MP females had higher concen-
trations of both TSH and T3. Zhang et al. (2024a) exposed adult Mus
Musculos to two doses (5 and 50 mg/kg body mass) of 5 pm polystyrene
microplastics and 50 nm polystyrene nanoplastics. In this study, changes
in the thyroid axis were also observed. Animals treated with the lower
dose of both particles showed higher thyroglobulin expression.
Regarding hormone levels, TSH was lower in the group exposed to the
lowest dose in both those exposed to MP and NP. T3 showed the same
behavior, while T4 was higher (Zhang et al., 2024), suggesting a lower
peripheral conversion.

Adult MP female exhibited increased TSH and T3 concentrations, but
not T4 concentrations. Although the mechanisms underlying this
response remain unclear, the simultaneous elevation of these hormones
suggests a disruption of the normal feedback regulation of the
hypothalamic-pituitary-thyroid axis (Mullur et al., 2014). Develop-
mental MP exposure may have induced long-term alterations in thyroid
hormone homeostasis, leading to compensatory activation of the axis to
maintain adequate thyroid hormone signaling in peripheral tissues.
Alternatively, changes in peripheral thyroid hormone metabolism may
have contributed to the increased T3 concentrations observed in adult-
hood, as MP exposure has previously been associated with alterations in
TH metabolism (Zhang et al., 2024). Since thyroid hormone sensitivity,
including cellular uptake, deiodinase activity, and thyroid receptor
signaling were not evaluated, further investigations are needed to clarify
the mechanisms underlying these alterations.

In a direct exposure study using the open field test, Chen et al. (2023)
demonstrated increased anxious behavior in adult male mice after 60
days of treatment with a dose of 0.5 mg/day and 1.0 pm of size particles
with reduced time spent in the central region of the open field. This
result was similar to that demonstrated in our study. Interestingly, it
should be noted that the period of exposure in this previous study (Chen
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et al., 2023) is out of the critical period of gestation and lactation. In
addition, MP dose and particle size was also different.

Here, we showed for the first time that perinatal MP exposure alters
food preference in an age-dependent manner, with different response
patterns observed between male and female offspring, with lower HFD
preference observed only in adult males. Similar differences by age and
between males and females have already been reported in other peri-
natal exposure models: BPA exposure reduced HFD preference only in
adult females (Silva et al., 2019); caffeine exposure increased HFD
preference in puberty males and decreased in adult females (de Souza
et al., 2024). Given the central role of the dopaminergic system in
food reward and regulation of HFD intake (Joshi et al., 2021; Jovanoski
etal., 2023), and evidence that early MP exposure impairs dopaminergic
neuron development in zebrafish (Cai et al., 2025), our current findings
raise the possibility that perinatal MP exposure disrupts brain dopami-
nergic reward pathways. Further investigation of dopamine-related
biomarkers, including enzymes, receptors, and transporters, is needed
to clarify the mechanisms underlying these hedonic alterations.

As neurotransmitter concentrations, dopamine-related receptors,
transporters, and signaling pathways were not evaluated in the present
study, the proposed involvement of dopaminergic circuits remains hy-
pothetical and is based on previous experimental evidence (Cai et al.,
2025).

Adult MP males consumed fewer calories and exhibited a reduced
preference for a HFD, whereas adult MP females showed a slight in-
crease in caloric intake. Our findings suggest that perinatal MP exposure
may affect neural and endocrine pathways involved in the regulation of
feeding behavior. The different patterns observed when male and female
offspring were analyzed separately indicate that developmental MP
exposure may influence food-related behaviors differently in each sex
later in life.

The mechanism of action of MPs has not yet been clarified, but what
is known is that they can promote inflammation, oxidative stress, and
metabolic alterations. In vitro studies demonstrate that several charac-
teristics of MPs are related to their mechanism of action, such that an
irregularly shaped MP with sharper edges, when in contact with cell
membranes, can damage them (Choi et al., 2021). Furthermore, their
shape is capable of influencing particle movement and its interaction
with both other MPs and membranes and biological barriers, causing
various cellular damage (Danopoulos et al., 2022; Liu et al., 2020).

MPs have been detected in human placentas (Ragusa et al., 2021),
indicating that plastic particles can interact directly with placental cells
and potentially cross the maternal-fetal interface through
energy-dependent cellular processes (Aengenheister et al., 2018;
Grafmueller et al., 2015). In addition, MPs have been identified in
human breast milk (Ragusa et al., 2022), supporting the possibility of
postnatal exposure during lactation. Recent evidence has demonstrated
the accumulation of polystyrene MPs in mammary tissue and suggested
that MP-induced disruption of the gut-mammary axis and blood-milk
barrier may facilitate their transfer to nursing offspring (Wang et al.,
2025). Although the mechanisms by which 10-um polystyrene MPs
are transferred from dams to offspring remain unclear, both gestational
and lactational exposure pathways appear biologically plausible, sup-
porting the hypothesis that these routes may contribute to offspring
exposure and to the alterations observed in the present study.

There are scant studies in the literature that have exposed pregnant
and/or lactating rats to MPs. Our current data show that exposure to
these particles during critical developmental windows can lead to bio-
metric, lipid metabolism, hormonal, dietary, and behavioral changes.
This was observed both in dams, who received direct exposure, and in
the offspring in the short and long term. This research is the first to
follow animals from intrauterine life to adulthood after perinatal
exposure to microplastics. Given that rodent physiology is similar to
humans, current findings allow us to relate the potential consequences
of human exposure to this pollutant, which is part of our daily routine.

A limitation of this study is that maternal behavior was not
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evaluated. Although litter size was standardized to minimize variability
in postnatal nutrition, litter culling may have influenced maternal care
and offspring stress responsiveness. Therefore, the effects of this pro-
cedure on neuroendocrine and behavioral outcomes cannot be
completely excluded. Furthermore, milk collection required the
administration of oxytocin and light anesthesia at PND10 and PND18.
These procedures were applied equally to all experimental groups and
followed an established protocol with repeated milk collections per-
formed several days apart to minimize stress and alterations in milk
composition (Rodrigues et al., 2018). Nevertheless, potential effects on
maternal physiology and milk composition cannot be completely
excluded.

Another limitation is that intra- and inter-assay coefficients of vari-
ation were not determined for the milk composition evaluation.
Although milk triglycerides and cholesterol were evaluated using
commercially enzymatic kits, and protein and lactose were determined
using previously methodologies used in our laboratory, the lack of
analytical reproducibility parameters limits the assessment of assay
reproducibility. The relatively small sample size may have reduced the
statistical power to detect small differences in milk composition,
increasing the possibility of a type II error.

There is a gap in understanding how MPs act on offspring: do the
microparticles accumulate in offspring after passing through the
placenta and breast milk, or are the alterations due to epigenetic
changes caused by exposure during a critical phase of development? In
the environment, MP is not alone, it is adsorbed with other substances
(toxic or not), and here we only show the isolated effect of the
microparticle.
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