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Chronic paternal RF-EMR impairs fetal
growth and placental efficiency in a male-
biased manner.

oo
Paternal RF-EMR downregulates placental
nutrient transporters predominantly in male
offspring.


https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#tbl0005
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#tbl0010
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#tbl0015
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#tbl0020

Paternal RF-EMR induces sex-dependent

histone modifications in offspring placentas.
oo

Paternal RF-EMR drives male-specific

enrichment of repressive histone marks at

promoters of key placental nutrient

transporters.

Abstract

The widespread use of Wi-Fi-derived
radiofrequency electromagnetic radiation
(RF-EMR) has raised concerns regarding
male reproductive health; however, whether
paternal exposure exerts transgenerational
effects on offspring development remains
unclear. This study investigated the effects of
chronic paternal 2.4 GHz Wi-Fi RF-EMR
exposure (whole-body SAR 0.125-0.5 W/kg,

4 h/day, 6 days/week for 20 weeks) on sperm



quality in FO male mice and placental
developmentin F1 offspring, with a focus on
epigenetic regulation. Paternal RF-EMR
exposure significantly reduced sperm
concentration and increased the sperm
abnormality rate in FO males. F1 offspring
exhibited reduced fetal weight and placental
efficiency, with more pronounced
iImpairments in male offspring.
Mechanistically, paternal exposure reduced
the proportion of placental labyrinth layer
and downregulated multiple nutrient
transporters in a male-biased manner.
Epigenetic analysis revealed sex-dependent
histone modifications in placentas following
paternal RF-EMR exposure: male placentas
exhibited increased H3K9me2/3, H3K27me3,
H3K27ac, and H3K4me2, whereas female
placentas exhibited decreased H3K4me2.



ChIP-gPCR targeting transporter promoters
revealed sex-specific enrichment of
repressive histone marks in placentas from
exposed fathers. In male placentas,
H3K27me3 was increased at the Atp71a1 and
Slc22a3 promoters, and H3K9me3 was
increased at the Atp7a7 and Slc2a1
promoters. In female placentas, H3K27me3
at the Slc3a2 promoter was significantly
decreased. Collectively, chronic paternal Wi-
Fi RF-EMR exposure impairs fetal growth and
placental efficiency, with male offspring
being more susceptible, and is associated
with disrupted placental structure, impaired
nutrient transport, and sex-dependent
histone modifications in the offspring
placenta. These findings underscore the
importance of considering paternal RF-EMR
exposure in reproductive risk assessment.
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1. Introduction

Wi-Fi has become an indispensable
technology in modern society, with
widespread use in both daily life and
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professional settings. However, the
continuous emission of radiofrequency
electromagnetic radiation (RF-EMR) from Wi-
Fi devices has raised widespread concerns
regarding its potential environmental and
health effects (ra12015). Unlike mobile phones,
which primarily cause localized exposure,
Wi-Fi routers typically result in whole-body
RF-EMR exposure (saretat, 2019). Mounting
epidemiological and experimental evidence
indicates that chronic exposure to Wi-Fi-
derived RF-EMR is associated with multiple
adverse effects, including cognitive
dysfunction, metabolic disorders, and
reproductive impairment (rau. 2018, sage and Burgio, 2018).
Notably, the World Health Organization
(WHO) commissioned 12 systematic reviews

and meta-analyses to evaluate the health
effects of RF-EMR. Most of these reviews
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were limited by significant methodological
shortcomings, including the omission of
eligible studies, heterogeneity among
primary studies, and inappropriate subgroup
analyses, thereby limiting their ability to
reliably confirm the safety of wireless
communication devices (vemicketat, 2025). AmMoONg
these assessments, the review of animal
carcinogenicity provided high-certainty
evidence for heart schwannomas and
moderate-certainty evidence for gliomas,
whereas reviews focusing on male fertility
and pregnancy outcomes consistently
demonstrated dose-dependent adverse
reproductive effects (vemickerat, 2025). Collectively,
these findings highlight the need to optimize
exposure guidelines and mitigate the

reproductive health risks associated with RF-
EMR (Melnicketal..2025).
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The male reproductive system is particularly
sensitive to RF-EMR exposure, with testicular
tissue exhibiting vulnerability comparable to
that of neural and dermal tissues (viayetat, 2025).
Clinical studies have consistently linked Wi-
Fi exposure to impaired sperm quality,
characterized by reduced progressive
motility and increased DNA fragmentation in
human spermatozoa (avendanoetat, 2012, dingetal., 2018,
Bekias and Dasdag, 2025) . ANIMal studies have further
demonstrated that RF-EMR disrupts the
hypothalamic-pituitary-gonadal axis, leading
to decreased serum levels of follicle-
stimulating hormone and testosterone in
rodents (mawinetat, 2024, khoshbakntetal, 2021). Histological

analyses in mice have shown that RF-EMR
exposure reduces seminiferous tubule
diameter, epithelial thickness, tubule
density, and the number of Sertoli cells (cakmax
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etal,2026). Consequently, exposed males exhibit

severe spermatogenic abnormalities,
including increased morphological
abnormalities and reduced sperm
concentration, motility, and viability (vieyetal.
2025, Maluin etal,, 2024, Khoshbakht et al., 2021, Dasdagetal., 20153 ).
Beyond direct tissue toxicity, RF-EMR may
disrupt cellular functions through epigenetic
mechanismMs (abtinetat. 2024, Giorgi and Del Re, 2021, Cantu et al,
2023). Epigenetic modifications—including
DNA methylation, histone post-translational
modifications, and non-coding RNA
expression—mediate environmentally
induced phenotypic changes without altering
the underlying DNA sequence (swortsovaetal, 2018).

Such epigenetic reprogramming is highly
dynamic during germ cell development
(skvortsova etal., 2018, xavieretal,2019). ENVironmental
stressors are known to disrupt epigenetic
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programming in sperm, with adverse
consequences for both male fertility and
offspring health (kiamuraetal, 2015, Ashapkin etal, 2023, zhanget
al. 2025, Hongetal, 2024). HHowever, whether RF-EMR
directly affects sperm epigenetics remains
unclear. Current evidence indicates that RF-
EMR can alter epigenetic modifications in
somatic cells. For example, it alters ERa
gene methylation in male Sprague-Dawley rat
tissues (vorarametal, 2017). It @lso induces global
DNA methylation changes in human

keratinocytes (canwerat. 2023). IN addition, long-
term RF-EMR exposure reduces miR-106b-5p
and miR-107 levels in the brains of adult
male rats (pasdagetal, 20150, Dasdagetal, 2015¢), @aNd

decreases H3K9me3 levels in the heads of
adult Drosophila (cappuccietat, 2022). Although
these observations do not constitute direct
evidence in germ cells, they raise the
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possibility that RF-EMR may similarly alter
the epigenetic landscape of sperm, given the
shared sensitivity of reproductive and
somatic tissues to RF-EMR (viay et al., 2025).
Collectively, these findings suggest that RF-
EMR-induced epigenetic alterations may be
transmitted across generations through the
paternal germline, warranting further
investigation.

Epidemiological studies have also linked
paternal RF-EMR exposure to adverse
developmental outcomes in offspring. For
example, higher paternal exposure to high-
frequency antennas is linearly associated
with a reduced male-to-female birth ratio (zase
etal,2008). Additional evidence links paternal RF-

EMR exposure to an increased risk of
neuroblastoma, preterm birth, preeclampsia,
and certain congenital anomalies (peroos et al., 2001,
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Mjoen et al., 2006, Blaasaas et al., 2002, Baste et al., 2012) . We

previously showed that 10-week paternal RF-
EMR exposure predisposes male offspring to
impaired glucose metabolism in a mouse
model (vaneran. 2022). HoOwever, whether chronic

paternal Wi-Fi exposure influences
intrauterine development through sperm-
mediated epigenetic mechanisms remains to
be determined.

To date, existing studies have primarily
focused on RF-EMR-induced sperm damage,
leaving a critical gap in understanding
whether chronic paternal Wi-Fi exposure
exerts intergenerational effects on placental
and fetal development. In particular, no
studies have systematically examined
whether such paternal exposure leads to
sex-specific placental abnormalities or
differential susceptibility between male and
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female offspring. To address this gap, the
present study established a 20-week mouse
model of chronic paternal exposure to

2.4 GHz Wi-Fi RF-EMR. Our findings
demonstrate for the first time that chronic
paternal Wi-Fi exposure impairs fetal and
placental developmentin F1 offspringin a
sex-specific manner, with male offspring
exhibiting more pronounced abnormalities
than females, indicating a previously
unrecognized male-biased susceptibility in
mice.

2. Materials and methods

2.1. Experimental animals

Six-week-old ICR mice were purchased from
Beijing Huafukang Laboratory Animal Center
(Beijing, China). All animal experiments were
approved by the Ethics Committee of Animal



and Medicine of Tangdu Hospital, Fourth
Military Medical University (Approval No.:
SYXK2019-001). Upon arrival, mice were
acclimatized for one week under standard
laboratory conditions (temperature: 21-
23°C, humidity: 50-60%, 12 h light/dark
cycle, ventilation frequency: 10-15 times/h)
prior to the experiment. Mice had free access
to standard mouse chow and sterile tap
water throughout both the acclimatization
and experimental periods.

2.2. Construction of the Wi-Fi-associated RF-EMR platform

A continuous wave (CW) signal generator
(China Electronics Technology Instruments
Co., Ltd., China), an amplifier (output power
= 8.4 W; SWSPA-C200S/C-2, Chengdu SWIEE
Power Electronics Technology Co., Ltd,
China), and a horn antenna (gain: 8.94 dB,



CW; LB-1080, A-INFO, China) were used to
establish the Wi-Fi RF-EMR exposure system.
The electromagnetic radiation frequency was
set at 2.4 GHz, and mice were allowed free
movement within their cages during
exposure. The whole-body specific
absorption rate (SAR) was measured using a
SAR meter (Narda SRM-3006, Narda-Storp,
Germany) and calculated based on a prolate
spheroidal model of a medium-sized mouse
(vanetal, 2022), Yielding a whole-body SAR range of
0.125-0.5 W/kg across different positions
within the exposure chamber. The uniformity
of the electromagnetic field within the
exposure chamber was verified to ensure
consistent exposure across all cages.
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2.3. Experimental Animal Grouping and Treatment

Male mice were individually housed under
the standard conditions described above.
The mice were randomly assigned to two
groups (n = 20 per group): the radiation
exposure group (RE, Wi-Fi-derived RF-EMR)
and the sham exposure group (SE). A total of
40 mice were included in this study. Mice in
the RE group received daily RF-EMR exposure
(4 h/day, 9:00-13:00, with a 15-min break
after 2 h of exposure to minimize stress) for 6
consecutive days, followed by 1 day of rest,
for a total of 20 weeks. Mice in the SE group
were housed in the same exposure chamber
with inactive equipment (no RF-EMR
emission) to control for non-thermal effects
associated with the devices, under otherwise
identical conditions as the RE group.



After 20 weeks of exposure, RE and SE male
mice were mated with unexposed female ICR
mice at a ratio of 1:1. Vaginal plugs were
checked daily at 08:00, and the day on which
a vaginal plug was detected was designhated
as 0.5 days post-coitum (dpc). F1 offspring
and their placentas were collected at 18.5
dpc for subsequent analyses.

2.4. Hemocytometer-based measurement of sperm concentration in

mice

Multiple smallincisions were made in the
Isolated cauda epididymides, which were
then immersed in 100 yL of prewarmed HTF
medium. The tissues were incubated at 37°C
for 10 min to allow passive swim-out of
spermatozoa. The crude sperm suspension
was diluted 1:100 with HTF medium. To
immobilize motile sperm for accurate
counting, the diluted suspension was fixed



with 0.4% glutaraldehyde. A coverslip was
first placed on the hemocytometer, and

10 pL of the fixed sperm suspension was
loaded into the counting chamber through
the V-shaped groove to avoid air bubbles.
Excess liquid overflowing from the chamber
edges was gently removed with filter paper
(saknaceerat, 2016). The loaded hemocytometer was

placed horizontally for 5 min to allow
complete sedimentation of the sperm cells.
Sperm were counted under a 40 x objective
lens (total magnification, x400) across five
diagonal large squares of the counting grid.
Only morphologically intact sperm with
complete heads and flagella were
counted.Sperm concentration (x 106/mL)

= (Total sperm countin 5 squares/5) x 2

x 10* x Dilution factor.
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Ten mice were included in each group
(biological replicates, n =10 per group). Each
diluted sperm sample was loaded and
counted three independent times as
technical replicates to minimize counting
error (saknaceetal. 2016).

2.5. Diff-quik staining for morphological analysis of mouse spermatozoa

Briefly, 10 pL of diluted sperm suspension
was applied to a pre-cleaned, degreased
glass slide, and a thin monolayer smear was
prepared by gently dragging the edge of a
second glass slide across the sample at a
consistent angle to avoid mechanical
damage to the sperm flagella. The smear was
completely air-dried at room temperature
and then fixed by immersion in 95%
methanol for 2 min. After fixation, excess
methanol was allowed to drain vertically onto
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filter paper. The slides were sequentially
stained by immersion in Diff-Quik Solution 1
(eosinophilic dye) for 20-30 s, followed by
Diff-Quik Solution 2 (basophilic dye) for 10-
15 s. After each staining step, the slides were
held vertically at a 90° angle against
absorbent paper to remove excess staining
solution before proceeding to the next
reagent. Excess dye was gently removed by
dipping the slides 5-10 times in distilled
water without prolonged soaking to prevent
over-decolorization. The slides were
completely air-dried under ambient
conditions before microscopic examination.
Sperm morphology was examined under a
100 x oil immersion objective lens (total
maghnification, x1000). For each sample, 100
consecutive spermatozoa were evaluated
from at least five randomly selected



microscopic fields using a systematic raster-
scanning pattern to minimize subjective
counting bias. Morphological defects of the
sperm head, neck/midpiece, and flagellum
were recorded separately.

Under Diff-Quik staining, the acrosomal
region of the sperm head appears light blue,
the post-acrosomal region appears dark
blue, the midpiece appears red, and the tail
appears blue or light red. Sperm
morphological abnormalities were classified
into five categories based on the location of
the defect (aietar.2018): (1) immature
spermatozoa (presence of cytoplasmic
droplets); (2) head abnormalities (double-
headed, round-headed, or headless sperm);
(3) neck abnormalities (bent or folded necks);
(4) tail abnormalities (folded, curled, or short
tails); and (5) compound abnormalities
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(multiple defects in the same
spermatozoon). The total malformation rate
was calculated as follows: (Number of
abnormal sperm / Total sperm counted)

x 100%, and the proportion of each
abnormality category was also determined.

2.6. Placental Efficiency and Placenta Dissection

The presence of a vaginal plug was used to
confirm copulation, and E0.5 was defined as
the midpoint of the dark cycle on the day of
plug detection. Fetuses and placentas were
collected at E18.5. Pregnant mice were
euthanized by CO, inhalation followed by
cervical dislocation. After dissection,
placental and fetal wet weights were
recorded. Placental efficiency was
calculated for each fetus-placenta pair as
the ratio of fetal weight to placental weight



(fetal weight/placental weight) (rowdenetat. 2009,

Hayward etal, 2016), @Nd the litter mean was used for
statistical analysis. Each placenta was
processed immediately: some were fixed
overnight in 4% paraformaldehyde/PBS for
histological analyses, whereas the remaining
samples were snap-frozen in liquid nitrogen
for subsequent mRNA and DNA analyses. For
histological and molecular analyses (PAS,
IHC, RT-gPCR, Western blot, and ChIP-
qPCR), 2-3 placentas were randomly
selected from each dam, and at least six
placentas from three independent dams per
group were included.

2.7. Periodic acid-schiff and immunohistochemical staining for mouse
placental tissue analysis

Placental tissues were fixed in 4%
paraformaldehyde at 4°C for 24 h,
dehydrated through a graded ethanol series
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(70%, 80%, 90%, 95%, and 100%), and
embedded in paraffin. Paraffin secions pm
thick) were prepared and stained with
Periodic Acid-Schiff (PAS) reagent (AB-PAS,
EK, China). Placental morphology was
examined, and images were acquired using a
digital slide scanner (KF-PRO-005-EX, KFBIO,
China).

For immunohistochemical staining, paraffin
sections were deparaffinized, rehydrated,
and subjected to antigen retrieval (citrate
buffer, pH 6.0, 95°C for 20 min). The sections
were blocked with 5% bovine serum albumin
(BSA) for 30 min at room temperature and
then incubated overnight at 4°C with rabbit
anti-CD31 antibody (Ab182981, Abcam, UK;
1:200 dilution). After washing with PBS, the
sections were incubated with an HRP-
conjugated goat anti-rabbit IgG secondary
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antibody (1:500 dilution) for 1 h at room
temperature, followed by DAB chromogenic
staining and hematoxylin counterstaining.
Images were scanned and collected, and
Imagel software (NIH, USA) was used to
quantify the cross-sectional areas of the
spongiotrophoblast and labyrinth layers, as
well as placental microvascular density (5
random fields per section, 3 sections per
placenta).

2.8. Reverse Transcription Quantitative PCR

Placental tissues stored at —80°C were
homogenized in Trizol reagent (15596018,
Thermo, USA) using an electric tissue grinder
(SpeedMill plus, Jena, Germany). Total RNA
was extracted by chloroform-isopropanol
precipitation (Pharmaceutical Reagent,
China), and RNA purity and concentration



were determined using a NanoDrop
spectrophotometer (Thermo, USA). RNA was
reverse-transcribed into cDNA using a
reverse transcription kit (RRO36A, Takara,
China) according to the manufacturer's
instructions. Primers for key placental
development-related genes and nutrient
transporter genes were designed based on
the reference sequences of the mouse
mm10 genome (sequences listed in
Appendix rne1 and 2) and were commercially
synthesized. RT-qPCR was performed using a
StepOnePlus real-time quantitative PCR
system (ABI, USA) with SYBR Green Master
Mix (A6001, Promega, USA). Gapdh was used
as the internal reference gene, and relative
gene expression levels were calculated using
the 222" method. Each sample was analyzed
in three technical replicates, and at least


https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#sec0120
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#sec0125

three biological replicates per group were
included (n = 3).

2.9. Western blot

Histones were extracted from placental
tissues stored at —80°C using a histone
extraction kit (OP-0006, Epigen Tek, USA)
according to the manufacturer's instructions.
Protein concentrations were determined
using a BCA protein assay kit (PO010,
Beyotime, China). Equal amounts of protein
(30 ug per lane) were separated by 12% SDS-
PAGE and transferred onto PVDF
membranes. The membranes were blocked
with 5% non-fat milk for 1 h at room
temperature and then incubated overnight at
4°C with primary antibodies against
H3K4me2, H3K4me3, H3K9me2, H3K9me3,
H3K27me3, H3K27ac, and H3 (internal



reference). After washing with TBST, the
membranes were incubated with HRP-
conjugated secondary antibodies for 1 h at
room temperature. Protein bands were
visualized using ECL chemiluminescence
reagent (Thermo, USA), and band intensities
were quantified using Imagel software. At
least three biological replicates per group
were included (n = 3).

2.10. ChIP-gPCR

Mouse E18.5 placental tissues (25 mg) were
minced, crosslinked with 1% formaldehyde
in PBS for 10 min at room temperature (RT),
and quenched with 125 mM glycine on ice for
5 min. After washing, the tissues were
homogenized in lysis buffer (SimpleChIP®
Plus Sonication Chromatin IP Kit, Cat#
56383, CST) and centrifuged at 12,000 x g for



5 min at 4°C to collect nuclei. The nuclei
were lysed, and chromatin was sonicated
into fragments of 200-500 bp (50 W, 2 s
on/off, 2 min). After centrifugation, the
supernatants were incubated overnight at
4°C with anti-H3K27me3 (1:50, #9733S), anti-
H3K9me3 (1:50, #13969S), anti-Histone H3
(#4620), or rabbit IgG (#2729). Protein G
magnetic beads were then added and
incubated for 2 h. The beads were washed
with low-salt (3 x) and high-salt (1 x) wash
buffers. Immunocomplexes were eluted at
65°C for 30 min, reverse-crosslinked in the
presence of Proteinase K (0.5 mg/mL) and
RNase A (0.2 mg/mL) at 65°C for 2 h, and
purified using the kit columns.

qPCR was performed using SYBR Green
Master Mix (Cat# CM0139, AG) with
promoter-specific primers (see AppendiX rabie
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3). Enrichment was calculated as follows: %

Input = 2% x 2" [(Ct,% Input - Ct_IP)], where

Ct,% Input represents the Ct value of the 2%
iInput sample.

2.11. Statistical Analysis

All experimental data are presented as the
mean = standard deviation (SD). Statistical
analyses and graph generation were
performed using GraphPad Prism 8.0.0
(GraphPad Software, Inc., USA). Data
normality was assessed using the Shapiro-
Wilk test, and homogeneity of variance was
evaluated using Levene's test. For all
comparisons between the RE and SE groups
within the same sex, two-sided independent-
samples t-tests were performed. Pearson
correlation analysis was used to evaluate
linear correlations between variables, where
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applicable. AP value < 0.05 was considered
statistically significant. The specific sample
sizes (n) for each assay are provided in the
corresponding Methods sections and figure
legends.

3. Results

3.1. Paternal Wi-Fi RF-EMR impairs sperm quality in FO male mice

After 20 weeks of exposure to Wi-Fi-derived
RF-EMR, male mice in the exposure group
exhibited a marked reduction in cauda
epididymal sperm concentration, decreasing
to (3.91 = 1.59) x 10°/mL compared with
(30.73 £ 4.32) x 10°/mL in the sham-exposed
group (p <0.001) (rz.1A).
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Fig. 1. Effects of Wi-Fi-derived RF-EMR
exposure on sperm parameters in FO male
mice. (A) Sperm concentration in the cauda
epididymis of sham-exposed (SE) and RF-
EMR-exposed (RE) male mice. (B) Total
sperm abnormality rate in SE and RE male
mice. (C) Subtypes of sperm abnormalities in
SE and RE male mice. Head abnormalities
and compound abnormalities were
significantly elevated in the RE group,
whereas no significant differences were
observed in neck abnormalities or the
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percentage of immature spermatozoa. (D)
Representative photomicrographs of normal
and abnormal spermatozoa. (a) Normal
spermatozoon; (b) Immature sperm; (c) Head
defect; (d) Compound abnormal sperm; (e)
Neck defect. Data are presented as mean +
standard deviation (SD). n =10 mice per
group. RE: paternal Wi-Fi RF-EMR exposure
group; SE: sham exposure group. Statistical
significance was determined by two-sided
independent sample t-tests (RE vs. SE). **
indicates p <0.01; ns indicates no significant
difference (p > 0.05).

The total sperm abnormality rate in the RF-
EMR exposure (RE) group increased markedly
to 89.51%, which was significantly higher
than the 29.33% observed in the sham-
exposed (SE) group (p <0.001) (r.1B).
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Notably, the frequencies of head
abnormalities (43.36% vs. 4.11%, p <0.001)
and compound abnormalities (12.59% vs.
3.07%, p <0.001) were significantly higher in
the RE group (s 1C). In contrast, no significant
differences were observed between the two
groups in the frequencies of immature
spermatozoa (2.80% vs. 3.64%, p = 0.533) or
neck abnormalities (16.08% vs. 15.48%,

p =0.724) (5.1 C).

3.2. Paternal RF-EMR Reduces Fetal Weight and Placental Efficiency in
Offspring

At 18.5 days post-coitum (dpc), litter size,
fetal and placental weights (stratified by sex),
and placental efficiency (fetal-to-placental
weight ratio) were compared between the RE
and SE groups. As shown in wsen, litter size
was significantly smaller in the RE group than
in the SE group (7.3 +4.0vs. 9.7 £3.2,
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p =0.012). However, no significant
differences were observed between the two
groups in the numbers of male (3.9 £ 2.3 vs.
4.7 1.3, p=0.481) or female (3.4 + 1.8 vs.
5.0+1.9, p=0.103) fetuses per litter.

Table 1. Litter size, placental weight, fetal
weight, and placental efficiency.

Variable SE Group RE Group P-value
Litters 10 15
Litter size 9.7+3.2 7.3x4.0 0.012
Number of male fetuses per litter 4.7+ 1.3 3.9%+23 0.481
Number of female fetuses per
litter 5+1.9 3.4+1.8 0.103
Male fetal weight (mg) 1425.7+143 1316.9+235 0.004
Male placental weight (mg) 101+16 108 =23 0.068
Female fetal weight (mg) 1398.6 +211 1268.9+225 0.0047
Female placental weight (mg) 94 +£15 96 15 0.518
Male placental efficiency 14.21+1.95 12.20+2.20 0.001
Female placental efficiency 14.86+2.11 13.71+2.05 0.0085

Data are expressed as mean * standard
deviation (SD). Statistical comparisons
between SE Group and RE Group were
performed using independent two-sample t-
tests. n = 10 litters for SE Group, n = 15 litters



for RE Group. P <0.05 was considered
statistically significant.

Compared with the SE group, the RE group
exhibited significantly lower fetal weights in
both male (1316.9 £ 235 mg vs.

1425.7 + 143 mg, p = 0.004) and female
(1268.9 £ 225 mg vs. 1398.6 + 211 mg,

P =0.0047) offspring (w»e1). In contrast,
placental weights did not differ significantly
between the groups for either male

(108 + 23 mgvs. 101 £16 mg, P=0.068) or
female (96 + 15 mgvs. 9415 mg, P=0.518)
fetuses (rbie1).

Placental efficiency was significantly
reduced following paternal RF-EMR
exposure, with a more pronounced reduction
observed in male offspring. Specifically,
placental efficiency was significantly lower in
the RE group than in the SE group for both
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male (12.20 £ 2.20vs. 14.21 £ 1.95, p < 0.001)
and female (13.71 £2.05vs. 14.86 + 2.11,

p =0.0085) offspring, although the magnitude
of the reduction was greater in males (wbe1).
These findings suggest a sex-specific
susceptibility to paternal RF-EMR exposure,
with male offspring being more vulnerable.

3.3. Sex-dependent alterations in placental structure and gene
expression of F1 Progeny

At 18.5 dpc, paternal Wi-Fi RF-EMR exposure
induced sex-specific changes in the
placental labyrinth layer of F1 offspring. In
male offspring, the proportion of the
labyrinth layer was significantly reduced in
the RE group (49.52% + 7.88%) compared
with the SE group (59.96% + 2.97%,

p =0.005; 7. 2A-B). In contrast, no significant
difference in the proportion of the labyrinth
layer was observed between the RE (54.42%
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+6.83%) and SE (57.14% = 3.05%, p = 0.327)
groups in female offspring (rz -C-D).
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Fig. 2. Histological and molecular analysis of
placental structure and gene expression. (A)
PAS staining of placentas from male
offspring in the SE and RE groups. Red-
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stained regions represent the
spongiotrophoblast layer, while light red
areas indicate the labyrinth zone. Scale bars:
1 mm. (B) Quantitative comparison of the
labyrinth layer-to-total placental area ratio in
male offspring between the SE and RE
groups. (C) PAS staining of placentas from
female offspring in the SE and RE groups.
Scale bars: 1 mm. (D) Labyrinth layer-to-total
placental area ratio in female offspring of the
SE and RE groups. (E) Relative mRNA
expression levels of key placental
developmental genes at embryonic day 18.5
(E18.5). Data are presented as mean +
standard deviation (SD). For PAS staining and
morphometric analysis (A-D), n =10
placentas per group. For RT-gPCR (E), n=6
placentas from 3 independent dams per
group. Statistical significance was



determined by two-sided independent
sample t-tests (RE vs. SE within the same
sex). * Indicates p <0.05; ** indicates

p <0.01; ns indicates no significant
difference (p > 0.05). RE: paternal Wi-Fi RF-
EMR exposure group; SE: sham exposure

group.

Gene expression profiling of key placental
regulatory genes revealed sexually dimorphic
responses to paternal RF-EMR exposure. In
male placentas, the RE group exhibited
significant upregulation of Gem1 (p = 0.013),
Gbel (p =0.046), Gys1 (p =0.023), Hand1

(p =0.021), Pcdh12 (p =0.004), and Tpbpa
(p = 0.005) compared with the SE group (re
-E), whereas no significant differences were
observed for Flk1 or Gjb3 (both p > 0.05). In
female offspring placentas, only Gem1
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(p =0.004) and Gjb3 (p = 0.004) were
significantly upregulated in the RE group (re
°E), whereas Flk1, Gbe1, Gys1, Hand1,
Pcdh12, and Tpbpa showed no significant
differences between the two groups (all

p > 0.05).

3.4. Unchanged placental microvascular density but dysregulated
nutrient transporters in F1 Placentas

Given the close association between
placental efficiency and microvascular
density within the labyrinth layer, we further
examined the effect of paternal RF-EMR
exposure on placental vascularization. At
18.5 dpc, microvascular density in the
labyrinth layer of F1 placentas did not differ
significantly between the RE and SE groups in
either sex: male offspring (RE: 707.56 £ 86.15
vs. SE: 713.29+76.82, p =0.741) (= :A-B) and
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female offspring (RE: 693.02 = 75.26 vs. SE:
704.67 £ 50.43, p =0.723) (r.:C-D).
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Fig. 3. Microvascular
immunohistochemical analysis of
placentas in SE and RE groups. (A)
Representative CD31 immunostaining
images showing microvessel density (MVD)
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in placental tissues from male offspring of
the SE and RE groups. Scale bars: 100 pm.
(B) Quantitative analysis of MVD in male
offspring placentas. (C) Representative CD31
iImmunostaining images showing MVD in
placental tissues from female offspring of the
SE and RE groups. Scale bars: 100 pm. (D)
Quantitative analysis of MVD in female
offspring placentas. Data are presented as
mean = standard deviation (SD).n=6
placentas from 3 independent dams per
group. Statistical significance was
determined by two-sided independent
sample t-tests (RE vs. SE within the same
sex). ns indicates no significant difference

(p > 0.05). RE: paternal Wi-Fi RF-EMR
exposure group; SE: sham exposure group.



Because placental efficiency is closely
associated with nutrient transporter
expression, we next examined the expression
of 12 key nutrient transporter genes in F1
placentas, including Na*/K*-ATPase subunits
(Atp1a1 and Atp2a3); glucose transporters
(Slc2a1 and Slc2a3); the solute carrier family
3 member 2 (Slc3a2); the taurine transporter
(Slc6a6); the thiamine transporter (Slc719a2);
an organic ion transporter (Slc22a3); System
A amino acid transporters (S{c38a1, Slc38a2,
and Slc38a4); and the iron transporter
(Slc40a1).

In male offspring placentas, seven
transporter genes (AtpT1al, p=0.027; Atp2a3,
p =0.021; Slc2at1, p =0.032; Slc2a3,

p =0.013; Slc3a2, p =0.047; Slc22a3,

p =0.038; Slc40a1, p =0.039) were
significantly downregulated in the RE group,



whereas the remaining five (Slc6a6, Slc19a2,
Slc38a1, Slc38a2, and Slc38a4) showed no
significant differences (all p > 0.05) (r.4). In
female offspring placentas, only three
transporter genes (Slc2a3, p = 0.026;
Slc38a1, p=0.048; and Slc40a1, p =0.009)
were significantly downregulated in the RE
group (re2), while the other nine (Atp71al,
Atp2a3, Slc2al, Slc3a2, Slc6ab, Slc19a2,
Slc22a3, Slc38a2, and Slc38a4) showed no
significant differences (all p > 0.05) (s 4).
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Fig. 4. Expression profiles of placental
nutrient transporter genes in SE and RE
groups at E18.5. Cation transporters: Na*/K*-
ATPase subunits (AtpT1al, Atp2a3); Glucose
transporters: Slc2a1and Slc2a3; Amino acid
transporters: Slc3a2, Slc38a1, Slc38a2 and
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Slc38a4; Specialized transporters: taurine
(Slc6a6), thiamine (Slc719a2), organic ion/iron
(Slc22a3, Slc40a1t). Data are presented as
mean £ SD. n =6 placentas from 3
independent dams per group. Statistical
significance was determined by two-sided
independent sample t-tests (RE vs. SE within
the same sex). * indicates p < 0.05; **
indicates p < 0.01; ns indicates no significant
difference (p > 0.05). RE: paternal Wi-Fi RF-
EMR exposure group; SE: sham exposure
group.

3.5. Paternal RF-EMR induces sex-specific histone modification
dysregulation in F1 placentas

Histone modifications play a critical role in
the precise regulation of gene expression
(Fowaen eral, 2000). COmMpared with placentas from
the same-sex SE group, male placentas in
the RE group exhibited significantly
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increased levels of H3K27ac (p = 0.009),
H3K27me3 (p <0.001), H3K9me3 (p = 0.003),
H3K9me2 (p = 0.006), and H3K4me?2

(p =0.002), whereas H3K4mea3 levels did not
differ significantly (p > 0.05) (s sA-B). In
contrast, female placentas in the RE group
exhibited only a significant reductionin
H3K4me2 levels (p <0.001), with no
significant differences in the other histone
modifications (all p > 0.05) (r.sC-D).
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Fig. 5. Histone modification levels in the
placenta of offspring from SE and RE
groups. (A) Representative Western blot
images of histone modifications (H3K27ac,
H3K27me3, H3K9me3, H3K9me2, H3K4me3,
H3K4me2, and total H3) in the placenta of
male offspring from SE and RE groups. (B)
Quantitative analysis of histone modification
levels in the placenta of male offspring. (C)
Representative Western blot images of
histone modifications in the placenta of
female offspring from SE and RE groups. (D)
Quantitative analysis of histone modification
levels in the placenta of female offspring.
Data are presentedas mean+SD.n=6
placentas from 3 independent dams per
group. Statistical significance was
determined by two-sided independent
sample t-tests (RE vs. SE within the same



sex). *indicates p < 0.05; ** indicates

p <0.01; ns indicates no significant
difference (p > 0.05). RE: paternal Wi-Fi RF-
EMR exposure group; SE: sham exposure
group.

3.6. Sex-specific histone modification changes are associated with
downregulation of nutrient transporter expression in placentas

To determine whether the repressive histone
marks H3K27me3 and H3K9me3 contribute
to the sex-specific downregulation of
placental nutrient transporters, we
performed ChIP-gPCR on placental tissues
from both sexes, focusing on the promoter
regions of the five genes (Atp71al, Atp2a3,
Slc2al, Slc3a2, and Slc22a3) that were
significantly downregulated exclusively in
male placentas. The results revealed a
distinct sex-dependent pattern of repressive
histone mark enrichment. In male placentas



from the RE group, H3K27me3 occupancy
was significantly increased at the Atp71a1

(p =0.0258) and Slc22a3 (p = 0.0125)
promoters compared with the SE group,
whereas no significant differences were
detected at the Atp2a3 (p = 0.2309), Slc2a1
(p =0.0916), or Slc3a2 (p = 0.338) promoters
(Fie.sA). Similarly, H3K9me3 enrichment was
significantly increased at the Atp71a1

(p <0.001) and Slc2a7 (p = 0.0067) promoters
in male placentas from the RE group but
remained unchanged at the Atp2a3

(p =0.8559), Slc3a2 (p = 0.795), and Slc22a3
(p =0.4987) promoters (rz «B). In marked
contrast, female placentas from the RE
group exhibited only one significant
alteration: decreased H3K27me3 enrichment
at the Slc3a2 promoter (p = 0.0356), with no
significant enrichment of either repressive


https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#fig0030
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#fig0030

histone mark at any of the other promoters
examined (all p > 0.05) (rz sC-D). These
findings demonstrate a male-specific
association between repressive histone
modifications and the transcriptional
suppression of placental nutrient
transporters following paternal RF-EMR

exposure.
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Fig. 6. Sex-specific enrichment of repressive
histone marks at nutrient transporter
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promotersin F1 placentas. ChlP-gPCR
analysis of H3K27me3 (A, C) and H3K9me3
(B, D) enrichment at the promoter regions of
nutrient transporter genes (AtpT1al, Atp2a3,
Slc2al, Slc3a2, and Slc22a3) in male (A, B)
and female (C, D) placentas at E18.5. Data
are presented as mean = SD (nh = 6 placentas
from 3 independent dams per group).
Statistical significance was determined by
two-sided independent sample t-tests (RE vs.
SE within the same sex). * indicates p < 0.05;
** indicates p < 0.01; ns indicates no
significant difference (p > 0.05). E: paternal
Wi-Fi RF-EMR exposure group; SE: sham
exposure group.

4. Discussion

The rapid advancement and widespread
adoption of wireless communication



technologies have substantially increased
personal exposure to radiofrequency
electromagnetic fields (RF-EMF).
Consequently, public concern has grown
regarding the potential adverse health effects
associated with Wi-Fi-derived RF-EMR
exposure. Numerous studies have shown
that Wi-Fi-derived RF-EMR may impair male
fertility, as evidenced by abnormal testicular
histology, altered sex hormone levels, and
reduced sperm motility. However, the
intergenerational health risks associated
with paternal exposure remain poorly
understood. According to the International
Commission on Non-lonizing Radiation
Protection (ICNIRP), the whole-body
exposure limits, expressed as the specific
absorption rate (SAR), are 0.08 W/kg for the
general population and 0.4 W/kg for



OCCUpatIOHal exposure (InternationalCommission on Non-

onizing Radiation, 2020) . [N the present study, the
estimated whole-body SAR ranged from
0.125to 0.5 W/kg. Importantly, because of
allometric differences in metabolism, the
same SAR imposes a greater physiological
burden in mice than in humans. Using this
exposure paradigm, we demonstrated that
chronic paternal Wi-Fi RF-EMR exposure in
mice reduced fetal weight and impaired
placental efficiency in the offspring. Notably,
we identified a sex-specific effect in this
murine model, with male offspring exhibiting
more pronounced placental impairments
than female offspring, indicating a male-
biased susceptibility to paternal RF-EMR
exposure. Given the greater physiological
impact of the applied SAR in mice, these
findings cannot be directly extrapolated to


https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib32
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib32

humans at equivalent SAR levels.
Nevertheless, potential intergenerational
risks cannot be excluded, particularly among
occupationally exposed populations whose
SAR levels may approach those used in the
present study. Therefore, our findings do not
warrant public alarm but support the
consideration of preconception health
recommendations for occupationally
exposed men and suggest that regulatory
agencies re-evaluate whether current
exposure limits, which are primarily based on
thermal effects, adequately account for
potential non-thermal, epigenetic, and sex-
specific outcomes.

Both clinical and animal studies have
demonstrated that exposure to Wi-Fi-derived
RF-EMR reduces sperm viability and motility
while increasing the incidence of



morphological abnormalities (viayetat. 2025, Avendano

etal, 2012, Maluinetal, 2024). OQUF findings are consistent
with these reports. In the present study,
prolonged RF-EMR exposure significantly
reduced epididymal sperm concentration
and increased the frequency of sperm
morphological abnormalities in male mice,
particularly head abnormalities and
compound abnormalities. Additionally, we
evaluated the proportion of immature
spermatozoa but found no significant
difference between the exposed and control
groups.

Several epidemiological and experimental
studies have specifically examined the
effects of paternal RF-EMR exposure on
offspring health. Epidemiological studies
have linked paternal occupational RF-EMR
exposure to an increased risk of preterm
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birth, certain congenital anomalies, and a
higher incidence of neuroblastoma in
offspring (saste ctal, 2008, Mioenetal, 2006, Blassaasetal, 2002). 1N
animal models, paternal exposure to

900 MHz GSM-like radiation in Xenopus
laevis resulted in increased embryonic
mortality and morphological abnormalities,
particularly when both parents were exposed
(Bogaeral.2016). IN zebrafish, Wi-Fi RF-EMR
exposure in adults impaired reproduction
and induced intergenerational morphological
and behavioral abnormalities in the offspring
(Mentaetal, 2025). IN rodents, paternal exposure to
mobile phone radiation reduced litter size
and birth weight (kesariana senari, 2012). OUr previous
study demonstrated that paternal RF-EMR
exposure induces sex-specific alterations in

body weight trajectories and glucose
metabolism in mouse offspring (vanetat. 2022).
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Based on these findings, we hypothesized
that paternal RF-EMR exposure may exert
intergenerational effects through sperm-
mediated mechanisms. To test this
hypothesis, we evaluated the effects of
chronic paternal Wi-Fi-derived RF-EMR
exposure on fetal intrauterine growth and
placental efficiency. Compared with the SE
group, the RE group exhibited significantly
lower fetal weights in both male and female
offspring. Because fetal growth largely
depends on placental nutrient supply, we
evaluated placental efficiency, defined as
fetal weight per unit placental weight, as a
key indicator of placental nutrient transfer
capacity (rowdenetal. 2009, sunetat, 2020). Notably,

chronic paternal RF-EMR exposure
significantly reduced placental efficiency in
offspring of both sexes; however, the
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reduction was substantially greater in male
offspring than in female offspring, indicating
a male-biased susceptibility to paternal RF-
EMR exposure. This sex-dependent reduction
in placental functional efficiency was
consistent with the observed structural
changes, as male placentas exhibited a
significant decrease in the proportion of the
labyrinth layer, whereas no such change was
observed in female placentas. We further
investigated the effects of paternal Wi-Fi RF-
EMR exposure on placental gene expression.
In male placentas from the exposed group,
the spongiotrophoblast/glycogen cell marker
Tpbpa, the glycogen metabolism-related
genes (Gys1 and Gbe1), the trophoblast giant
cell differentiation factor Hand1, and the
vascularization regulator Pcdh12 were all
significantly upregulated, consistent with the



observed morphological alterations (chenetat

2015, Hasan etal., 2015, Rampon etal, 2008). | NE
syncytiotrophoblast marker Gem1 was
upregulated in placentas of both sexes,
suggesting compromised labyrinthine
integrity (chenetat.2015). These findings indicate
sex-specific dysregulation of placental
developmental genes following paternal RF-
EMR exposure. Collectively, our results
provide the first evidence that the reduction
in fetal weight induced by chronic paternal
Wi-Fi RF-EMR exposure is associated with
placental dysfunction. Furthermore, we
demonstrate for the first time that chronic
paternal Wi-Fi RF-EMR exposure induces
sex-specific alterations in placental labyrinth
layer proportion and disrupts the expression
of placental developmental genes, with male
offspring exhibiting greater susceptibility.


https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib17
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib17
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib27
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib49
https://www.sciencedirect.com/science/article/pii/S014765132601081X?via%3Dihub#bib17

Placental efficiency in mice is primarily
determined by labyrinthine vascular density
and the expression of nutrient transporters
(Angiolini etal., 2006, Auderte eral, 2018). HOWeEVer, analysis of
placental microvascular density indicated
that paternal Wi-Fi-derived RF-EMR exposure
did not affect placental vascularization in
offspring of either sex. To further elucidate
the mechanisms underlying these sex-
dependent effects, we investigated the
influence of paternal Wi-Fi-derived RF-EMR
exposure on the expression of placental
nutrient transporters. Quantitative analysis
of 12 key nutrient transporter genes revealed
extensive downregulation in male placentas
from the paternal exposure group, with seven
transporters being significantly affected.
These included the Na*/K*-ATPase subunits
(Atp1a1 and Atp2a3), the glucose
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transporters Slc2a1 and Slc2a3, the amino
acid transporter Slc3a2, and the organic ion
and iron transporters Slc22a3 and Slc40a1.
In contrast, female placentas from the
paternal exposure group exhibited significant
downregulation of only three transporters:
Slc2a3, Slc38a1, and Slc40a1. At the
molecular level, these findings further
support a male-specific susceptibility to
paternal Wi-Fi RF-EMR exposure,
characterized by widespread downregulation
of placental nutrient transporter expression
In male offspring, whereas female offspring
exhibited only limited changes. This sexually
dimorphic pattern of transporter
dysregulation directly links paternal RF-EMR
exposure to impaired placental nutrient
transport capacity, providing a mechanistic
explanation for the more pronounced



impairment in fetal growth observed in male
offspring.

Histone modifications are critical regulators
of developmental gene expression (wiian-zambrano et
al.2022). Among these, H3K27ac marks active
chromatin states (savarier=.2017), Whereas
H3K27me3 and H3K9me2/3 are repressive
marks associated with gene silencing (vacracetal

2023), and H3K4me2 plays a dual role in
transcriptional regulation (macraeetal, 2023). In the
present study, paternal Wi-Fi RF-EMR
exposure induced sex-dependent histone
modification profiles in F1 placentas: male
placentas exhibited significant increases in
H3K27ac, H3K27me3, H3K9me2, H3K9me3,
and H3K4me2, whereas female placentas
exhibited only a global decrease in
H3K4me2. To investigate whether these
global epigenetic alterations directly affect
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placental nutrient transporter expression,
ChIP-gPCR was performed targeting the
promoter regions of the five transporters that
were downregulated exclusively in male
placentas (AtpT1al, Atp2a3, Slc2al, Slc3a2,
and Slc22a3). This analysis revealed a sex-
specific pattern of repressive histone mark
enrichment. In male placentas from the
exposed group, H3K27me3 occupancy was
significantly increased at the Atp7a7 and
Slc22a3 promoters, whereas H3K9me3
enrichment was elevated at the Atp7a7 and
Slc2a1 promoters. In contrast, female
placentas exhibited only one significant
change—decreased H3K27me3 enrichment
at the Slc3a2 promoter. This promoter-
specific, male-restricted accumulation of
repressive histone marks provides a direct
mechanistic link between paternal RF-EMR



exposure and transcriptional suppression of
placental nutrient transporters, a link that is
not observed in female placentas and that
underscores male-biased epigenetic
susceptibility to paternal environmental
exposure.

Paternal RF-EMR exposure induced sex-
specific histone modifications in F1
placentas, raising the critical question of
how these epigenetic alterations are
transmitted across generations. Sperm carry
multiple layers of epigenetic information,
including DNA methylation, histone
retention, and non-coding RNAs (hcRNAs),
all of which have been proposed as potential
mediators of intergenerational inheritance
(Liaoetal, 2025). HOWever, following fertilization,
the zygote undergoes extensive epigenetic
reprogramming, during which most sperm-
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derived DNA methylation patterns and
chromatin modifications are globally erased
and subsequently re-established, thereby
substantially limiting their potential for direct
transmIisSsion (xavieretal, 2019, Burton and Torres-Padilla, 2025) . 1N

contrast, sperm-borne ncRNAs—including
small RNAs (miRNAs, piRNAs, and tsRNAs)
as well as long non-coding RNAs—can
largely evade this reprogramming process
and regulate early embryonic gene
expression, making them the most plausible
carriers of paternally acquired environmental
information (Liacetal, 2025, Tomaretal, 2024, Wuetal, 2025).
Consistent with this hypothesis,
accumulating evidence indicates that sperm-
borne ncRNAs play a central role in
mediating paternal environmental effects on
offspring development. A variety of paternal
exposures have been shown to remodel the
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sperm ncRNA repertoire, thereby influencing
offspring metabolic homeostasis (remandezetal.,
2024, Parketal, 2026, Argaw-Denboba etal, 2024). FUrthermore,
sperm-derived ncRNAs have been implicated
in early placental lineage specification and
the regulation of placental function (jodar. 2019, de
algesia etal, 2026), Providing a biologically plausible
mechanism linking paternal RF-EMR
exposure to the sex-specific placental
phenotypes observed in the present study.
Nevertheless, the molecular mechanisms by
which RF-EMR alters the sperm ncRNA
landscape remain largely unclear. Because
RF-EMR is a well-recognized inducer of
oxidative stress (Houstonetal, 2016, shokietal, 2020), and

oxidative stress has been shown to
profoundly reshape the sperm small non-
coding RNA (sncRNA) profile (renetal, 2022, Moazamian
etal.2025), W& propose that chronic Wi-Fi
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exposure may remodel the sperm ncRNA
repertoire in FO males through oxidative
stress-dependent pathways. Notably, the
epididymis is likely the primary site where
these alterations occur. In contrast to
developing germ cells within the testis, which
are protected by the blood-testis barrier,
spermatozoa traversing the epididymis are
directly exposed to luminal fluids and
extracellular vesicles enriched in somatic
cell-derived ncRNAs, thereby undergoing
extensive post-testicular RNA remodeling (g
and Conine, 2024, Conineetal, 2018). IMpPoOrtantly, compelling
evidence indicates that sperm-borne
ncRNAs—particularly those acquired during
epididymal transit—play critical regulatory
roles in early embryonic development and
placental function (migeand conine, 2024, Conine etal., 2018,
warkiani and Goss, 2026). 1 NIS UNique maturation
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window thus renders epididymal sperm and
their acquired ncRNA cargo particularly
vulnerable to oxidative stress and
environmental perturbations.

Despite these observations, direct evidence
demonstrating that RF-EMR-induced
alterations in sperm ncRNAs causally drive
the sex-specific histone reprogramming
observed in F1 placentas is still lacking.
Future studies should systematically
characterize both small RNAs and long non-
coding RNAs in epididymal sperm following
RF-EMR exposure and determine their
functional significance using embryo
microinjection or in vitro fertilization models
combined with RNA depletion and rescue
strategies. Such investigations will provide
critical mechanistic insights into how
paternal RF-EMR exposure is epigenetically



transmitted to the placenta and may
ultimately influence offspring development.
Unlike previous studies that primarily
focused on direct testicular toxicity or
hormonal disruption following RF-EMR
exposure, the present study provides the first
mammalian evidence that chronic (20-week)
paternal Wi-Fi exposure impairs fetal growth
through a placenta-mediated mechanism.
Moreover, while intergenerational effects
have been reported in zebrafish and
Drosophila, our work demonstrates that
long-term paternal Wi-Fi RF-EMR exposure
leads to a male-biased susceptibility in
placental efficiency and nutrient transporter
expression, accompanied by sex-dependent
histone modification patterns in the
placenta—an area that has received limited
attention in previous research on chronic



paternal Wi-Fi exposure. However, several
limitations of this study should be
acknowledged. First, we did not profile the FO
sperm epigenome, including DNA
methylation, histone retention, or small non-
coding RNAs, which are known carriers of
paternally acquired environmental
information. Second, the present study
assessed fetal and placental outcomes only
at 18.5 dpc, thereby missing dynamic
changes during early and mid-gestation;
longitudinal studies covering multiple
developmental windows are therefore
needed.

5. Conclusion

This study demonstrates that chronic
paternal exposure to Wi-Fi-derived RF-EMR
(2.4 GHz, whole-body SAR 0.125-0.5 W/kg,



20 weeks) impairs sperm quality in FO male
mice and adversely affects fetal growth and
placental efficiency in F1 offspring in a sex-
dependent manner, with male progeny
exhibiting significantly greater susceptibility.
Specifically, male offspring showed more
pronounced reductions in placental
efficiency and labyrinth layer proportion,
accompanied by broader downregulation of
nutrient transporters. Concordantly, paternal
RF-EMR exposure induced extensive sex-
specific alterations in placental histone
modifications in males—elevated H3K27ac,
H3K27me3, H3K9me2/3, and H3K4me2—
whereas female placentas exhibited only
decreased H3K4me2. Mechanistically, ChlP-
qPCR revealed a sex-specific enrichment of
repressive histone marks at transporter
promoters: compared with the sham-



exposed group, male placentas from the
paternal RF-EMR exposure group displayed
increased H3K27me3 occupancy at Atp1al
and Slc22a3, and elevated H3K9me3 at
Atp1al and Slc2a1, whereas female
placentas showed only decreased
H3K27me3 at Slc3a2. Collectively, these
findings indicate that male offspring are more
vulnerable to adverse intrauterine
programming following chronic paternal Wi-
Fi RF-EMR exposure, and that sex-dependent
epigenetic dysregulation—particularly at the
level of placental histone modifications and
nutrient transporter expression—Ilikely
contributes to the male-biased impairments
in fetal development. This study highlights
the importance of incorporating offspring sex
as a key biological variable in reproductive
risk assessments of paternal RF-EMR



exposure and raises important
considerations for preconception health
guidance in occupationally exposed
populations.
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Appendix Tables 1. . Primer sequences used for RT-qPCR
analysis of placental transporter genes

Primer sequences
Gene

Forward (5'>3') Reverse (5'>3')
Atp1al CAGGCTCCAAGTCCAGTAACC GGGAGTGGGTGTGATTGACA
Atp2a3 GGAGCAGTTTGAGGACCTCTT GGCCACGAGAATTAGCATGATG
Slc2a1 GCTTATGGGCTTCTCCAAACT GGTGACACCTCTCCCACATAC
Slc2a3 GATCGGCTCTTITCCAGTTTG CAATCATGCCACCAACAGAG

Slc3a2 TGATGAATGCACCCTTGTACTTG GCTCCCCAGTGAAAGTGGA
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Slc6ab
Slc19a2
Slc22a3
Slc38a1
Slc38a2
Slc38a4
Slc40a1

Gapdh

GCACACGGCCTGAAGATGA
GTGGCATCGTTACTGATACCC
CTATGCAGCGGACAGATATGG
CCTTCACAAGTACCAGAGCAC
TAATCTGAGCAATGCGATTGTGG
GCGGGGACAGTATTCAGGAC
ACCAAGGCAAGAGATCAAACC
TGACATCAAGAAGGTGGTGAAG

ATTTTTGTAGCAGAGGTACGGG
TTCCACCGGAGGCTCATCTAA
AGCGGAAAATCACAAACACAGAA
GGCCAGCTCAAATAACGATGAT
AGATGGACGGAGTATAGCGAAAA
GGAACTTCTGACTTTCGGCAT
AGACACTGCAAAGTGCCACAT
AGAGTGGGAGTTGCTGTTGAAG

Appendix Tables 2. . Primer sequences used for RT-qPCR

analysis of placental marker genes

Primer sequences

Gene
Forward (5'>3")
Flk1 GGCGGTGGTGACAGTATCTT
Gecm1 AGCCTGTGTTGAGCAGACCT
Gbe1 GGACGCTGAGATGTACACGA
Gys1 GGAGAAATTTGGGAGGAAGC
Hand1 CGCCTGGCTACCAGTTACAT
Gjb3 GGGGCTCTCCATCAGACATA
Pcdh12 AAGCAGAACCTGACCTGGAA
Tpbpa TGAAGAGCTGAACCACTGGA

Reverse (5'>3")
GTCACTGACAGAGGCGATGA
TGTCGTCCGAGCTGTAGATG
AGTCCAACCATTCAGGATGC
GTCAAGATGGGGTCTGAGGA
GCGCCCTITAATCCTCTTCT
ACCTGCTAGCCACACTTGCT
GTGAGGGGCAATGACAATCT
CTTGCAGTTCAGCATCCAAC

Appendix Tables 3. . Primer sequences used for ChlP-

qPCR analysis

Primer sequences

Forward (5'>3')
AGTAGACTAGCCCCGACTGC
TTTCTTCCGCAAGAGACCCC
ACCAAGCGCTACCATTTTGC
TAAGCCCCGAGGAGAATCCA
AGGTGAGGACCGGAAGAAGA

Gene

Atp1a1
Atp2a3
Slc2a1
Slc3a2
Slc22a3

Reverse (5'>3")
GGTGTCTGGGTCTCTCAAGG
CAAAGCTGGGGGACCTACTG
CTCTGAGAGGCGTGGTTCTG
CAGGTTTCAAAGCCCCTCCT
GCATGTGTGGTCCCTATCGT
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