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Abstract
Background

During pregnancy, the physiological functions of female individuals undergo changes, and their
sensitivity to environmental factors is significantly increased. As the most abundant rare earth element,
the biological effects of cerium on pregnancy and early placental development remain unclear.
Therefore, prenatal exposure to the rare earth element cerium warrants close attention regarding its
effects on pregnancy.

Methods

Pregnant mice were exposed to different doses of cerium nitrate (0, 50, 100, and 200 mg/kg). On
gestational day 17 (placental maturation stage), intrauterine pregnancy conditions and placental
structural changes were observed. Histopathological alterations in placental tissues were evaluated
using hematoxylin and eosin (H&E) staining. Exosomal miRNAs from placental tissues were subjected to
miRNA sequencing to identify differentially expressed miRNAs. Gene Ontology (GO) and KEGG
enrichment analyses were performed on the dataset. In both in vivo and in vitro models, the expression
levels of key components of the MAPK signaling pathway (ARRB2 and p-MAPK14) were determined
using gRT-PCR and Western blotting. In human choriocarcinoma cells (JEG-3), cell proliferation under
different concentrations of cerium nitrate was assessed using the CCK-8 assay, apoptosis was analyzed
by flow cytometry, and IL-6 secretion levels were measured by ELISA.

Results

Prenatal cerium(Ce) exposure increased the proportion of offspring with SGA-like phenotypes. The study
found that cerium accumulated in placental tissues, and was accompanied by placental structural
alterations and inflammatory cell infiltration. Quantitative PCR further confirmed the coordinated
upregulation of miR-483-3p, its host gene IGF2, and the precursor pri-miR-483 in placental tissues. In
vitro experiments showed that Ce treatment inhibited the viability of JEG-3 trophoblast cells and
promoted IL-6 expression. Moreover, Ce exposure significantly increased the levels of miR-483-3p
secreted via exosomes, upregulated the expression of exosome biogenesis-related proteins, and was
accompanied by activation of the MAPK/P38 pathway and increased apoptosis.

Conclusion

Maternal cerium exposure was associated with placental injury, inflammatory responses, and SGA-like
outcomes in rats. These changes were accompanied by activation of p38 MAPK signaling and
upregulation of the IGF2/miR-483-3p locus, as well as increased exosomal miR-483-3p release from
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trophoblast cells. Our findings suggest that exosomal miR-483-3p may have potential as an early
indicator of Ce-related placental dysfunction, although further validation is required.

1. Introduction

Cerium (Ce) is the most abundant rare earth element and is widely distributed in the environment [1].
With the expanding applications of cerium in industrial and agricultural sectors, environmental
concentrations of cerium have steadily increased, thereby elevating the risk of human exposure. An
increasing number of studies have reported the potential adverse effects of cerium compounds on
human and animal health [2-3]. Current evidence suggests that cerium compounds exhibit multiple
toxicological effects, including reproductive toxicity [4], hepatotoxicity [5], and neurotoxicity [6]. However,
the immunotoxic effects of cerium remain controversial, and relatively little attention has been paid to
other cerium compounds.

Previous studies have shown that crops can accumulate rare earth elements from soil, particularly
grasses and leafy plants [7]. Consequently, residents living in rare earth mining areas exhibit significantly
elevated levels of rare earth elements in blood, urine, and hair, with blood concentrations reported to be
more than 150 times higher than those observed in control populations [8]. Humans can be exposed to
rare earth elements, including cerium, through multiple environmental pathways, with dietary intake
representing an important exposure route.

Pregnancy is a critical period characterized by heightened susceptibility to environmental exposures. The
accumulation of cerium in the maternal body and its potential effects on the placenta—fetus unit may
therefore be associated with adverse birth outcomes [9]. Epidemiological studies have suggested that
prenatal exposure to light rare earth elements is associated with an increased risk of small-for-
gestational-age (SGA) infants, providing population-level evidence that rare earth elements may
contribute to abnormal fetal growth [10]. SGA is defined by being under the 10th percentile on a standard
growth chart for an infant with the same gestational age and sex as a reference population; Severe SGA
is considered anything lower than the third percentile. [11]. It is the main element causing perinatal
illness or death and is connected with an increased possibility of experiencing undesirable outcomes,
like hampered neurocognitive development and metabolic ailments. [12-13]. In addition to traditional
risk factors such as maternal malnutrition, hypertensive disorders of pregnancy, and smoking,
environmental exposures have increasingly been recognized as important determinants of impaired fetal
growth [14].

The placenta is a critical organ responsible for maternal-fetal substance exchange and the regulation of
fetal growth. Structural and functional abnormalities of the placenta are considered key pathological
bases of fetal growth restriction and SGA [15].Previous studies suggest that maternal cerium exposure
may accumulate in the placenta and impair placental structure and function. These findings raise the
possibility that cerium exposure may inhibit embryonic growth[16].The migration and invasion abilities of
placental trophoblast cells are essential for spiral artery remodeling and the establishment of adequate

Page 4/28



placental perfusion [17]. Evidence has demonstrated that exposure to CeO, nanoparticles can inhibit
trophoblast cell migration and invasion, accompanied by abnormal placental development [18]. These
findings suggest that cerium exposure may disrupt key biological behaviors of trophoblast cells, thereby
impairing the establishment of placental blood perfusion and increasing the risk of fetal growth
restriction.Biomonitoring studies have detected cerium in maternal blood and urine, as well as in
placental tissue and cord blood, indicating that cerium may cross the placental barrier [19-20].
Mechanistically, cerium exposure can induce oxidative stress and inflammatory responses, disrupt
mitochondrial function, and inhibit trophoblast proliferation, invasion, and placental angiogenesis,
ultimately impairing placental perfusion and nutrient transport [21-22].

Secreted cytokines have long been recognized as mediators of intercellular communication among
different cell types. Increasing evidence indicates that exosomes play an important role in intercellular
communication at the maternal-fetal interface. Exosomes refer to those cell secretions having round
shape and the size are between 30—150 nm. [23]. There are many kinds of cells, including immune, stem,
and cancer cells that secrete exosomes by exocytosis. [24], and these vesicles are widely present in
biological fluids such as urine, saliva, blood, and amniotic fluid [25].Exosomes have complex structures
and contain abundant macromolecules: Proteins, lipids, DNA including two strands with different RNA
species. [26]. These molecules can be transported through body fluids and subsequently internalized by
recipient cells, thereby regulating gene expression and cellular functions [27]. Earlier researches show
that exosomes derived from bovine endometrial epithelial cell have 254 protein and 227 miRNA and all is
associated with trophoblast attachment during embryo implantation. [28]. Similarly, exosomes emitted
from human placental cells have about 250 proteins as well as like miR-21 and mira-126 which are also
involved in angiogenesis and growth and cell migration.[29]. These exosomes can be taken up by
recipient cells through autocrine or paracrine mechanisms [30—-31].Therefore, decidua-derived
exosomes may regulate trophoblast invasion and help maintain the dynamic balance at the maternal-
fetal interface. Placenta-derived exosomes at the maternal—fetal interface can regulate trophoblast
function through autocrine signaling and can also be secreted into the maternal circulation to modulate
systemic vascular endothelial cells. Consequently, whether prenatal cerium exposure alters the
composition of decidua-derived exosomes and subsequently affects trophoblast invasion warrants
further investigation.

Therefore, in this study, cerium nitrate (Ce(NO,),) was used as the exposure factor to establish a rat
model of early gestational exposure to different doses of cerium. The aim is to study the effect of
Maternal Ce(NO;)5 intake on the early stage embryonic development and maternal pregnancy result. We
also considered the secretory of decidual which controls trophoblastic entry. And this research, we study
cerium intake effect on decidual exosome derived miRna and what happen with the embryo after mother
get cerium through cell signaling. These findings may provide experimental evidence for the effective
prevention and control of the adverse biological effects associated with cerium exposure.

2. Materials and Methods
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2.1 Experimental Animals and Grouping

In this paper the specific pathogen free(SPF)Sprague—Dawley ISDlrats were used., including 9-week-old
males weighing (250 = 10) g and 8-week-old females weighing (230 * 10) g. All animals were purchased
from SPF (Beijing) Biotechnology Co., Ltd. (License No. SCXK (Beijing) 2024-0001).They lived in a place
surrounded by barriers inside areas with timing on light and darkness being 12 hours, room temperature
at around 22 + 2C, there was an amount of water content from 50-60%. Gestate Mice quality SPF give
them, let them freely use the quality of water. All animal experiments were conducted in accordance with
the ARRIVE guidelines and the Guidance on the Operation of the Animals (Scientific Procedures) Act
1986, as well as the EU Directive 2010/63/EU and NIH Guide for the Care and Use of Laboratory
Animals.All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of
Baotou Medical College, Baotou, Inner Mongolia, China (Approval No.[2023] 1).The sex of the animals
used in the study was mixed, and this was considered in the analysis where appropriate.

After one week of acclimatization, female and male rats were housed together at a ratio of 1:1 at 21:00
each day. The following morning at 07:00, the presence of a vaginal plug was examined, and detection of
a plug was designated as gestational day 1 (GD1). To ensure comparability with previous studies, the
dosing regimen in this study was determined based on published literature using the same toxic agent in
Sprague—Dawley rats [32, 33]. There were totally 40 gestation female rats, and their baseline body
weights between all groups were not markedly different(n = 10), which then split to reference group(n =
10)and Ce dosage groups with either 50 (n =10), 100 (n = 10),or 200(n = 10)..From GD1 to GD17, rats
were administered either sterile water (control) or Ce(NO,), at doses of 50, 100, or 200 mg/kg once daily
by oral gavage. The administration volume was standardized to 1 mL/100 g body weight per day
(equivalent to 10 mL/kg). Doses were selected based on previous studies and environmental relevance.
Body Mass was noted and recorded daily prior to administration, and the Oral Dose Volume was
adjusted according to the Body Mass that was measured on that specific day. The dosing solutions were
prepared in sterile water at concentrations of 5, 10, and 20 mg/mL, respectively, freshly prepared before
use. General health status, body weight, and dosing information were monitored and recorded
throughout the experiment. For terminal sample collection, rats were anesthetized by intraperitoneal
injection of sodium pentobarbital (30 mg/kg). Adequate anesthetic depth was confirmed by the absence
of response to noxious stimulation prior to tissue collection. Maternal serum, placental tissues, and
offspring samples were then collected and stored at - 80°C for subsequent analyses. At the end of the
procedure, rats were euthanized by intraperitoneal injection of an overdose of sodium pentobarbital (250
mg/kg). Animals were continuously monitored until death was confirmed by cessation of spontaneous
respiration and heartbeat and absence of the corneal reflex. Cervical dislocation was subsequently
performed as a secondary physical method to ensure death. All procedures were approved by the
institutional animal care and use committee and conducted in accordance with institutional guidelines
for the care and use of laboratory animals.

2.2 Cell Culture and Treatment

Page 6/28



Human choriocarcinoma JEG-3 cells were obtained from Procell Life Science & Technology Co., Ltd.
(Wuhan, China; Cat. No. CL-0127). Cells were cultured in Minimum Essential Medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin solution (PS).Cells
were maintained in a humidified incubator at 37°C with 5% CO, and a relative humidity of 70-80%. Cells
between passages 4 and 8 were used for all experiments. When cell density got to about 70-80%, we
switched out the current growth fluid for fresh medium and then began giving drugs.

2.3 Morphological Measurement of Placenta and Fetuses

The uterus was dissected in a culture dish to obtain placentas and fetuses. After separation, placentas
and fetuses were transferred into new disposable culture dishes containing phosphate-buffered saline
(PBS). Placentas were rinsed thoroughly with PBS to remove residual blood and then weighed using an
electronic balance. Placental diameter was measured with a vernier caliper and recorded.A portion of
each placenta was further separated into the fetal and maternal sides, placed into 2 mL EP tubes,
immediately frozen in liquid nitrogen, and subsequently stored at - 80°C for further analysis.Fetuses
were rinsed with PBS to remove blood and debris, after which body weight was measured using an
electronic balance and recorded. Fetal body length was then measured with a vernier caliper and
documented.

2.4 Sample Selection and Statistical Unit Definition

Each experimental group initially included 10 pregnant rats. For litter size analysis, three dams were
randomly selected from each group, and the number of fetuses per litter was recorded, with each dam
treated as one biological replicate. For fetal body weight, fetal body length, SGA-like phenotype, placental
weight, and placental diameter, all available fetuses or placentas from all dams in each group were
included in the analysis. For ICP-MS and placental IL-6 measurements, three dams were randomly
selected from each group, and one placenta was randomly collected from each selected dam for
analysis. For histological examination, three placentas were randomly selected from each group for H&E
staining.

2.5 Determination of Cerium Concentration by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS)

A total of 0.35 mL of rat whole blood was transferred into an 8 mL quartz digestion tube, followed by the
addition of 0.5 mL of concentrated nitric acid. For placental samples, 300 mg of decidual tissue and 300
mg of trophoblast tissue were separately placed into 8 mL quartz digestion tubes, to which 1 mL of
concentrated nitric acid and 0.3 mL of ultrapure water were added. The samples were allowed to stand
for 2 h prior to digestion.

Samples were then subjected to microwave digestion (power 1200 W, pressure 40 bar, nitrogen
atmosphere) under the following program: heating from room temperature to 150°C within 5 min,
followed by heating to 190°C within 5 min, and maintaining at 190°C for 20 min.
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After digestion, 0.4 mL of a mixed internal standard solution containing indium (In, 4 ng/mL) and
rhenium (Re, 4 ng/mL) was added, and the final volume was adjusted to 8 mL with ultrapure water. The
samples were sealed with film, mixed thoroughly, and then analyzed by ICP-MS.The ICP-MS operating
conditions were as follows: nebulizer gas flow rate 0.97 L/min, auxiliary gas flow rate 1.80 L/min, plasma
gas flow rate 17.5 L/min, radiofrequency power 1150 W, dwell time 50-100 ms, sample uptake rate 1.1
mL/min, scanning mode of single-point peak hopping, and resolution of 0.7-0.9 amu.

2.6 Histological Examination of Placental Tissue

After dissection from pregnant rats, placental tissues were fixed in 4% paraformaldehyde solution. Then
they have been rinse, dehydrated with dec-ethanols (dec), decolored with alc-benzine(x), and finally were
embedded in paraffin.Paraffin-embedded tissues were sectioned into 7 um-thick slices using a
microtome and mounted onto glass slides. The sections were dried at 65°C for 4.5 h, followed by
deparaffinization in xylene and rehydration through a graded ethanol series. The sections were then
stained with hematoxylin and eosin (H&E). And then the changes appeared in those placentas were
looked at by an optical microscope and photos was taken.

2.7 Isolation of Exosomes from Placental Tissue and Cell
Culture Supernatant

Exosomes were isolated from placental tissues and cell culture supernatants using a differential
centrifugation method. Briefly, samples were first thawed at 37°C and transferred into new centrifuge
tubes. The samples were initially centrifuged at 2,000 x g for 30 min at 4°C to remove large cellular
debris. Then the clear fluid were very carefully pipetted in to another series of new centrifuge vial then
spin at 10000 *g for 45min on 4 degrees celcuis again remove most of large vesicle.The resulting
supernatant was filtered through a 0.45 pm membrane filter, and the filtrate was collected. Then we took
the obtained exosome after ultracentrifugation of 100000X G for 90MIN at 4C: After supernatant was
taken out, re-suspend the residue with 10mL of cold 1XPBS and do it again by ultracentrifugation for the
second time at 100000xg for 90 minutes at 4 degree Celsius for washing.Following removal of the
supernatant, the exosome pellet was resuspended in 100 uL of ice-cold 1x PBS. For characterization, 30
uL of the suspension was used for transmission electron microscopy (TEM), 10 uL was used for particle
size analysis, and the remaining exosome suspension was stored at - 80°C until further analysis.

We use Transmission electron microscope (TEM)to observe the exosome’s structure feature: Exosomes.
That is to say, 10uL exosome solution were added on copper grid and it was dried up after Tmin. The
extra bit was whiped off with fillopaper: And then 10ul of Uranyl Acetate was dropped on the Grid for
Negative Staining and allowed to sit for a minute. Excessive stain was wiped away with filter paper. Then
the grid was left to dry for a few min at RT. The acceleration voltage was 80KV, and it is performed..

The particle size distribution and concentration of exosomes were determined using nanoparticle
tracking analysis (NTA). Samples were diluted to an appropriate concentration prior to analysis.
Instrument performance was first verified using standard calibration particles, after which exosome
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samples were analyzed. The instrument automatically generated data on exosome particle size
distribution and concentration.

2.8 Transcriptome Sequencing (RNA-seq)

For transcriptome sequencing, three pregnant rats were randomly selected from both the cerium
exposure group and the control group. For each dam, placental tissues from all placentas were collected,
and equal portions were pooled to generate one composite sample for sequencing. The samples from
the cerium-treated group were labeled RMPE_FT1, RMPE_FT2, and RMPE_FT3, while those from the
control group were labeled RMPE_FC1, RMPE_FC2, and RMPE_FC3.Immediately after collection,
placental tissues were rapidly frozen in liquid nitrogen and subsequently sent to Biopile Biotechnology
Co., Ltd. (China) for total RNA extraction and RNA sequencing analysis.

2.9 Differential Expression Analysis of miRNAs

Raw sequencing data obtained from transcriptome sequencing were subjected to quality control to
remove reads containing adaptor sequences, reads with more than 10% unknown nucleotides (N), and
reads in which more than 50% of bases had a quality score < Q20. The remaining high-quality reads were
retained as clean data for subsequent analysis.Differential expression analysis of miRNAs between the
cerium exposure group and the control group was performed using DESeq2 (version 1.34.0)
implemented in R (version 4.2.2). After false discovery rate (FDR) correction, miRNAs with
llog2(FoldChange)| > 1 and FDR < 0.05 were considered significantly differentially expressed.

2.10 Quantitative Real-Time PCR (qRT-PCR) Analysis

To validate the transcriptome sequencing results, three placental tissue samples were randomly
selected from both the cerium-treated group and the control group. Total RNA was extracted using the
TransZol Up reagent kit according to the manufacturer’s instructions.Second the isolated rna is turned to
CDNA through miRNA first strand cDNA synthesis kit under the following conditions: 5' C for Five Mins
and 42C For Sixty Minutes, Then 95C For Threeminutes. The expression pattern of the discovered
differently regulated genes was verified through the use of qRT-PCR. The amplification program was as
follows: 95°C for 10 min; 40 cycles of 94°C for 10 s and 60°C for 30 s; followed by 95°C for 10 s, 65°C for
60 s, and 97°C for 1 s. Relative gene expression levels were calculated using the 2*-AACt method. The
genes analyzed and their corresponding primer sequences are listed in Table 1.
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Table 1
Primer sequence information

Gene Species

rno-miR-483-3p  Rat

ALIX Human
Syntenin-1 Human
Ago2 Human
IGF2 Human
IGF2 Rat

Mir-483 Human
Mir-483 Rat

rno-miR-483-3p  Rat

ARBB2 Human
ARBB2 Rat
IL-6 Human
IL-6 Rat
hsa-miR-483-3p Human

upstream primer (5— 3)

TCACTCCTCTCCTCCCGTCTT
AGCCAAATTGCAGCAGAACAG
CTCCAGCCTCATTGGTTGGT
CGTCCTCTGGGACGACAATC
GACACCCTCCAGTTCGTCTG
TTGGCCCTCCTGGAGACATA
GGGGAAGACGGGAGGAAAG
GAGGGGGAAGACGGGAGA
CACTCCTCCCCTCCCGTC
CTGTGTCTGGGGTGGGGATA
GAGCCCTAACTGCAAGCTCA
CCGGGAACGAAAGAGAAGCTC
AGAGACTTCCAGCCAGTTGC
TCACTCCTCTCCTCCCGTCTT

downstream primer (5— 3)

GAGATATGTCCACGGTCGGC
TTCAAAGGGCCTGTCACGAA
ATGGCTTCCTTCAGCACTGT
GGGGTAGCACAGTACGTCTC
GTATCTGGGGAAGTCGTCCG
AGGAGAGGAGTGAGGAGGCG
ACAAGACGGGAGGGGAGG

GCCGCACAGAGTTCCTTTTG
TCCAGGTCTTCTCGGCCATA
ACCGAAGGCGCTTGTGGAG
TGCCATTGCACAACTCTTTTC

2.11 Target Gene Prediction Analysis

miRNAs primarily regulate gene expression at the post-transcriptional level by binding to complementary

sequences in the target mRNA. In this paper, the 3’end untranslated regions (3'UTR) of rat mRNAs are
target sequences and miranda prediction program was adopted to identify prospective mRNA target

gene of dysregulation microRNA.

2.12 Functional Enrichment Analysis of Differentially

Expressed Genes

To explore the potential biological functions of differentially expressed miRNAs, Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to functionally
annotate and identify enriched signaling pathways among the predicted target genes.Based on the

statistical significance of the enrichment results (P value), biological processes and signaling pathways
potentially associated with prenatal cerium exposure were identified.

2.13 Cell Viability Assay (CCK-8)
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Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo, Japan). Cells in the logarithmic
growth phase were seeded into 96-well plates at equal densities, with 100 pL of culture medium added
to each well. After cell attachment, the cells were treated with different concentrations of the test
compound (e.g., cerium nitrate solution) for 24 h or 48 h.Afterwards, the amount of CCK - 8 solution
which was added to each well is 10ul and then these plates were left in a humidified chamber at 37°C
with 5%C02 for further 1-2 hours. The absorbance at 450 nm (0D450) was then measured using a
microplate reader to evaluate cell viability.

2.14 Flow Cytometry Analysis

Cell apoptosis was analyzed using flow cytometry. After treatment, cells from each group were collected,
washed twice with phosphate-buffered saline (PBS), and centrifuged to remove the supernatant. The
following is how we determined cell apoptosis: We employed AnnexinV-FITC/PI Apoptosis detection
kit(BD,Bio-sciences,U.S.A), according to the supplier's guidelines. The sample was diluted with 1x
Binding Buffer. Then 5uL Annexin V - FITC was added, also 5uL Pl was added.The mixture was incubated
for 15 min at room temperature in the dark. Subsequently, fluorescence signals were detected using a
flow cytometer (e.g., BD FACSCanto Il). The excitation wavelength was set to be 488nm. The proportions
of early apoptotic cells (Annexin V+/PI-) and late apoptotic cells (Annexin V*/PI*) were analyzed.

2.15 Enzyme-Linked Immunosorbent Assay (ELISA)

JEG-3 cells treated with different concentrations of cerium and their corresponding culture media were
collected, along with placental tissues from different experimental groups. Concentrations of IL - 6 in the
cell culture media, cellular extracts, and placental tissues were measured using a rat IL-6 ELISA kit
(Enzyme-linked immunosorbent assay kit, China) according to the manufacturer’s instructions.

2.16 Western Blot Analysis

For the western blots, we got cell lysates for JEG-3 and rat maternal placentas. Cell lysates were
prepared using lysis buffer supplemented with a protease inhibitor mixture containing 1 mM PMSF
(Beyotime, China), while placental tissues were homogenized in RIPA buffer (Beyotime, China).In order to
determine the quantity of protein, the Pierce™BCAProteinAssayKit (Thermo FisherScientific,U.S.A) had
been employed according to the manufacturer’s instructions. Equal amounts of protein were separated
by SDS—PAGE and subsequently transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore,
USA). The membranes were blocked with QuickBlock blocking buffer (Beyotime, China) for 1 h at room
temperature.After blocking, the membranes were incubated overnight at 4°C with specific primary
antibodies. Following washing, the membranes were incubated with goat anti-rabbit secondary
antibodies diluted at 1:50,000 for 1 h at room temperature. Protein bands were detected using an
Odyssey CLx infrared imaging system. On Image J was done to check signal ampltiude and normalize
with GADPH as referece.

2.17 Statistical Analysis
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The statistical evaluations were done by the SPSS programme, version 25. 0. For numerical figures it is
expressed as mean = SD. Two sample group wise contrast is done using independent - samples t- test
while comparison among more than 2 groups is done with oneway - anova (one way anova).When the
assumption of homogeneity of variance was satisfied, pairwise comparisons between groups were
conducted using the Student—Newman—Keuls (SNK-q) test. When the assumption of equal variances
was not met, the Games—Howell test was applied. A two-tailed P value < 0.05 was considered
statistically significant.

3. Results

3.1 Effects of Prenatal Cerium Exposure on Placental and Fetal Growth

Maternal exposure to cerium nitrate during pregnancy produced significant dose-dependent effects on
placental and fetal growth. As shown in Figure 1A, different doses of cerium nitrate exposure affected
fetal morphology, with the high-dose group (200 mg/kg) exhibiting the most pronounced morphological
abnormalities.Figures 1B-E illustrate the effects of cerium exposure on fetal growth parameters. It was
discovered that the number of offspring dropped dramatically as dosage of exposure increased,;
particularly at 100mg/kg and 200mg/kg where there were very few offspring with only 5% (P<.01) or zero
offspring(P<.0001) respectively. In addition, gestational body mass was greatly decreased among the
high - concentration group(P <0.001 and P < 0.0001) , but there were no considerable changes in
neonatal length among all groups..Furthermore, Figure 1E presents the proportion of SGA babies, which
is notably larger than in the medium and high dose groups, being more than P<0.05 and P<0.01
respectively, suggesting that prenatal exposure to cerium nitrate may induce fetal growth restriction.
Overall, these findings indicate that maternal cerium exposure during pregnancy markedly affects
placental and fetal development, particularly at higher exposure levels, resulting in impaired fetal growth
and an increased incidence of SGA.Figure 2 illustrates the effects of different doses of cerium nitrate
exposure on placental development. Figure 2A shows that as placental mass dropped with more cerium
intake, there was an obvious dip for the group who took the most cerium (200 mg/kg) compared to the
baseline group (P<0.0Tand P<0.0001).Figure 2B shows the changes in placental diameter. With
increasing exposure doses, placental diameter gradually decreased, and a significant reduction was
observed in the high-dose group compared with the control group (P < 0.05).Figures 2C and 2D further
present the cerium concentrations in the placental decidual region and blood. The results indicate that
cerium levels increased significantly in a dose-dependent manner (P < 0.0001 and P < 0.01).As we can
see from Fig. 2E, cerium concentration in placental trophoblast cells was significantly higher than that of
the control group in both medium-dose and high-dose groups (P<0.001).

Figure 1. Dose-dependent effects of cerium exposure on fetal development and growth phenotypes prior
to delivery.

3.2 Gestational cerium exposure induces placental pathological alterations and inflammatory cell
infiltration
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As shown in Figure 2F, H&E staining of placental tissues revealed evident structural alterations following
gestational cerium nitrate exposure. In the control group, the placental architecture remained intact, with
a clear boundary between the labyrinth layer and the spongiotrophoblast layer. Trophoblast cells were
orderly arranged, and both cytoplasmic and nuclear morphologies appeared normal. In contrast, the low-
and medium-dose groups exhibited mild edema, vascular congestion, and inflammatory cell infiltration in
placental tissues. The severity of these pathological changes gradually increased with rising exposure
doses. In the high-dose group, pronounced pathological lesions were observed, including trophoblast
degeneration, cytoplasmic vacuolization, nuclear pyknosis, and focal hemorrhage. These findings
suggest that high-dose cerium nitrate exposure disrupts placental structural integrity and impairs the
function of the maternal—fetal interface, potentially contributing to intrauterine growth restriction.

In addition, as illustrated in Figure 2F, IL - 6 concentration in the ceremium treated groups was very high,
and there was evident dose - dependent increase.Notably, the 100 mg/kg and 200 mg/kg groups showed
statistically significant differences compared with the control group (P < 0.05 and P < 0.01, respectively),
indicating a marked enhancement of the inflammatory response in placental tissues following cerium
exposure.

Figure 2: Effects of Different Dose Treatments on the Placenta of Prepartum SD Rats
3.3 Differential expression analysis of placental exosomal miRNAs following cerium exposure

To investigate the effects of gestational cerium exposure on miRNA expression in placental exosomes
at the maternal—fetal interface, miRNA sequencing analysis was performed. After false discovery rate
(FDR) correction (|log,FC| > 1, FDR < 0.05), only one significantly upregulated miRNA was identified, while
no significantly downregulated miRNAs were detected (Figure 3A). Overall, the alterations in miRNA
expression between the cerium-exposed group and the control group were relatively limited.

3.4 GO and KEGG enrichment analysis of differentially expressed exosomal miRNAs in rat placenta
following gestational Ce exposure

To further explore the potential biological functions associated with cerium exposure, Gene Ontology
(GO) enrichment analysis was performed on the predicted target genes of the differentially expressed
miRNAs. As shown in Figure 3B, in the cellular component (CC) category, the target genes were mainly
enriched in extracellular exosomes, cytoplasm, and cytosol. Molecular function(MF): within this MF
group, there were some noticeably abundant classifications: phosphoprotein phosphatase
activity;protein tyrosine phosphatase activity;oxidoreductase activity. In the biological process (BP)
category, the enriched terms were primarily associated with regulation of the cell cycle process,
response to steroid hormones, cellular response to chemical stress, and cell proliferation.

Furthermore, We did pathway enrichment by using Kyoto encyclopedia of genes and genomes or KEGG
to see which signal network may be involved in the result caused from taking in cerium. As illustrated in
Figure 3C, several significantly enriched pathways were identified. Notably, pathways related to
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inflammatory responses and cellular stress were prominently enriched, including the MAPK signaling
pathway, TNF signaling pathway, FceRI signaling pathway, and the inflammatory mediator regulation of
TRP channels pathway. And also there were considerable enrichments for the AMPK signaling pathway
and routes related to choline metabolism and phospholipid signaling.

Figure 3. Differential expression analysis and KEGG pathway enrichment of identified genes.
3.5 Coordinated upregulation of IGF2 and its intronic miR-483-3p in the placenta

To validate the sequencing results, quantitative real-time PCR (qPCR) was performed to measure the
expression levels of miR-483-3p in both serum and placental tissues. As seen from figures 4AB, Prenatal
cerium intake clearly increased the miR-483 - 3p in concentration manner. Meanwhile, the expression of
pri-miR-483 was also markedly elevated (Figure 4C), suggesting that this miRNA may be regulated at the
transcriptional level. Since miR-483-3p is within an intronic part of the IGF2 gene we looked at the
transcriptional activity of IGF2. The IGF2 mRNA was notably higher in the cerium treated group when
compared with the reference group as seen in Figure 4D.

Figure 4. Effects of different doses of cerium exposure on the expression of miR-483 and IGF2 in
placental tissues prior to delivery.

3.6 Cell viability assessed by CCK-8 assay

In order to examine the effect of Ce(NO3)3 on trophoblast cell (JEG - 3), CCK - 8 method was employed
to count cell viability after a 24 h incubation with different concentrations including 0, 2, 4, 6, 8, 10, and
16 ug/mL. As shown in Figure 5A, cell viability exhibited a clear dose-dependent decrease with
increasing concentrations of Ce(NO,),. Compared with the control group (0 ug/mL), no significant
change in cell viability was observed in the 2 ug/mL treatment group (P > 0.05). However, a significant
reduction in cell viability was detected starting from 4 pg/mL (P < 0.05). At concentrations of 6 pg/mL
and above, cell viability declined further, with the most pronounced decreases observed in the 10 pg/mL
and 16 pg/mL groups (P < 0.001 and P < 0.0001, respectively), indicating that high concentrations of
Ce(NO,), exert a marked inhibitory effect on trophoblast cell viability.

3.7 Cerium exposure induces apoptosis in trophoblast cells

To evaluate the effect of cerium nitrate on trophoblast cell apoptosis, flow cytometry analysis was
performed using Annexin V-FITC/PI double staining (Figures 5B—C). The results showed that the
proportion of apoptotic cells increased in a dose-dependent manner with increasing concentrations of
cerium nitrate. Compared with the blank group, which exhibited an apoptosis rate of 14.1%, the
apoptosis rates in the 2 uM, 4 yM, and 8 uM treatment groups increased to 21.5%, 36.6%, and 38.7%,
respectively. Statistical analysis indicated that the apoptosis rates in all treatment groups were
significantly higher than those in the control group (P < 0.0001). These findings suggest that cerium
nitrate induces apoptosis in trophoblast cells, which may represent an important mechanism underlying
cerium-induced placental dysfunction and fetal growth restriction.
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3.8 Cerium exposure activates inflammatory responses and the IGF2/miR-483 locus in trophoblast cells

Cerium treatment significantly increased IL-6 expression in JEG-3 cells in a dose-dependent manner
(Figures 5D—E), indicating activation of inflammatory signaling pathways. In addition, the expression of
IGF2 mRNA was markedly elevated (Figure 5G). Consistently, the expression levels of mature miR-483-
3p (Figure 5F) and its primary transcript pri-miR-483 (Figure 5H) were also significantly upregulated.
Notably, these in vitro findings are consistent with the expression patterns observed in placental tissues,
suggesting that cerium exposure may activate the IGF2/miR-483 locus and promote inflammatory
responses in trophoblast cells.

Figure 5. Effects of cerium on JEG-3 cell viability, apoptosis, and miR-483/IGF2 expression.
3.9 Cerium exposure promotes exosomal secretion of miR-483-3p from trophoblast cells

Exosomes were isolated from the culture supernatant of trophoblast cells following cerium treatment.
Transmission electron microscopy revealed the presence of typical cup-shaped vesicular structures
characteristic of exosomes (Figure 6A). Nanoparticle tracking analysis showed that the particle size
distribution was consistent with the typical size range of exosomes (Figure 6B). Western blot analysis
further confirmed the successful isolation of exosomes, as the exosomal markers CD9, CD63, CD81, and
TSG101 were positively expressed, whereas the Golgi marker GM130 was not detected (Figure 6C).

Further analysis demonstrated that cerium exposure significantly increased the level of miR-483-3p in
exosomes in a dose-dependent manner (Figure 6D). In addition, the expression levels of proteins
associated with exosome biogenesis and RNA loading, including ALIX, Ago2, and Sytenin-1, were
significantly upregulated (Figures 6E—G). These results indicate that cerium exposure enhances the
miRNA packaging process and promotes the secretion of miR-483-3p via exosomes. This exosome-
mediated transfer of miR-483-3p may facilitate intercellular communication and signaling during
placental inflammatory responses.

Figure 6. Cerium exposure promotes exosome-mediated secretion of miR-483-3p in trophoblast cells.

3.10 Gestational cerium exposure may increase the risk of SGA by activating the MAPK signaling
pathway and promoting placental dysfunction

Is MAPK signaling cascade involved in Ce mediated inflammatory response? We checked out the
phosphorylation status of p38. In trophoblast cells, cerium treatment markedly increased the expression
of phosphorylated P38 (p-P38) in a dose-dependent manner, whereas the expression of total P38
remained unchanged (Figures 7A—C). Quantitative analysis further demonstrated a significant increase
in the p-P38/P38 ratio. The same result was found about the placentas from experiment animals: the p-
P38 level is a great deal larger when the Cerium has been used, contrary to the reference, while the total
P38 protein level showed no significant difference (Figures 7D—F).These findings indicate that cerium
exposure activates the MAPK/P38 signaling pathway both in vivo and in vitro, suggesting that P38
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phosphorylation may play a critical role in cerium-induced placental inflammatory responses and
subsequent placental dysfunction.

Figure 7. Cerium exposure activates the MAPK signaling pathway.

4. Discussion

In recent years, Ce, a commonly used light rare earth element, has attracted increasing attention due to
its growing environmental presence and potential toxicological effects, particularly on pregnant women
and fetal development [34]. Emerging evidence suggests that cerium exposure may exert adverse
effects on fetal growth and development. Notably, elevated exposure during pregnancy has been
associated with an increased risk of SGA infants [35]. Although several studies have explored the impact
of cerium on fetal development, the underlying mechanisms and its specific association with the
occurrence of SGA remain incompletely understood. Previous research by Zhong et al. demonstrated
that cerium exposure leads to abnormal placental blood sinus structures and reduced trophoblast
invasion in mice, suggesting that Ce may disrupt normal fetal development by affecting placental
angiogenesis and trophoblast function [36]. Other studies have reported that Ce exposure significantly
reduces the area of the placental labyrinth layer, induces placental structural damage, and impairs
trophoblast invasive capacity, indicating pronounced placental toxicity associated with cerium exposure
[37]. These findings are consistent with the results observed in the present study.

Our study demonstrated that Ce accumulation was accompanied by damage to the placental labyrinth
zone and functional alterations in trophoblast cells, which may be closely associated with local
inflammatory responses, particularly the upregulation of IL-6. Previous studies have reported that the
accumulation of Ce in tissues can induce oxidative stress and activate signaling pathways such as NF-
kB and MAPK, leading to increased expression of pro-inflammatory cytokines and the initiation of
inflammatory cascade reactions [38]. In addition, previous studies have shown that Ce exposure in
trophoblast cells is associated with increased expression of IL-6 and IL-8, as well as activation of the NF-
kB pathway, which are indicative of inflammatory responses [39]. Furthermore, although IL-6 plays an
important role in regulating trophoblast function and angiogenesis during normal pregnancy, its
pathological overexpression may inhibit trophoblast invasion and disrupt placental homeostasis [40].

Based on previous acute toxicity assessments, a subchronic toxicity study in rats demonstrated that the
no-observed-adverse-effect level (NOAEL) of mixed rare earth nitrates was 200 mg/kg[41]. Wu et al.
[42]reported that oral exposure to cerium nitrate at a dose of 300 mg/(kg-d) for 90 days resulted in a
significant reduction in body weight in male rats, along with abnormalities in certain hematological and
biochemical parameters in the medium- and high-dose groups. Their findings further suggested that oral
exposure to cerium nitrate at doses below 75 mg/(kg-d) may not induce observable adverse effects in
rats[43]. Therefore, 200 mg/kg was selected as the highest exposure dose in the present study.

Exosomes are nanoscale extracellular vesicles secreted by cells that carry a variety of bioactive
molecules, including proteins, RNAs, and lipids, and play important roles in intercellular communication
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[44]. During placental development, exosomes are critical regulators of trophoblast cell function [45]. By
transferring molecular signals such as miRNAs and mRNAs, exosomes can modulate placental growth,
angiogenesis, and immune responses, thereby influencing fetal development [46]. Previous studies have
suggested that Ce exposure may alter the composition of placental exosomes, particularly the
expression profiles of miRNAs, thereby affecting trophoblast cell function [47]. Moreover, exosome-
associated miRNAs have been shown to regulate trophoblast invasion and differentiation capacity [48],
which may represent a potential mechanism underlying Ce-induced placental injury. In the present study,
we found that Ce exposure significantly altered the level of miR-483-3p in placental exosomes,
suggesting that cerium may contribute to placental inflammatory responses and trophoblast dysfunction
through miRNA-mediated regulatory mechanisms.

miR-483-3p is located within the IGF2 gene and is co-expressed with its host gene. IGF2 is a key
regulator of placental development and fetal growth [49]. From prior study we can see that miR-483-3p
being up-regulated reduces IGF1 due to focusing on the IGF1 transcript and stopping it from translating,
thereby leading to fetal growth restriction [50]. Although placental function may remain relatively
preserved, the reduction in IGF1 results in significant impairment of fetal growth. In transgenic mouse
models, overexpression of miR-483-3p has been shown to cause fetal growth restriction accompanied
by cardiovascular defects during mid-gestation. Specifically, fetal body weight was reduced by
approximately 58% at mid-gestation, indicating that miR-483-3p overexpression markedly inhibits fetal
growth and contributes to reduced fetal weight and cardiovascular abnormalities [51]. During fetal
development, IGF2 promotes fetal growth by regulating cellular proliferation and metabolic activity,
particularly during early embryonic development [52]. Furthermore, IGF2 supports intrauterine fetal
development by stimulating fetal growth signals and enhancing the transport of nutrients across the
placenta [53]. Altered expression of IGF2 and miR-483-3p may be relevant to placental dysfunction and
fetal growth impairment[54].

The present study suggests that cerium exposure is associated with placental inflammatory responses,
trophoblast dysfunction, and altered exosomal miR-483-3p expression.In line with previous studies
showing that miR - 483—-3p is an important controller of placental function, embryogenesis, and the
uterine immune response.

In summary, the present study suggests that gestational Ce exposure may induce placental dysfunction
and contribute to fetal growth restriction, potentially through disrupting placental structure, inhibiting
trophoblast cell viability, and perturbing the regulatory network of exosomal miRNAs. These findings are
consistent with previous studies linking environmental exposures to placental abnormalities and
increased risk of SGA. Moreover, our results provide preliminary evidence and potential mechanistic
clues of rare earth element exposure on adverse pregnancy outcomes. Notably, exosomal miR-483-3p
may represent a potential biomarker candidate for assessing Ce exposure risk and warrants further
investigation, rather than immediate clinical application.
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Several limitations should be acknowledged. First, this study was based on a rat model and a
trophoblast-derived cell line, and caution is required when extrapolating the findings to human
pregnancy. Second, JEG-3 cells are derived from choriocarcinoma and may not fully recapitulate the
biological behavior of primary trophoblasts. Third, although we observed concurrent changes in p38
MAPK activation, IGF2/miR-483-3p expression, and exosomal miR-483-3p release, we did not perform
mechanistic intervention experiments, such as pathway inhibition or miRNA gain-/loss-of-function
assays, to establish causality. Fourth, the RNA-seq analysis was conducted on a limited number of
samples, and the biomarker potential of exosomal miR-483-3p was not validated in maternal circulation
or external cohorts. Finally, the exposure doses used in the animal model may not directly reflect real-
world human exposure levels, which should be considered when interpreting the translational relevance
of the findings.
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placentallBIGO Enrichment Analysis Bar Chart (C) KEGG Enrichment Analysis Scatter Plot
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Figure 4

Effects of different doses of cerium exposure on the expression of miR-483 and IGF2 in placental tissues
prior to delivery. (A) miR-483-3p expression levels in serum (B) miR-483-3p expression levels in the
trophoblast layer of the placenta (C-D) pri-miR-483 and IGF2 gene expressionllIGF2 is a key factor in fetal
growth and development, playing a role in placental development, cell proliferation, and metabolic
regulation.pri-miR-483 is the primary transcript of miR-483-3p, located within an intron of the IGF2 gene.
Data are presented as mean * SD of three independent experiments. * p 0.051** p¥0.01{***pK0.001K
****p{0.0001
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Figure 5

Effects of cerium on JEG-3 cell viability, apoptosis, and miR-483/IGF2 expression. (A) Cell viability after
24 h treatment with increasing concentrations of Ce(NQ,),, measured by CCK-8 assay. Data are
expressed as mean + SD (n = 3).(B) Representative flow cytometry plots showing apoptosis in JEG-3
cells treated with 0, 2, 4, or 8 ug/mL Ce(NO;), for 24 h. Q2 indicates early apoptotic cells.(C)
Quantification of apoptotic cells from flow cytometry.(D-E) IL-6 expression in JEG-3 cells detected by
gPCR (D) and ELISA (E) following Ce(NO,), exposure.(F—H) Relative expression levels of miR-483-3p (F),
IGF2 (G), and pri-miR-483 (H) measured by qPCR after Ce(NO,), treatment.Data are presented as mean +
SD of three independent experiments. **p < 0.01, ***pk0.001{****p < 0.0001
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Figure 6

Cerium exposure promotes exosome-mediated secretion of miR-483-3p in trophoblast cells.(A)
Representative transmission electron microscopy (TEM) images of exosomes isolated from control and
Ce(NO;);-treated (8 pg/mL, 24 h) cells. Scale bar = 100 nm.(B) Nanoparticle tracking analysis (NTA)
showing size distribution of exosomes from control and Ce(NO,),-treated cells.(C) Western blot analysis
of exosome markers (CD9, CD63, CD81, TSG101, and GM130) in cells and isolated exosomes.(D—G)
Quantification of exosomal miR-483-3p (D) and relative expression of exosome biogenesis-related
proteins ALIX (E), Ago2 (F), and Sytenin-1 (G) in JEG-3 cells treated with 0, 2, 4, or 8 pg/mL Ce(NO,), for
24 h.Data represent mean + SD of three independent experiments. **p < 0.01, ***p < 0.001, ****p <
0.0001.
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Figure 7

Cerium exposure activates the MAPK signaling pathway.Figure X. Ce(NO,), activates the P38 MAPK
pathway in vitro and in vivo.(A) Relative expression of ARRB2 in JEG-3 cells treated with 0, 2, 4, or 8
pg/mL Ce(NO,), for 24 h, measured by qPCR.(B) Representative Western blot images showing
phosphorylated P38 (P-P38), total P38, and GAPDH in JEG-3 cells treated with increasing concentrations
of Ce(NO,),.(C) Quantification of P-P38/P38 ratio and relative P-P38 protein levels in Ce(NO,),-treated
JEG-3 cells.(D) Relative expression of ARRB2 in placental tissues from rats treated with Ce(NO;), (0, 50,
100, or 200 mg/kg), measured by qPCR.(E) Western blot analysis of P-P38, total P38, and GAPDH in rat
placentas after Ce(NO,), exposure.(F) Quantification of P-P38/P38 ratio and relative P-P38 protein levels
in placental tissues.Data are presented as mean * SD of three independent experiments. *p < 0.05, **p <
0.01, ****p < 0.0001
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