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ABSTRACT

Obesity  represents  a  major  contributor  to  reproductive
dysfunction  during  early  mammalian  pregnancy,  yet  the
underlying  mechanisms  by  which  it  impairs  endometrial
receptivity  remain  largely  unknown.  Through  integrative
metabolomic and transcriptomic profiling of uterine tissues
from  obese  and  control  sows  on  gestational  day  13,
glutathione  peroxidase  3  (GPX3)  was  identified  as  a  key
molecular  determinant  of  endometrial  receptivity.  GPX3
expression  was  markedly  reduced in  the  uterine  tissue  of
obese  sows  and  was  closely  associated  with  impaired
receptivity.  Functionally,  GPX3  knockdown  induced
mitochondrial  dysfunction,  perturbed  lipid  peroxidation
homeostasis, and triggered ferroptosis, ultimately reducing
endometrial  receptivity  in  palmitic  acid  (PA)-induced
porcine  endometrial  epithelial  cells  (PEECs).  In  contrast,
GPX3 overexpression restored mitochondrial  function and
suppressed  ferroptotic  signaling.  Mechanistically,  GPX3
deficiency activated ferroptosis via inhibition of the nuclear
factor  erythroid  2-related  factor  2  (Nrf2)/GPX4  axis.
Consistent with these findings, high-fat diet (HFD)-induced
obese  female  mice  exhibited  reduced  endometrial
receptivity,  down-regulation  of  the  GPX3/Nrf2/GPX4
cascade,  and  mitochondrial  ultrastructural  damage.
Overall,  these  findings  establish  GPX3  as  a  pivotal
regulator  of  endometrial  receptivity  through  modulation  of
Nrf2/GPX4-dependent ferroptotic signaling, providing novel
insights into obesity-associated reproductive disorders.
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 INTRODUCTION

Obesity  in  sows  is  strongly  associated  with  metabolic
dysregulation, diminished steroidogenic capacity (Cools et al.,
2013; Muro et al.,  2023; Roongsitthichai & Tummaruk, 2014),

and elevated oxidative stress (Zhang et al., 2024; Zhou et al.,
2019),  all  of  which  contribute  to  reduced  reproductive
efficiency.  Notably,  obese  sows  show  a  22%  reduction  in
viable  embryo  numbers  by  gestational  day  21  relative  to
counterparts  with  normal  body  condition,  despite  comparable
ovulation  rates  (Gonzalez-Añover  et al.,  2011).  In  addition,
high-producing sows with backfat thickness exceeding 23 mm
display reduced litter weight gain and elevated piglet mortality
(Li  et al.,  2023; Zhou et al.,  2018),  suggesting a potential  link
between  excessive  adiposity  and  reproductive  impairment.
However,  the  molecular  mechanisms  underlying  these
phenotypes  remain  insufficiently  defined.  Successful
implantation depends on tightly regulated interactions between
the  trophoblast  and  uterine  luminal  epithelium.  The
implantation  period  is  the  most  critical  stage  of  pregnancy,
during which approximately 40% of embryonic losses occur in
pigs  (Almeida  &  Dias,  2022;  Qin  et al.,  2025).  Emerging
evidence suggests  that  obesity  disrupts  uterine receptivity  by
impairing  the  window  of  implantation  (WOI),  a  hormonally
regulated  period  of  maternal-embryo  communication  (Qin
et al., 2025). This disruption appears to be linked to metabolic
disturbances  that  compromise  the  expression  of  endometrial
receptivity markers (Bazzano et al., 2021; Bellver et al., 2021;
Brewer  &  Balen,  2010;  Yang  et al.,  2022),  although  the
precise mechanisms remain unclear.
Obesity-induced  metabolic  disorders  impair  antioxidant

defense  capacity  in  sows  (Jones,  2008;  Muro  et al.,  2020),
leading  to  sustained  oxidative  stress.  Elevated  reactive
oxygen  species  (ROS)  levels,  together  with  decreased
superoxide  dismutase  (SOD)  and  catalase  (CAT)  activity,
have  been  documented  in  obese  sows.  Furthermore,
malondialdehyde  (MDA),  a  byproduct  of  lipid  peroxidation
(LPO)  (Guo  et al.,  2022;  Zhou  et al.,  2019),  is  positively
correlated with backfat thickness. Heightened oxidative stress
not  only  activates  the  NF-κB  signaling  cascade,  thereby
suppressing  genes  essential  for  endometrial  receptivity,  but
also  interferes  with  mitochondrial  energy  metabolism  via
oxidative  damage  to  mitochondrial  DNA.  These  events
collectively  impair  adhesion  between  the  embryonic
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trophoblast  and  uterine  epithelium  (Deluao  et al.,  2022;
Guerby  et al.,  2021;  Hussain  et al.,  2021;  Luo  et al.,  2019).
Within  the  antioxidant  defense  system,  the  glutathione
peroxidase  (GPX)  family  plays  a  crucial  role  in  reducing
hydrogen  peroxide  (H2O2)  and  lipid  hydroperoxides  to
preserve  redox  homeostasis  (McMillan  et al.,  2022).  Among
the  eight  known  GPX  isoforms,  GPX3  is  a  secretory
antioxidant  enzyme  abundantly  present  in  plasma  and
extracellular  fluids  and  is  expressed  in  the  endometrium
(Hauffe et al.,  2020; Herault et al.,  2012; Lipecki et al.,  2022).
GPX3 has been shown to attenuate ROS accumulation during
decidualization  and  is  significantly  up-regulated  during  this
process  (Xu  et al.,  2014;  Yao  et al.,  2021).  However,  the
impact  of  obesity  on  uterine  GPX3 expression  and its  role  in
regulating endometrial receptivity remain largely unknown.
To  address  this  knowledge  gap,  this  study  employed

integrated metabolomic and transcriptomic analyses of uterine
tissues  from  obese  and  control  sows,  identifying  GPX3  as  a
critical  regulator  of  endometrial  receptivity.  Functional
investigations  demonstrated  that  GPX3  down-regulation
impaired  mitochondrial  function,  activated  ferroptosis,  and
suppressed  the  Nrf2/GPX4  signaling  axis,  thereby
compromising  receptivity  in  sows.  These  findings  uncover  a
mechanistic  link  between  obesity-driven  oxidative  stress  and
uterine  dysfunction  during  early  gestation,  offering  novel
insights  into  the  pathogenesis  of  obesity-related  reproductive
disorders.

 MATERIALS AND METHODS

 Animals
All  animal  procedures  were  approved  by  the  Institutional
Animal Care and Use Committee (Approval Nos. IACUC2023-
1101  and  IACUC2024-0702)  and  conducted  in  accordance
with  established  ethical  guidelines.  Third-parity  crossbred
sows  (Large  White×Landrace),  aged  approximately  2–2.5
years  and  weighing  190–240  kg,  were  sourced  from Xinjiang
Tiankang  Breeding  (China)  and  slaughtered  at  Pingao  Food
(China).  Sows were grouped based on backfat  thickness into
a  normal  condition  group  (n=6)  and  an  obese  group  (n=6)
using  visual  body  condition  scores  (Li  et al.,  2012; Qin  et al.,
2025),  with matched parity and genetic background. All  sows
underwent double insemination and were sacrificed on day 13
post-insemination. After slaughter, the uterus was flushed with
saline to confirm pregnancy via morphological  assessment of
elongated conceptuses.  Backfat  thickness and uterine weight
were  recorded,  and  both  uterine  tissues  and  uterine  luminal
fluids  were  collected.  Blood  was  drawn  from  the  antecubital
vein,  and  serum  was  stored  at  −80°C.  In  addition,  uterus
samples  were  obtained  from  non-pregnant  sows  and  from
sows at gestational day 25 at the Animal Experiment Center of
Northwest A&F University. Samples were snap-frozen in liquid
nitrogen and stored at −80°C.
For  mouse  models,  8-week-old  female  ICR  mice  (22  g)

were obtained from Chengdu Yaokang Biotechnology (China).
Mice  were  provided ad libitum access  to  either  a  control  diet
(n=6,  Cat#  GB14924.3:  12.7%  energy  from  fat)  or  a  high-fat
diet  (n=6,  Cat#  H10060:  60% energy  from fat)  for  3  months,
resulting in a final body weight of 60–70 g in the HFD group.
Mice  were  housed  under  standard  conditions  at  the  Animal
Breeding Center of  Northwest A&F University.  Male breeders
were  maintained  on  a  control  diet.  Mating  was  confirmed  by
vaginal  plug  observation,  and  gestational  day  0.5  was

designated.  On  gestational  day  5.5,  female  mice  were
anesthetized and administered 1% Evan’s blue dye (CAS No.
2610-05-1  C8679,  Sigma,  USA)  dissolved  in  physiological
saline via tail  vein injection. Mice were sacrificed at 2 h post-
injection, and uterus, liver, adipose tissue, and serum samples
were collected. Embryonic implantation sites were recorded.

 Cell culture
Porcine  endometrial  epithelial  cells  (PEECs)  were  purchased
from  Weijia  Technology  (China)  and  maintained  in  Primed-
icell-001  medium  (China)  at  37°C  in  a  humidified  5%  CO2
atmosphere.  Cells  were  cultured  in  100  mm  dishes  and
passaged  into  6-,  12-,  24-,  or  96-well  plates  upon  reaching
80–90%  confluence.  For  experimental  treatment,  40  μmol/L
palmitic  acid  (PA;  P0500,  Sigma,  USA)  was  prepared  in
serum-free  medium  as  described  previously  (Joshi-Barve
et al.,  2007; Listenberger et al.,  2003; Wang et al.,  2024) and
applied for  48  h  (PA group).  For  inhibition assays,  cells  were
pretreated  for  24  h  with  either  the  Nrf2  antagonist  ML385
(CAS  No.:  HY-100523,  MCE,  USA)  or  the  GPX4  inhibitor
ML162  (CAS  No.:  HY-100002,  MCE,  USA),  followed  by  co-
incubation  with  PA  and  the  respective  inhibitor  according  to
experimental design.

 Enzyme-linked immunosorbent assay (ELISA)
Ferrous iron (Fe2+)  levels were quantified in serum (n=5) and
uterine  tissues  (n=6)  from  sows,  as  well  as  in  samples  from
mice  (n=3)  and  cultured  cells  (n=3)  using  a  Ferrous  Iron
Colorimetric  Assay  Kit  (E-BC-K773-M;  Wuhan  Elabscience
Biological  Technology,  China).  Total  antioxidant  capacity  (T-
AOC) (n=6) (A015-2-1 96T), glutathione (GSH) (n=6) (A006-2-
1  96T),  MDA  (n=6)  (A003-1-2),  and  LPO  (sows  n=6,  mice
n=3)  (A106-2)  levels  were  assessed  in  uterine  tissues  and
cells  using  commercial  assays  kits  (Nanjing  Jiancheng
Bioengineering Institute, China).

 Wound healing assay
Cells were cultured in 6-well plates to 90%–100% confluence.
A  sterile  200  μL  pipette  tip  was  used  to  generate  uniform
scratches in the monolayers. Detached cells were removed by
washing  with  phosphate-buffered  saline  (PBS).  Wound
closure  was  recorded  at  0,  6,  12,  24,  and  36  h  post-scratch
using  microscopy  (n=3).  Scratch  width  was  quantified  using
ImageJ  software.  Migration  rate  was  calculated  as  (initial
wound width−wound width at observation)/interval time.

 Oil Red O staining
Mouse  uterine  and  liver  tissues  were  fixed  in  4%
paraformaldehyde for 24 h, embedded in OCT compound, and
cryosectioned  at  8  μm thickness.  Sections  were  stained  with
filtered 0.5% Oil Red O (diluted in 60% isopropanol) for 15 min
at  room  temperature,  differentiated  in  60%  isopropanol,
counterstained  with  Mayer’s  hematoxylin,  and  mounted  in
glycerol  gelatin.  Lipid  droplet  size  and  area  were  evaluated
microscopically (Olympus, Japan).

 Hematoxylin and eosin (H&E) staining analysis
Adipose  tissues  (n=3)  were  fixed,  embedded  in  paraffin,  and
sectioned  at  4  μm  using  a  rotary  microtome.  Sections  were
deparaffinized,  rehydrated,  stained  with  H&E,  and  visualized
by light microscopy (IX73; Olympus, Japan).

 RNA extraction and reverse transcription
Total RNA was extracted from uterine tissues and cells using
TRIzol  reagent  (Invitrogen,  USA),  following  previously
described  protocols  (Qin  et al.,  2025).  RNA  purity  was
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confirmed  by  OD260/OD280  ratios  and  RNA  concentration
was  measured  using  a  spectrophotometer  (Thermo  Fisher
Scientific,  USA).  Reverse  transcription  was  performed  using
the R323-01 Kit (Vazyme, China) for subsequent analysis.

 Quantitative real-time polymerase chain reaction (qPCR)
Primers were designed using Primer5 software and verified for
specificity  via  melt  curve  analysis.  All  primer  pairs  spanned
exon  boundaries  to  prevent  amplification  of  genomic  DNA.
qPCR was performed using 2×SYBR Green qPCR Master Mix
(Q311-02,  Vazyma,  China)  with  the  StepOnePlus  Real-Time
PCR System. The thermal profile was as follows: 95°C for 10
min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min
(Zhang et al.,  2025).  Target gene expression was normalized
to  β-actin  and  GAPDH  using  the  2−ΔΔCt  method.  PCR
efficiencies  ranged  from  90%  to  110%,  and  standard  curve
slopes  were  between  −3.0  and  −3.6.  Negative  controls
included No Template Control (NTC). Primer sequences used
in this experiment are provided in Supplementary Table S1.

 Western blotting
PEECs  and  uterine  tissues  were  lysed  in  RIPA  buffer
containing  protease  (1:100)  and  phosphatase  inhibitors
(1:100) (M7528, Lihe Biology, China).Protein samples (25 μg)
were  resolved  by  sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis  (SDS-PAGE)  using  10%  gels  under  the
following electrophoresis conditions:  80 V for  20 min followed
by  120  V  for  1  h.  Proteins  were  transferred  to  PVDF
membranes  (IPVH0010,  Chennuo  Biology,  China)  via  wet
transfer.  Membranes  were  incubated  overnight  at  4  °C  with
primary  antibodies,  followed  by  1  h  incubation  at  room
temperature  with  appropriate  secondary  antibodies.  Band
intensities  were  analyzed  for  gray  values  using  ImageJ
software, and protein expression levels were normalized to β-
actin  (n=3/4).  Antibodies  used  are  listed  in  Supplementary
Table S2.

 Small interfering RNA (siRNA) knockdown experiments
Gene  silencing  was  performed  in  6-well  plates  using
Lipofectamine  RNAiMAX  (Invitrogen,  USA)  following  the
manufacturer’s  protocols.  Cells  were  transfected  with  siRNA
targeting  GPX3  (siGPX3;  Tong  Yong,  China)  and  control
siRNA  (Tong  Yong,  China).  Lipofectamine  RNAiMAX  was
diluted in Opti‐MEM (Invitrogen, USA) and mixed with siRNA
before application. After 12 h of transfection, the medium was
replaced with complete medium containing fetal bovine serum
(FBS)  to  improve  cell  survival.  Knockdown  efficiency  was
assessed by RT-qPCR.

 Immunofluorescence analysis
Immunofluorescence  was  used  to  detect  GPX3,  GPX4,  and
VEGFA  expression  in  PEECs,  and  GPX3,  GPX4,  and  PR
expression in mouse uterine tissues. Samples were incubated
with  primary  antibodies  overnight  at  4°C,  followed  by
secondary antibodies for 2 h. Nuclei were counterstained with
4',6-diamidino-2-phenylindole  (DAPI;  Solarbio,  China)  for  15
min. Imaging was performed by fluorescence microscopy, and
fluorescence  intensities  were  quantified  using  ImageJ  (n=3
per group). Negative controls included no primary antibody to
exclude non-specific binding. Antibody details are provided in
Supplementary Table S2.

 Infrared thermography
Body surface temperature of freely moving mice was recorded
during  the  light  phase  using  an  infrared  camera  (FLIR

Systems,  USA).  Images  were  captured  at  room  temperature
while mice moved freely on a wire cage lid. Thermal data were
analyzed  using  FLIR  Tools  software  (n=4  biological
replicates).

 RNA sequencing (RNA-seq) and data analysis
Total  RNA  was  extracted  from  uterine  tissues  of  obese  and
control sows (n=4) using TRIzol reagent (Invitrogen, USA) and
treated  with  DNaseI  to  remove  genomic  DNA contamination.
RNA  integrity  was  assessed  using  an  Agilent  Bioanalyzer.
RNA  libraries  were  prepared  using  the  Illumina  TruSeq  Kit
(USA)  and  sequenced  on  the  Illumina  HIseq2000  platform
(paired-end reads, USA). Quality control was performed using
FastQC, and Trimmomatic was used to trim adapters and filter
low-quality  sequences.  Differential  gene  expression  analysis
was  conducted  using  DESeq2.  Gene  Ontology  (GO)  and
Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)
enrichment  analyses  were  performed  to  identify  biological
processes  associated  with  differentially  expressed  genes
(DEGs). KEGG pathway enrichment was based on unadjusted
P-values<0.05.  For  volcano  plots,  adjusted  P-values  were
used  to  control  the  false  discovery  rate  (FDR).  Genes  were
defined  as  significantly  differentially  expressed  if  −log10  (P-
value)  was  greater  than  1  and  log2  fold  change  (log2FC)
exceeded  1  or  was  less  than  −1.  All  bioinformatic  analyses
were conducted in R.

 Liquid  chromatography-tandem  mass  spectrometry  (LC-
MS/MS) metabolomics
Uterine  tissues  (100  mg)  and  uterine  fluid  samples  (100  µL)
from  obese  and  control  sows  were  homogenized  in  liquid
nitrogen. Homogenates were resuspended in pre-cooled 80%
methanol, vortexed thoroughly, incubated on ice for 5 min, and
centrifuged at 15 000 ×g and 4°C for 20 min. A portion of the
supernatant  was  diluted  with  LC-MS-grade  water  to  a  final
concentration of 53% methanol, transferred to fresh Eppendorf
(EP) tubes, and centrifuged again under the same conditions.
The  resulting  supernatant  was  subjected  to  LC-MS/MS
analysis.  Metabolite  annotation  was  performed  using  the
KEGG  (https://www.genome.jp/kegg/pathway.html),  HMDB
(https://hmdb.ca/  metabolites),  and  LIPIDMaps
(http://www.lipidmaps.org/)  databases.  Multivariate  statistical
analyses,  including  principal  component  analysis  (PCA)  and
partial  least  squares  discriminant  analysis  (PLS-DA),  were
conducted  using  MetaX.  Univariate  analysis  (t-test)  was
applied  to  determine  statistical  significance.  Differential
metabolites were defined by variable importance in projection
(VIP) scores >1, P-values<0.05, and fold changes (FC) ≥2 or
≤0.5. Volcano plots were generated using ggplot2 in R based
on log2(fold change) and −log10(P-value). Clustering heatmaps
were  created  using  z-score  normalized  intensity  values  of
differential metabolites via the Pheatmap package in R.

 Immunohistochemistry
Uterine  tissues  from  sows  and  mice  (n=3)  were  fixed  in  4%
paraformaldehyde  for  24  h,  embedded  in  paraffin,  and
sectioned  at  4  µm  thickness.  Sections  were  deparaffinized,
rehydrated,  and  subjected  to  antigen  retrieval  using  citrate
buffer  (pH  6.0)  under  high-pressure  heating  at  121°C  for  15
min.  Endogenous  peroxidase  activity  was  quenched  with  3%
H2O2,  followed  by  blocking  with  5%  bovine  serum  albumin
(BSA)  at  room temperature  for  1  h.  Sections  were  incubated
overnight  at  4°C  with  primary  anti-GPX3  antibody  (1:200
dilution),  washed  with  PBS,  and  then  incubated  with
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horseradish peroxidase (HRP)-conjugated secondary antibody
(1:500)  for  1  h  at  room  temperature.  Visualization  was
achieved  using  a  standardized  30  s  diaminobenzidine  (DAB)
chromogenic  reaction,  followed  by  hematoxylin
counterstaining,  dehydration,  and  neutral  resin  mounting.
GPX3-positive signals (brown granules) were visualized under
a  light  microscope.  Negative  controls  were  processed
identically except for  substitution of  the primary antibody with
PBS.

 Transmission electron microscopy (TEM)
Uterine tissues from sows and mice, as well  as cell  samples,
were fixed in 2.5% glutaraldehyde/4% paraformaldehyde (0.1
mol/L  phosphate  buffer,  pH  7.4)  at  4°C  for  24  h,  post-fixed
with 1% osmium tetroxide for 2 h, dehydrated through graded
ethanol  and  acetone,  infiltrated  with  epoxy  resin,  and
polymerized at 60°C for 48 h. Ultrathin sections (70 nm) were
cut  using  a  Leica  UC7  ultramicrotome,  stained  with  uranyl
acetate  and  lead  citrate,  and  examined  under  a  JEOL  JEM-
1400Flash  TEM  at  80  kV  (n=3).  Mitochondrial  ultrastructure,
including  cristae  integrity,  matrix  density,  and  membrane
continuity, was assessed.

 Scanning electron microscopy (SEM)
To assess pinopode morphology, uterine horns from pregnant
sows  (13  d)  and  pregnant  mice  (5.5  d)  were  dissected  to
expose  the  endometrial  surface.  Tissues  were  rinsed  with
saline and fixed in 2.5% glutaraldehyde, followed by triple PBS
washes and fixation in 1% osmium tetroxide for 90 min. After
washing,  tissue  blocks  (3  mm2)  were  dehydrated  through  a
graded  alcohol  series  and  100%  acetone,  dried,  and  plated
with  palladium  for  30  s  using  an  ion  sputtering  instrument
(MSP-2S;  IXRF  Systems,  USA).  Three  randomly  selected
areas per sample were imaged using SEM (GeminiSEM 500;
Zeiss, Germany) to evaluate pinopode structure (n=3).

 ROS detection
Endometrial  epithelial  cells  were  incubated  with  10  μmol/L
DCFH-DA  (Beyotime  Reactive  Oxygen  Species  Assay  Kit,
S0033S,  China)  in  serum-free  medium  at  37°C  for  30  min.
Following  incubation,  cells  were  washed  with  PBS,  and
fluorescence  intensity  (excitation/emission:  488/525  nm)  was
assessed  via  fluorescence  microscopy  (Nikon  Eclipse  Ti,
Japan)  or  flow  cytometry  (Becton,  Dickinson  and  Company,
USA).  For  positive  controls,  cells  were  pretreated  with  100
μmol/L  H2O2  for  1  h.  ROS  levels  were  quantified  using
ImageJ, expressed as fold change relative to controls (n=3).

 JC-1 mitochondrial membrane potential assay
Mitochondrial membrane potential was assessed using a JC-1
assay  kit  (C1071S,  Beyotime,  China).  Endometrial  epithelial
cells  were  incubated  with  5  μmol/L  JC-1  dye  at  37  °C  for
30 min, washed twice with PBS, and analyzed by fluorescence
microscopy  (Nikon  Eclipse  Ti,  Japan)  or  flow  cytometry
(Becton,  Dickinson  and  Company,  USA).  Red  fluorescence
(JC-1  aggregates,  Ex/Em  585/590  nm)  and  green
fluorescence  (JC-1  monomers,  Ex/Em  514/529  nm)  were
measured, and the red/green ratio was used as an indicator of
mitochondrial  membrane  potential.  Cells  treated  with  10
μmol/L  carbonyl  cyanide  m-chlorophenyl  hydrazone  (CCCP)
for 1 h served as depolarization controls. Measurements from
three  independent  experiments  (n=3  replicates  per  group)
were normalized to the control group.
For  extended  detection,  after  24  h  of  treatment,  cells  were

washed  twice  with  PBS  and  harvested  by  trypsinization

(1×105–6×105  cells).  Cells  were  resuspended  in  0.5  mL  of
culture  medium  and  mixed  with  0.5  mL  of  JC-1  staining
solution by gentle inversion, followed by incubation at 37°C for
20 min. During staining, ice-cold 1×JC-1 buffer was prepared
by  diluting  the  5×stock  solution  with  distilled  water.  Post-
incubation,  cells  were  centrifuged  at  600  ×g  for  3–4  min  at
4°C. The supernatant  was discarded,  and cells  were washed
twice  with  1  mL  of  pre-chilled  1×JC-1  buffer,  repeating
centrifugation after each wash. Cells were finally resuspended
in  1×JC-1  buffer  and  analyzed  by  flow  cytometry  (Nikon
Eclipse  Ti,  Japan),  with  mitochondrial  membrane  potential
quantified as the B2/B4 fluorescence ratio.

 Statistical analysis
Statistical  analyses  were  performed  using  SPSS  v.26.0  and
GraphPad  Prism  v.9.0.  Two-group  comparisons  were
conducted  using  Student’s  t-test.  For  comparisons  among
three  or  more  groups,  one-way  or  two-way  analysis  of
variance (ANOVA) followed by Bonferroni’s post hoc test were
used.  Normality  was  confirmed  using  the  Shapiro-Wilk  test.
Results were expressed as mean±standard error of the mean
(SEM),  and  all  experiments  were  repeated  independently  at
least  three  times.  Statistical  significance  was  defined  as
P<0.05.

 RESULTS

 Obesity  impairs  endometrial  receptivity  and  down-
regulates GPX3 expression in sows
Third-parity  crossbred  sows  (Landrace×Yorkshire)  were
classified into normal (n=6) and obese (n=6) groups based on
body  condition  scores  (Qin  et al.,  2025).  Uterine  tissues  and
serum  samples  were  collected  on  day  13  after  two  artificial
inseminations,  corresponding  to  the  pre-implantation  phase
(Figure  1A).  Serum  biochemical  analysis  revealed  significant
increases in  total  cholesterol  (CHO) (Figure 1B),  triglycerides
(TG) (Figure 1C), and low-density lipoprotein cholesterol (LDL-
C)  (Figure  1D)  in  obese  sows,  while  high-density  lipoprotein
cholesterol  (HDL-C)  remained  unchanged  (Figure  1E),
indicating  disrupted  lipid  metabolism.  Western  blotting
confirmed marked up-regulation of lipogenesis markers (FASN
and FABP4)  and  down-regulation  of  lipolytic  proteins  (ATGL)
in  the  obese  group  (Figure  1F,  G).  SEM  of  the  endometrial
surface revealed fewer microvilli, irregular depressions, and a
flattened morphology in obese sows (Figure 1H), indicative of
impaired  endometrial  receptivity  (Lian  et al.,  2022;  Ye  et al.,
2023).  Integrated  metabolomic  and  transcriptomic  analyses
showed clear separation between control and obese groups in
PCA (Figure 1I;  Supplementary  Figure S1A),  confirming data
reliability.  Metabolomic  profiling  revealed  uterine  metabolites
included steroids and their derivatives (Supplementary Figure
S1B),  with  differential  metabolites  primarily  enriched  in
pentose  phosphate  and  linoleic  acid  metabolism  pathways
(Supplementary  Figure  S1C,  D),  suggesting  metabolic
dysregulation  in  obese  uteri.  Uterine  fluid  metabolomics
corroborated  these  findings.  PCA  and  heatmap  clustering
demonstrated  distinct  separation  between  groups
(Supplementary  Figure  S2A,  B),  with  cavity  fluid  metabolites
also  enriched  in  steroid  derivatives  (Supplementary  Figure
S2C).  Pathway  analysis  identified  significant  enrichment  in
adipokine  signaling  and  PPAR  signaling  pathways
(Supplementary Figure S2D, E), both critically involved in lipid
metabolism  regulation,  further  supporting  disrupted  uterine
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metabolic  homeostasis  in  obesity.  These  findings  confirmed
that maternal obesity induces metabolic reprogramming of the
uterine  microenvironment  at  the  metabolomic  level,  while
highlighting  potential  mechanistic  links  between  the  obese

sow  phenotype  and  compromised  endometrial  receptivity.
KEGG  pathway  enrichment  integrating  uterine  metabolomic
and transcriptomic data revealed co-enrichment of DEGs and
differentially abundant metabolites (DAMs) in arachidonic acid

 

Figure 1  Obesity impairs endometrial receptivity and reduces GPX3 expression in sows

A: Uterine tissues collected from normal  and obese sows on day 13 post-fertilization.  B–E: Serum levels of  total  cholesterol  (CHO),  triglycerides
(TG),  low-density  lipoprotein  cholesterol  (LDL-C),  and  high-density  lipoprotein  cholesterol  (HDL-C)  (n=6).  F,  G:  Relative  protein  expression  of
FASN,  ATGL,  and  FABP4  in  uterine  tissues  (n=4).  H:  Scanning  electron  microscopy  of  pinopodes  (scale  bars=10  µm/5  µm)  (n=3).  I:  Principal
component  analysis  (PCA)  of  uterine  metabolomics  data  (n=4).  J,  K:  KEGG  pathway  enrichment  and  heatmap  analyses  integrating  uterine
metabolomics and RNA-seq data (n=4).  L:  Venn diagram comparing differentially  expressed genes (DEGs) between Obese vs.  Normal,  Healthy
human,  NP-14  vs.  P-14,  and  P-12  vs.  P-14.  M:  Volcano  plot  comparing  DEGs  between  Obese  vs.  Normal.  N,  NS:  Not  Significant.  O:  Relative
protein expression levels of GPX3, EGF, and integrin β3 (n=4). P: Immunohistochemical staining of GPX3. *: P<0.05; **: P<0.01.
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metabolism  and  steroid  hormone  biosynthesis  pathways
(Figure  1J),  implicating  obesity-driven  lipid  metabolic
reprogramming  in  the  disruption  of  embryo-implantation-
related signaling.  A total  of  37 DEGs were functionally  linked
to these pathways (Figure 1K). Cross-species integration with
human  endometrial  transcriptomes  (GSE98386,  n=40)  and
porcine  datasets  (non-pregnancy  at  12  d  (NP-12):
GSM1185815; 12 d of pregnancy (P-12): GSM1185816; non-
pregnancy  at  14  d  (NP-14):  GSM1067874;  and  14  d  of
pregnancy  (P-14):  GSM1067875)  identified  seven  conserved
genes  (GPX3,  EPHX2,  HSD17B7,  HSD17B2,  HSD11B1L,
ALOX15B,  and GPX2;  Figure  1L),  with  GPX3  exhibiting  the
most  significant  down-regulation  in  obese  uterine  tissues
(Figure  1M).  Western  blotting  confirmed  reduced  expression
of endometrial receptivity markers alongside diminished GPX3
protein  levels  in  obese  uteri  (Figure  1N,  O).
Immunohistochemistry  and  RT-qPCR  further  demonstrated
decreased GPX3 expression in both glandular epithelium and
stromal  compartments  of  obese  endometrium  (Figure  1P;
Supplementary  Figure  S1E).  Collectively,  these  results
indicate  that  maternal  obesity  induces  uterine  lipid  metabolic
dysregulation, impairs endometrial receptivity, and suppresses
GPX3  expression—suggesting  a  potential  mechanistic  link
between  GPX3-mediated  oxidative  stress  imbalance  and
obesity-associated reproductive dysfunction.

 GPX3  is  dynamically  up-regulated  during  early  embryo
implantation in sows
Gene-phenotype  association  analysis  using  the  FarmGTEX
database  (https://pigbiobank.ipiginc.com/home)  revealed  a
positive  correlation  between  GPX3  expression  and  key
reproductive traits in sows, including total litter size, number of
health  piglets  born,  total  litter  weight  of  live-born  piglets,  and
backfat  thickness  (Figure  2A;  Supplementary  Figure  S3A),
suggesting  a  functional  role  for  GPX3  in  regulating  sow
fertility.  Publicly  available  transcriptomic  data  further
demonstrated stage-specific  up-regulation of GPX3  in  uterine
tissues  during  the  implantation  window,  with  significantly
higher  expression  in  the  P-12  group  compared  to  the  NP-12
group, and further increases detected at P-14 (Figure 2B–D).
To validate this temporal pattern, RT-qPCR was performed on
uterine  samples  from  non-pregnant  (NP)  sows,  as  well  as
those P-13 and P-25. GPX3 mRNA levels peaked at P-13 and
subsequently  declined  at  P-25  (Figure  2E),  mirroring  the
expression  profiles  of  canonical  endometrial  receptivity
markers  LIF  and  VEGFA  (Figure  2F,  G).  Western  blotting
confirmed  synchronized  up-regulation  of  GPX3  protein  levels
in P-13 uterine tissues, coinciding with elevated expression of
receptivity-associated  markers,  including  integrin  β3,
HOXA10,  VEGFA,  and  LIF  (Figure  2H,  I).  Together,  these
results  indicate that  GPX3 is  tightly  regulated in  a pregnancy
stage–dependent  manner  and orchestrates the expression of
genes  essential  for  endometrial  receptivity.  This  temporal
regulation suggests that GPX3 plays a critical role in defining
the  opening  and  closure  of  the  implantation  window  in  early
pregnancy.

 GPX3  enhances  endometrial  receptivity  and  promotes
epithelial cell migration
To  elucidate  the  molecular  mechanisms  by  which  lipid
deposition  impairs  endometrial  receptivity,  a  PA-induced  lipid
deposition model  in PEECs was established using 40 µmol/L
PA  (Figure  3A).  Successful  induction  of  intracellular  lipid
accumulation was confirmed by Oil  Red O staining, BODIPY,

and  western  blotting,  consistent  with  previous  findings  (Qin
et al., 2025). Silencing GPX3 using siRNA (si-GPX3) achieved
approximately  60%  knockdown  efficiency  at  the  mRNA  level
(Figure  3B).  Under  both  basal  and  PA-treated  conditions,  si-
GPX3  significantly  suppressed  the  mRNA  expression  of
receptivity-associated  genes LIF and VEGFA  (Figure  3C,  D).
Western blotting further revealed concordant reductions in the
protein  levels  of  EGF,  Integrin  β3,  HOXA10,  and  VEGFA
following  GPX3  knockdown  (Figure  3E,  F).  Given  the
importance of epithelial migration during embryo implantation,
wound  healing  assays  demonstrated  that  GPX3  silencing
impaired  cell  motility  under  both  normal  and  PA-induced
conditions (Figure 3G,  H).  Conversely,  GPX3 overexpression
(OE-GPX3) elevated transcript levels by approximately 30-fold
(Figure  3I),  significantly  up-regulated  LIF  and  VEGFA
expression  (Figure  3J,  K),  and  increased  the  protein
abundance of EGF, integrin β3, HOXA10, and LIF (Figure 3L,
M). Enhanced migration was also observed in OE-GPX3 cells,
as  evidenced  by  accelerated  wound  closure  (Figure  3N,  O).
Collectively,  these  findings  demonstrate  that  GPX3 promotes
endometrial  receptivity  by  up-regulating  implantation-related
gene  expression  and  facilitating  epithelial  cell  migration,
highlighting  its  critical  role  in  endometrial  functional
remodeling.

 GPX3  improves  endometrial  receptivity  by  preserving
mitochondrial function in endometrial epithelial cells
TEM  revealed  pronounced  mitochondrial  swelling  and
vacuolization in endometrial  epithelial  cells  from obese sows,
in  contrast  with  the  intact  mitochondrial  ultrastructure
observed  in  controls  (Figure  4A),  indicating  that  lipid
dysmetabolism associated with obesity disrupts mitochondrial
integrity.  Based  on  these  observations,  the  role  of  GPX3  in
maintaining  mitochondrial  function  was  further  examined  to
elucidate its mechanistic contribution to endometrial receptivity
(Figure  4B).  In  PEECs  co-treated  with  PA  and  si-GPX3,
western  blot  analysis  demonstrated  marked  suppression  of
key  mitochondrial  respiratory  chain  complexes,  including
ATP5A,  UQCRC2,  MTCO,  and  SDHB  (Figure  4C,  D).  JC-1
staining  coupled  with  flow  cytometry  demonstrated  a
significant  reduction  in  mitochondrial  membrane  potential
(ΔΨm)  upon  GPX3  knockdown,  further  exacerbated  by  PA
exposure  (Figure  4E–G).  TEM  analysis  confirmed  increased
mitochondrial vacuolization and cristae fragmentation in the si-
GPX3  groups  (Figure  4H),  demonstrating  that  GPX3
deficiency  directly  compromises  both  mitochondrial  structure
and  function.  In  contrast,  overexpression  of  GPX3  restored
mitochondrial  function.  Protein  levels  of  ATP5A,  UQCRC2,
MTCO,  and  SDHB  were  significantly  up-regulated  in  OE-
GPX3  cells  (Figure  4I,  J),  and  JC-1  assays  revealed  higher
red/green  fluorescence  ratios,  reflecting  improved  ΔΨm
and  partial  rescue  of  PA-induced  membrane  damage
(Figure 4K–M). TEM also validated reduced vacuolization and
improved  cristae  morphology  in  the  OE-GPX3  groups
(Figure 4N). These findings demonstrate that GPX3 mitigates
lipid  accumulation-driven  mitochondrial  dysfunction  by
preserving  respiratory  complex  expression,  stabilizing  ΔΨm,
and  protecting  ultrastructural  integrity,  thereby  contributing  to
enhanced endometrial receptivity.

 GPX3  enhances  endometrial  receptivity  and
mitochondrial function by suppressing ferroptosis
Given  the  overlap  between  endometrial  mitochondrial
ultrastructural  damage  observed  in  the
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endometrium—characterized by reduced membrane potential,
cristae  fragmentation,  and  vacuolization—and  hallmark
features of  ferroptosis,  we hypothesized that  GPX3 regulates
endometrial  receptivity  via  modulation  of  ferroptotic  signaling
(Figure  5A).  In  obese  sows,  uterine  tissue  and  serum
exhibited  elevated  Fe2+  concentrations  (Figure  5B,  C),
reduced T-AOC and GSH levels (Figure 5D, E), and increased
MDA and LPO levels  (Figure 5F,  G),  indicating a ferroptosis-
prone microenvironment driven by iron overload and oxidative
stress.  Western  blot  analysis  revealed  significant  down-
regulation  of  GPX4,  a  key  regulator  of  ferroptosis,  in  obese
uteri  (Figure  5H,  I),  suggesting  a  potential  mechanistic  link
between  GPX3  and  ferroptotic  regulation.  To  further
investigate  this,  GPX3  was  silenced  in  PEECs  using  siRNA.
ROS  assays  demonstrated  increased  oxidative  stress  in  the
si-GPX3 group (Figure 5J, K), and ELISA confirmed elevated

Fe2+  and  depleted  GSH  concentrations  (Figure  5L,  M).
Western  blotting  also  showed  reduced  antioxidant  protein
expression  (Supplementary  Figure  S4A,  B)  and  RT-qPCR
demonstrated suppressed GPX4 mRNA levels following GPX3
knockdown  (Figure  5N),  collectively  indicating  that  GPX3
deficiency  promotes  ferroptosis.  Immunofluorescence  assays
confirmed  co-localized  downregulation  of  GPX4  and  VEGFA
in  GPX3-silenced  cells  (Figure  5O),  implicating  disrupted
ferroptosis  defense  and  impaired  receptivity.  Conversely,
GPX3 overexpression attenuated ROS generation (Figure 5P,
Q),  reduced  intracellular  Fe2+  accumulation  (Figure  5R),
restored  GSH  levels  (Figure  5S),  improved  antioxidant
capacity  (Supplementary Figure S4C, D),  and rescued GPX4
mRNA  expression  (Figure  5T).  Immunofluorescence  further
demonstrated  OE-GPX3-driven  up-regulation  of  GPX4  and
VEGFA  (Figure  5U).  Together,  these  findings  demonstrate

 

Figure 2  GPX3 is highly expressed during early embryo implantation in sows

A: Prediction of GPX3 association with reproductive performance based on PigBiobank data. B–D: Expression of GPX3 in NP-12 vs. P-12, P-12 vs.
P-14,  and NP-14 vs.  P-14 (n=3).  E–G: mRNA expression of  GPX3, LIF,  and VEGFA in NP, P-13,  and P-25.  H, I:  Relative protein expression of
GPX3, integrin β3, HOXA10, VEGFA, and LIF (n=4). NP: Non-pregnant, P-12: Pregnancy at 12 d, P-13: Pregnancy at 13 d, P-14: Pregnancy at 14
d, P-25: Pregnancy at 25. *: P<0.05; **: P<0.01.
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Figure 3  GPX3 enhances endometrial receptivity and promotes cell migration

A: Experimental groups treated with si-GPX3 and OE-GPX3. B: Interference efficiency of GPX3. C, D: mRNA expression of LIF and VEGFA. E, F:
Relative protein expression of EGF, integrin β3, HOXA10, VEGFA, and GPX3 (n=3). G: Representative bright-field images showing PEEC migration
at  0,  6,  12,  24,  and 36 h  (n=3).  Scale  bar:  100 μm.  H:  Quantification  of  wound closure  rate.  I:  Overexpression  efficiency  of  GPX3.  J,  K:  mRNA
expression of LIF and VEGFA. L, M: Relative protein expression of EGF, integrin β3, HOXA10, LIF, and GPX3 (n=3). N: Representative bright-field
images showing PEEC migration at 0, 6, 12, 24, and 36 h (n=3). Scale bar: 100 μm. O: Quantification of wound closure rate. *: P<0.05; **: P<0.01.
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Figure 4  GPX3 enhances endometrial receptivity by improving mitochondrial function in endometrial epithelial cells

A:  Scanning  electron  microscopy  (SEM)  images  of  mitochondria.  B:  Colocalization  of  GPX3  and  mitochondria  in  PEECs.  C,  D:  Relative  protein
expression  of  UQCRC2,  ATP5A,  MTCO1,  and  SDHB  following  GPX3  silencing  (n=3).  E,  F:  Mitochondrial  membrane  potential  following  GPX3
silencing  (n=3).  G:  Flow  cytometry  assessment  of  mitochondrial  membrane  potential  following  GPX3  silencing  (n=3).  H:  SEM  images  of
mitochondria  following  GPX3  silencing  (n=3).  I,  J:  Relative  protein  expression  of  UQCRC2,  ATP5A,  MTCO1,  and  SDHB  following  GPX3
overexpression (n=3). K, L: Detection of mitochondrial membrane potential following GPX3 overexpression (n=3). M: Flow cytometry assessment of
mitochondrial  membrane potential  following  GPX3 overexpression  (n=3).  N:  SEM images  of  mitochondria  following  GPX3 overexpression  (n=3).
*: P<0.05; **: P<0.01.
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Figure 5  GPX3 enhances endometrial receptivity and mitochondrial function by suppressing ferroptosis

A: Schematic depiction of GPX3 involvement in ferroptosis regulation. B, C: Measurement of Fe2+ levels in uterine tissue (n=6) (B) and serum (n=5)
(C) of sows. D, E: Total antioxidant capacity (T-AOC) (D) and GSH content (E) in sow uterine tissue. F, G: Quantification of MDA (F) and LPO (G)
levels  in  uterine  tissue  (n=6).  H,  I:  Relative  protein  expression  of  GPX4  in  uterine  tissue  (n=4).  J,  K:  Detection  of  ROS (green)  following  GPX3
silencing  (n=3).  Scale  bar:  100  μm.  L,  M:  Measurement  of  Fe2+  and  GSH  levels  following  GPX3  silencing  (n=3).  N:  GPX4  mRNA  expression
following  GPX3  silencing  (n=3).  O:  Immunofluorescence  staining  of  GPX3  (yellow),  GPX4  (green),  and  VEGFA  (red)  following  GPX3  silencing
(n=3). Scale bar: 100 μm. P, Q: Detection of ROS (green) following GPX3 overexpression. Scale bar: 100 μm. (n=3). R, S: Fe2+ and GSH levels
following GPX3 overexpression (n=3). T: GPX4 mRNA expression following GPX3 overexpression (n=3). U: Immunofluorescence staining of GPX3
(yellow), GPX4 (green), and VEGFA (red) following GPX3 overexpression (n=3). Scale bar: 100 μm. *: P<0.05; **: P<0.01.
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that  GPX3  inhibits  lipid  peroxidation-ferroptosis  cascades  by
enhancing  GPX4  expression,  maintaining  GSH  homeostasis,
and inhibiting Fe2+ overload,  thereby promoting mitochondrial
integrity and endometrial receptivity.

 GPX3  inhibits  ferroptosis  in  endometrial  epithelial  cells
via activation of the Nrf2/GPX4 axis
Given  the  established  role  of  Nrf2  in  regulating  iron
homeostasis and inhibiting lipid peroxidation, we hypothesized
that  GPX3  modulates  ferroptosis  through  activation  of  the
Nrf2/GPX4  pathway  (Figure  6A).  Western  blot  analysis
revealed that silencing GPX3 significantly down-regulated the
protein expression of  Nrf2,  GPX4, and ferritin (Figure 6B, C).
In  contrast,  GPX3  overexpression  markedly  up-regulated
these  proteins  (Figure  6D,  E),  demonstrating  bidirectional
regulation of intracellular redox balance and iron sequestration
via  the  Nrf2/GPX4  axis.  To  further  determine  whether
ferroptosis  acts  downstream  of  GPX3,  the  GPX4-specific
inhibitor  ML162  (5  μmol/L)  was  applied  (Figure  6F,  G).
Inhibition  of  GPX4 abrogated  the  protective  effects  of  GPX3,
evidenced by sustained Fe2+ accumulation and impaired GSH
regeneration,  leading  to  ferroptotic  activation  (Figure  6H,  I).
ML162  also  suppressed  the  expression  of  genes  associated
with  endometrial  receptivity  (Supplementary  Figure  S4E,  F).
Notably,  ML162  blocked  the  GPX3  overexpression-induced
up-regulation  of  endometrial  receptivity-associated  genes
under  both  control  and  PA-treated  conditions  (Figure  6J,  K),
indicating  that  ferroptosis  inhibition  is  essential  for  the  pro-
receptivity  effects  of  GPX3.  To verify  the central  role  of  Nrf2,
the  Nrf2-specific  inhibitor  ML385  (10  μmol/L)  was  employed,
effectively  reducing  Nrf2  protein  levels  (Figure  6L,  M).  Under
ML385  treatment,  GPX3  failed  to  mitigate  Fe2+  accumulation
and  could  not  restore  GSH  levels  (Figure  6N,  O).  Moreover,
ML385 completely abolished the GPX3-induced up-regulation
of  EGF,  integrin  β3,  and HOXA10 (Figure  6P,  Q),  confirming
that  Nrf2  as  an  indispensable  mediator  of  GPX3-driven
enhancement  of  endometrial  receptivity.  Collectively,  these
findings establish that GPX3 exerts its anti-ferroptotic and pro-
receptivity effects through Nrf2/GPX4 pathway activation.

 HFD  suppresses  the  GPX3/Nrf2/GPX4  axis,  exacerbating
endometrial ferroptosis and receptivity impairment
GPX3  amino  acid  sequences  from  mice,  pigs,  and  humans
were  downloaded  from  the  UniProt  website  (https://www.
uniprot.org/) and aligned using MEGA v.11.0.13 and GeneDoc
software  (v.2.7.0.0).  Homology  analysis  revealed  high
sequence conservation across species (Supplementary Figure
S5A). To validate the functional relevance of these findings in
vivo, an HFD-induced obesity model was established in mice.
HFD-fed  females  exhibited  significantly  elevated  mean  body
weight  (60–65  g)  compared  to  controls  (Figure  7A),  and
infrared  thermography  indicated  substantial  metabolic
dysregulation (Figure 7B). At gestational day 5.5, the number
of implantation sites was markedly reduced in the HFD group
(Figure  7C),  suggesting  impaired  embryo  implantation
capacity  resulting  from  lipid  accumulation.  Histological  and
molecular  analyses  confirmed  pronounced  lipid  accumulation
in the uterus,  liver,  and inguinal  white adipose tissue (iWAT),
as  evidenced  by  Oil  Red  O and  H&E staining  and  increased
expression  of  adipogenic  markers  (FASN,  FABP4,  CEBPα)
alongside  reduced  lipolysis  (p-HSL/HSL  ratio;  Figure  7D–F),
indicating  a  pro-lipogenic  uterine  microenvironment.  SEM
further  demonstrated  collapsed  pinopodes  and  reduced
microvilli  density  in  the  endometrial  epithelium  of  HFD  mice

(Figure  7G).  Endometrial  receptivity-associated  genes  were
significantly  down-regulated,  with  both  western  blotting  and
immunohistochemistry  confirming  reduced  GPX3  protein
expression  (Figure  7H–J),  implicating  GPX3  deficiency  in
impaired  receptivity.  To  assess  ferroptosis  activation,  ELISA
assays  showed  elevated  uterine  Fe2+  and  serum  lipid
peroxides in HFD mice (Figure 7K–M). TEM revealed swollen
mitochondria  with  vacuolization  and  cristae  disruption
(Figure  7N),  consistent  with  ferroptotic  morphology  observed
in  obese  sows.  Western  blotting  also  demonstrated
suppression  of  Nrf2  and  GPX4  expression  in  HFD  uterine
tissues  (Figure  7O,  P),  and  immunofluorescence  co-
localization  confirmed  concurrent  reduction  of  GPX3,  GPX4,
and  PR  intensities  (Figure  7Q).  Collectively,  these  findings
demonstrate  that  HFD  suppresses  GPX3  expression  and
disrupts  Nrf2/GPX4  axis  activity,  leading  to  iron  overload,
oxidative lipid damage, and mitochondrial dysfunction, thereby
inducing ferroptosis and impairing endometrial receptivity.

 DISCUSSION

This  study  identified  GPX3  as  a  key  regulator  of  obesity-
induced  impairment  of  endometrial  receptivity  in  sows.
Notably,  the  findings  revealed  for  the  first  time  that  the
GPX3/Nrf2/GPX4  signaling  axis  plays  a  central  role  in
maintaining  redox  equilibrium  and  suppressing  ferroptotic
damage  within  the  endometrium,  thereby  preserving
endometrial  receptivity  under  obesogenic  conditions
(Figure 8).
Obese sows displayed pronounced metabolic dysregulation

in  the  uterine  microenvironment,  characterized  by  elevated
levels of CHO, TG, and LDL-C, accompanied by up-regulated
expression  of  lipogenesis-related  genes  and  down-regulated
expression  of  endometrial  receptivity  markers.  These
metabolic  abnormalities  parallel  clinical  observations
demonstrating  that  elevated  body  mass  index  correlates  with
lower  endometrial  LIF  concentrations  and  higher  risk  of
recurrent  pregnancy  loss  (Metwally  et al.,  2007,  2014).
Histological  analyses  further  confirmed  the  presence  of
structurally  compromised  pinopodes  in  both  obese  sows  and
HFD mouse models,  characterized  by  reduced villus  density,
pinopode  collapse,  and  ectopic  lipid  deposition.  Such
morphological  disruptions  likely  reflect  hormonally  mediated
dysfunction  of  uterine  glandular  epithelium,  arising  from
altered  estrogen-progesterone  balance  during  early  gestation
(Leeners  et al.,  2017).  Previous  studies  have  shown  that
obesity disrupts progesterone secretion dynamics, including a
reduction  of  up  to  45%  during  early  pregnancy  due  to
insufficient  luteal  function  (Muro  et al.,  2020),  ultimately
weakening  maternal-embryo  signaling.  Similarly,  in  obese
Iberian  sows,  gestational  obesity  has  been  shown  to  impair
lipid  homeostasis,  elevating  estrogen  while  lowering
progesterone  concentrations  (Torres-Rovira  et al.,  2014).
Obesity-induced  systemic  oxidative  stress  may  also
exacerbate uterine lipotoxicity via NADPH oxidase 2 (NOX2)-
dependent  pathways,  thereby  promoting  abnormal
accumulation  of  TG  and  non-esterified  fatty  acids  (NEFA),
inhibiting  steroid  hormone  biosynthesis  (Henriquez-Olguin
et al.,  2023;  Hu  et al.,  2019;  Joseph  et al.,  2019;  Roberts
et al., 2009), and contributing to structural degeneration of the
endometrium  and  reduced  implantation  success.  Additional
obesity-related metabolic  disorders,  such as leptin  resistance
and  insulin  insensitivity,  may  also  contribute  to  uterine
dysfunction. Elevated circulating leptin, commonly observed in
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Figure 6  GPX3 suppresses endometrial epithelial cell ferroptosis via activation of the Nrf2/GPX4 axis

A:  Schematic  illustration  of  GPX3-mediated  regulation  of  GPX4  and  ferroptosis.  B,  C:  Relative  protein  expression  of  GPX4,  Nrf2,  and  ferritin
following GPX3 silencing (n=3). D, E: Relative protein expression of GPX4, Nrf2, and ferritin following GPX3 overexpression (n=3). F, G: Relative
protein expression of GPX4 (n=3). H: Detection of Fe2+ in PEECs. I: Detection of GSH in PEECs. J, K: Relative protein expression of EGF, integrin
β3, HOXA10, and LIF (n=3). L, M: Relative protein expression of Nrf2 (n=3). N: Detection of Fe2+ in PEECs. O: Detection of GSH in PEECs. P, Q:
Relative protein expression of EGF, integrin β3, HOXA10, and LIF (n=3). *: P<0.05; **: P<0.01.
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Figure 7  HFD-induced suppression of the GPX3/Nrf2/GPX4 axis exacerbates endometrial ferroptosis and impairs receptivity

A: Body weight changes in mice (n=6). B: Heat production and core body temperature changes in mice (n=4). C: Embryo implantation sites in each
group (n=6). D: Representative images of Oil Red O staining in uterine and liver tissues, and H&E and Oil Red O staining in iWAT (scale bar =200
μm).  E,  F:  Relative  protein  expression  of  FASN,  FABP4,  CEBPα,  and  pHSL/HSL  (n=3).  G:  Scanning  electron  microscopy  (SEM)  images  of
pinopodes  (scale  bar=10  μm/5  μm)  (n=3).  H,  I:  Relative  protein  expression  of  GPX3,  EGF,  integrin  β3,  HOXA10,  and  VEGFA  (n=3).  J:
Immunohistochemical staining of GPX3 in the uterus. K, L: Detection of Fe2+ in uterine tissue (K) and serum (L) (n=3). M: Detection of LPO in serum
(n=3).  N:  SEM images  of  mitochondria  (n=6).  Scale  bar:  200  μm.  O,  P:  Relative  protein  expression  of  Nrf2  and  GPX4.  Q:  Immunofluorescence
staining of GPX3 (yellow), GPX4 (green), and PR (red) in uterus (n=3). Scale bar: 200 μm. *: P<0.05; **: P<0.01.
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obesity,  suppresses  the  expression  of  genes  involved  in
endometrial  receptivity  and  impairs  hormonal  regulation  of
implantation-related  pathways  (Comninos  et al.,  2014;  Lin
et al.,  2015; Neves  et al.,  2025; Ray  et al.,  2022; Yura  et al.,
2005).  Compared  to  lean  individuals,  obese  individuals
consistently  exhibit  higher  leptin  levels  and  correspondingly
lower  endometrial  competence  (Gonzalez-Añover  et al.,
2011).  Analysis  of  uterine  fluid  composition  revealed  a
significant  increase  in  fatty  acid  content  in  obese  sows,  with
pathway  enrichment  implicating  PPAR  and  lipid  factor
signaling  pathways.  These  findings  indicate  that  the
microenvironment  during  maternal-fetal  recognition  may  also
be  influenced  by  metabolic  status  (Zhang  et al.,  2017).
Overall,  these findings suggest  that  excess adiposity  in  sows
leads  to  the  release  of  free  fatty  acids  from  adipocytes,
leading  to  lipid  accumulation  within  the  uterus  and  uterine
fluid.  This,  in  turn,  disrupts  lipid  metabolism  and  redox
homeostasis,  culminating  in  ferroptosis,  uterine  structural
degeneration, and impaired endometrial receptivity.
Integrated  transcriptomic  and  metabolomic  analyses

revealed  a  previously  unrecognized  regulatory  role  for  GPX3
in  the  disrupted  uterine  microenvironment  associated  with
obesity.  GPX3  expression  was  markedly  reduced  in  uterine
tissues from both obese sows and HFD-fed mice,  in  contrast
to  the  robust  expression  observed  in  normal  sows.  In  non-
obese  endometria,  high  GPX3  expression  may  contribute  to
the maintenance of redox homeostasis via exosome-mediated
intercellular  signaling.  The  mechanisms  underlying  GPX3
down-regulation  under  obesogenic  conditions  appear
multifactorial.  Epigenetic  changes  induced  by  obesity  may

inhibit  GPX3  transcription  or  enzymatic  activity  (Nirgude  &
Choudhary,  2021),  while  increased  oxidative  burden  and
excessive  lipid  accumulation  may  accelerate  GPX3 depletion
and  promote  ROS  production  (Li  et al.,  2023).  In  addition,
endocrine  dysregulation—particularly  altered  progesterone
secretion—may  modulate  GPX3  expression,  consistent  with
reports demonstrating strong progesterone-mediated induction
of  GPX3  both  in  vivo  and  in  vitro models  (Yao  et al.,  2021).
These  findings  align  with  prior  observations  indicating  that
GPX3  expression  in  subcutaneous  white  adipose  tissue  is
significantly lower in obese individuals than in lean individuals,
with more severe suppression in those with insulin resistance
(Hauffe et al.,  2020; Song et al.,  2024). Dynamic increases in
circulating GPX3 following bariatric surgery further support its
involvement in systemic metabolic regulation (Iacoangeli et al.,
2020;  Langhardt  et al.,  2018).  Notably,  GPX3  expression  in
uterine tissues of obese sows and mice exhibited a significant
positive  correlation  with  key  genes  involved  in  endometrial
receptivity. Moreover, temporal profiling during early gestation
revealed  a  peak  in  GPX3  expression  on  day  13,  coinciding
with  maximal  expression  of  endometrial  receptivity  markers.
These  observations  suggest  that  GPX3  may  orchestrate
transcriptional  programs  governing  the  implantation  window.
These findings  are  consistent  with  prior  reports  that  GPX3 is
selectively  expressed  in  the  decidualizing  uterus  between
gestational  days  5  and  8  but  absent  in  pseudopregnant  or
delayed  implantation  states  (Xu  et al.,  2014;  Yao  et al.,
2021).To  further  verify  the  role  of  GPX3  in  embryo
implantation,  targeted  manipulation  of  GPX3  in  PEECs
demonstrated  that  GPX3  up-regulation  enhanced  the

 

Figure 8  Schematic model illustrating the effect of GPX3 on endometrial receptivity and embryo implantation in obese sows

In  obese  sows,  GPX3  down-regulation  in  uterine  tissue  inhibited  the  Nrf2/GPX4  axis,  leading  to  ferroptosis  activation,  accompanied  by
mitochondrial damage and decreased endometrial receptivity. Scale bars: 5 μm for both SEM images.
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expression  of  receptivity-associated  genes  and  promoted
migratory  capacity,  whereas  GPX3  silencing  exerted  the
opposite  effect.  Together,  these  findings  indicate  that
temporally  regulated  GPX3  expression  contributes  to  the
precise  molecular  coordination  required  for  embryo
implantation,  potentially  determining  the  timing  and
competence of the receptive window.
Both obese sows and HFD-induced mice exhibited marked

ultrastructural  damage  to  endometrial  mitochondria,
characterized  by  swelling,  disrupted  cristae  architecture,  and
extensive  vacuolization.  These  morphological  abnormalities
prompted the hypothesis that reduced GPX3 expression under
obesogenic  conditions  impairs  endometrial  function  by
compromising  mitochondrial  structure  and  function.  This
hypothesis  was  substantiated  through  in  vitro  analysis.
Notably,  GPX3  silencing  in  PEECs  led  to  pronounced
mitochondrial  disorganization,  including  increased
vacuolization  and  cristae  disruption,  accompanied  by
reductions  in  mitochondrial  membrane  potential  and
expression of respiratory chain complexes. Conversely, GPX3
overexpression  mitigated  mitochondrial  damage  induced  by
PA  exposure,  partially  restoring  mitochondrial  integrity  and
function.  These  findings  suggest  that  GPX3  acts  as  a  core
component of the mitochondrial antioxidant defense system in
the  uterine  endometrium,  maintaining  mitochondrial
homeostasis  through  redox  regulation.  Independent  studies
further support this interpretation. Previous proteomic profiling
has revealed that  obesity  reduces the abundance of  electron
transport  chain complexes and ATP synthase subunits  in  the
mitochondrial  inner  membrane  of  endometrial  tissues,
impairing  oxidative  phosphorylation  and  decreasing  ATP
production  (Fowden  et al.,  2021).Thus,  GPX3  insufficiency
may  exacerbate  mitochondrial  dysfunction,  amplifying
endometrial disruption in the context of lipid overload. Studies
have  also  linked  GPX3  dysregulation  to  increased
inflammatory  signaling  and  oxidative  stress  in  obese
individuals,  further  implicating  this  enzyme  in  the
pathophysiology  of  metabolic  inflammation  (Hauffe  et al.,
2020; Lee et al., 2008; Song et al., 2024). Consistently, in the
PA-treated  cellular  model  used in  this  study,  GPX3 knockout
increased  oxidative  stress  and  suppressed  the  expression  of
key antioxidant enzymes in endometrial epithelial cells. These
findings collectively indicate that GPX3 exerts a pivotal role in
maintaining  mitochondrial  redox  stability  and  may  mitigate
obesity-induced  uterine  dysfunction  by  preserving
mitochondrial integrity and metabolic competence.
This  study  identified  a  critical  mechanistic  link  between

GPX3  deficiency  and  ferroptosis-mediated  disruption  of
endometrial receptivity under obesogenic conditions. Although
mitochondria  are  known  to  modulate  multiple  forms  of
regulated  cell  death,  the  role  of  GPX3-dependent  redox
metabolism  in  controlling  mitochondrial  ferroptosis  within  the
endometrium  remains  poorly  defined.  Analysis  of  uterine
tissue  from  both  obese  sows  and  HFD-fed  mice  revealed
hallmark  features  of  ferroptosis,  including  decreased  T-AOC,
elevated levels of lipid peroxidation markers such as MDA and
LPO,  and  impaired  GSH metabolism.  These  alterations  align
with  core  ferroptotic  mechanisms,  including  iron  overload,
membrane  lipid  peroxidation,  and  collapse  of  the  antioxidant
defense  system  (Hadian  &  Stockwell,  2020;  Jiang  et al.,
2021).  Functional  perturbation  experiments  further  supported
this link. Notably, GPX3 knockdown in endometrial cells led to
pronounced  increases  in  ROS,  accompanied  by  down-

regulation  of  antioxidant  enzymes  GPX5,  SOD1,  and  CAT,
and marked reductions in GPX4 expression. These molecular
changes  also  coincided  with  intracellular  Fe2+  accumulation
and  increased  lipid  peroxidation.The  observed  GPX4
suppression is  particularly  relevant,  given its  essential  role  in
detoxifying  lipid  hydroperoxides  and  maintaining  endometrial
redox  stability.  Prior  studies  have  implicated  GPX4  loss  in
impaired  uterine  receptivity  and  implantation  failure  (Huang
et al., 2025; Li et al., 2021; Liang et al., 2023), with diminished
GPX4  expression  and  increased  lipid  peroxidation  also
documented  in  women with  recurrent  implantation  failure  (Lu
et al., 2024). Ferroptosis regulation involves multiple upstream
transcription factors, including p53, NUPR1, and Nrf2 (Dodson
et al., 2019; Jiang et al., 2015; Liu et al., 2021). Among these,
Nrf2  functions  as  a  master  regulator  of  the  antioxidant
response,  orchestrating  the  expression  of  genes  such  as
GPX4  that  mitigate  ferroptotic  stress  by  converting  cytotoxic
lipid  hydroperoxides  into  inert  lipid  alcohols  (Huang  et al.,
2025; Li et al., 2021; Liang et al., 2023). In the present study,
GPX3  overexpression  specifically  activated  the  Nrf2/GPX4
signaling  pathway,  whereas  pharmacologic  inhibition  of  Nrf2
(ML385)  or  GPX4  (ML162)  fully  abrogated  this  effect.  These
findings  confirm  that  the  anti-ferroptotic  function  of  GPX3  is
mediated  through  the  Nrf2/GPX4  axis.  Overall,  these  results
establish  that  obesity-associated  GPX3  downregulation
inhibits  Nrf2/GPX4  signaling,  exacerbates  mitochondrial
oxidative  damage,  and  promotes  ferroptotic  cell  death  within
the  endometrium,  ultimately  compromising  endometrial
receptivity during early pregnancy.
This  study  has  several  limitations.  It  is  unclear  whether

GPX3  modulates  ferroptosis  in  endometrial  cells  exclusively
via  GPX4,  or  through  additional  downstream  effectors.
Additionally,  all  rescue  experiments  in  this  study  employed
chemical inhibitors, which may introduce off-target effects and
confound  mechanistic  interpretations.  Generation  of  uterus-
specific  GPX3  knockout  mice  would  provide  more  definitive
evidence  for  the  role  of  GPX3  in  regulating  embryo
implantation.  In  parallel,  integration  of  single-cell  methylation
sequencing  with  uterine  organoid  models  could  enable
systematic investigation of GPX3 involvement in the regulation
of imprinted gene networks.

 CONCLUSION

This study established a mechanistic link between obesity and
uterine dysfunction, identifying GPX3 as a critical regulator of
endometrial  receptivity.  GPX3  down-regulation  induced
ferroptosis  in  endometrial  cells  through  suppression  of
Nrf2/GPX4  signaling,  resulting  in  impaired  receptivity.  These
findings  provide  insight  into  the  pathogenesis  of  obesity-
associated  reproductive  disorders  and  highlight  GPX3  as  a
potential molecular target for therapeutic intervention.
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Raw  RNA-seq  data  generated  in  this  study  have  been  deposited  in  the
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