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Abstract 

Maternal  obesit  y  compromises  placent  al  development  and  fet  al  growth,  yet  the  mechanisms  remain  unknown.  Here,  we  investigated  the
 impact  of  high-fat  diet  (HFD)  on  placent  al  energy  homeost  asis  in  mice.  Female  C57BL/6  mice  were  fed  a  control  diet  or  an  HFD,  with  a
 subset  receiving  FerroTerminator-1  (FOT1)  to  modulate  met  abolic  dysfunction.  At  embr  yonic  day  18.5,  maternal  met  abolic  st  atus,  fet  al  growth,
 placent  al  morphology,  energy  met  abolism,  and  oxidative  stress  were  assessed. HFD-fed  dams  developed  dyslipidemia  and  insulin  resist  ance,  and
 exhibited  placent  al  lipid  accumulation  and  impaired  labyrinth  zone  development,  resulting  in  reduced  fet  al  weight  and  altered  fet  al  liver  lipid  and
 glycogen  contents.  The  placent  a  showed  mitochondrial  damage,  accompanied  by  reduced  adenosine  triphosphate  (ATP)  content,  mitochondrial
 membrane  potential,  mitochondrial  DNA  copy  number,  and  suppressed respirator  y  chain  complex  activities.  Placent  al  met  abolomic  profiling
 showed  that  HFD  was  associated  with  altered  levels  of  met  abolites  in  glycolysis  and  oxidative  phosphor  ylation  pathways.  These  alterations
 coincided  with  placent  al  iron-associated oxidative  stress,  evidenced  by  elevated  non-heme  iron,  lipid  peroxidation  products,  upregulation
 of  transferrin  receptor  and  lysophosphatidylcholine  acyltransferase  3,  downregulation  of  ferritin  heav  y  chain  1  and  solute  carrier  family  40
 member  1,  a  reduced  glut  athione  to  oxidized  glut  athione  ratio,  and  impaired  glut  athione  peroxidase  4  expression  and  activit  y.  Meanwhile,  FOT1
 administration  attenuated  placent  al  oxidative  stress,  partially  restored  ATP  production  and  mitochondrial  function,  and  improved  fet  al  growth  in
 HFD-fed  mice.  Collectively,  maternal  obesit  y  was  associated  with  placent  al  iron-associated  oxidative  stress  and  bioenergetic  impairment,  which
 may  contribute  to  reduced  placent  al  efficiency  and  fet  al  growth  restriction.
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Graphical  Abstract 

Summary  Sentence  

Maternal  obesit  y  driven  by  a  high-fat  diet  is  associated  with  placent  al  lipid  overload  and  iron-associated oxidative  stress,  which  compromise
 mitochondrial  energy  met  abolism,  placent  al  efficiency,  and  fet  al  growth.
 

Key  words: maternal  obesity,  placenta,  energy  metabolism,  fetal  growth  restriction.  

Introduction 

Maternal  obesity  has  emerged  as  a  major  global  public
 health  concern  that  compromises  reproductive  health  and
 pregnancy  outcomes  [ 1,  2].  Chronic  consumption  of  energy-
 dense,  high-fat  diet  (HFD)  disrupts  maternal  metabolism
 and  reproductive  physiology  [ 3].  Epidemiological  projections
 estimate  that  by  2030,  more  than  1.1  billion  adults  will
 be  obese,  including  approximately  643  million  women,
 highlighting  the  widespread  prevalence  of  obesity  among
 women  of  reproductive  age  [ 4].  During  pregnancy,  diet-
 induced  metabolic  disturbances  alter  the  intrauterine  milieu,
 contributing  to  placental  dysfunction,  fetal  growth  restriction
 (FGR),  and  an  increased  susceptibility  to  metabolic  disorders
 in  the  offspring  later  in  life  [ 5,  6].
 

As  the  interface  for  maternal-fetal  exchange  and  endocrine
 regulation,  the  placenta  relies  on  energy  homeostasis  to
 sustain  fetal  development [ 7].  Placental  energy  homeostasis
 includes  both  energy  production,  which  involves  glycolysis,
 the  tricarboxylic  acid  cycle,  and  oxidative  phosphorylation,
 and  energy  utilization  (nutrient  transport,  anabolic  pro-
 cesses,  and  trophoblast  development)  [ 8].  Evidence  has
 indicated  that  maternal  obesity  compromises  placental
 energy  homeostasis  and  is  closely  associated  with  adverse
 pregnancy  outcomes,  including  FGR  [ 9–  11].  Specif  ically,
 metabolic  stress  induced  by  HFD  intake  disrupts  this
 balance,  leading  to  maternal  metabolic  syndrome,  placental
 

mitochondrial  dysfunction,  reduced  adenosine  triphosphate
 (ATP)  generation,  and  impaired  nutrient  transport  capacity
 [ 10,  12,  13].  However,  the  mechanisms  linking  maternal
 metabolic  disorder  to  placental  energy  failure  remain
 unknown.
 

HFD-induced  lipid  overload  enriches  cellular  membranes
 with  polyunsaturated  fatty  acids,  rendering  them  highly  sus-
 ceptible  to  iron-catalyzed  lipid  peroxidation [  14].  HFD  has
 been  reported  to  disrupt  systemic  iron  homeostasis,  leading
 to  excessive  iron  accumulation  in  multiple  metabolic  tissues
 and  organs,  including  blood,  adipose  tissue,  liver,  kidney,
 and  heart,  thereby  promoting  Fenton  chemistry  and  reactive
 oxygen  species  (ROS)  generation  [ 15–  18].  Similarly,  previous
 studies  have  found  placental  iron-associated  oxidative  stress
 in  pregnancy  complications  such  as  preeclampsia  and  FGR
 [ 19–  21].  Oxidative  stress  disrupts  mitochondrial  integrity
 and  impairs  oxidative  phosphorylation,  thereby  exacerbating
 defects  in  cellular  energy  metabolism  [ 22].  FerroTerminator-1
 (FOT1,  also  known as  CN128)  has  been  used  as  an  exper-
 imental  modulator  of  genetic  and  HFD-induced  metabolic
 disturbances  through  iron-chelating  and  lipid  peroxidation
 suppression  [ 15,  23].
 

In  the  present  study,  the  effects  of  maternal  obesity  on  pla-
 cental  lipid  accumulation,  energy  homeostasis,  iron-associated
 oxidative  stress,  and  fetal  growth  were  investigated  in  a  mouse
 model.  We  further  evaluated  whether  modulation  of  metabolic
 

D
ow

nloaded from
 academ

ic.oup.com
/biolreprod/advance-article/doi/10.1093/biolre/ioag131/8753933 by W

ageningen U
R

 Library user on 25 August 2026



Y.  Wo  et  al. 3 

stress  could  improve  placental  energy  supply  and  fetal  growth
 in  maternal  obesity.
 

Materials  and  methods 

Ethics  

This  study  was  approved  by  the  Institutional  Animal  Care
 and  Use  Committee  of  Institute  of  Animal  Science,  Chinese
 Academy  of  Agricultural  Sciences  (IAS2025-17).
 

Animal  model  and  treatment 

Eight-week-old  female  C57BL/6J  mice  were  housed  under
 controlled  temperature  (23 ◦  C)  and  humidity  conditions  with
 a  12-h  light/dark  cycle  and  free  access  to  food  and  water.  All
 animals  were  acclimatized  to  the  same  housing  and  feeding
 conditions  for  1  week  before  the  start  of  experimental  pro-
 cedures.  Twenty-four  female  C57BL/6  mice  were  randomly
 assigned  to  receive  either  a  control  diet  (CON,  XTADG001,
 Xietong  Shengwu  Co.  Ltd.,  China),  a  high-fat  diet  (HFD;  60%
 energy  from  fat,  D12492,  Research  Diets,  USA),  or  an  HFD
 diet  supplemented  with  FOT1  during  pre-gestation  (before
 mating  for  28  days),  and  post-mating  (18  days).  FOT1  was
 dissolved  in  DMSO  and  diluted  with  saline  for  gavage,  with
 a  f  inal  DMSO  concentration  of  5%  (v/v).  The  CON  and
 HFD  groups  received  the  corresponding  vehicle,  whereas  the
 FOT1  group  received  FOT1  (20  mg/kg/day)  by  gavage  once
 every  2  days,  beginning  28  days  before  mating  and  continuing
 throughout  gestation  until  E18.5  d.  The  dosage  of  FOT1
 was  selected  with  reference  to  previous  research  [ 15].  Before
 mating,  female  mice  were  fed  for  28  days.  On  day  28,  they
 were  housed  with  male  mice  overnight  at  a  ratio  of  2:1  per
 cage.  The  presence  of  a  vaginal  plug  the  following  morning
 was  considered indicative  of  successful  mating  and  designated
 as  embryonic  day  0.5  (E0.5  d).  Maternal  body  weight  was
 recorded  weekly  during  the  4-week  pre-mating  period.  During
 pregnancy,  weights  were  measured  at  E0.5  d,  E1  wk,  E2  wk,
 and  E18.5  d.
 

T  issue  collection 

On  E18.5  d,  pregnant  mice  were  euthanized by  CO 2  
inhalation  after  fasting  for  sample  collection.  Blood,  maternal
 adipose  tissue,  liver,  placentas,  fetuses,  and  fetal  livers  were
 collected.  Fetuses  were  weighed  before  fetal  liver  collection.
 Fetal  liver  samples  used  for  biochemical  assays  were  pooled
 within  each  litter  and  used  as  one  litter-level  biological
 replicate.  Placental  samples  were  allocated  for  hematoxylin
 and  eosin  (H&E),  Oil  Red  O  staining,  transmission  electron
 microscopy  (TEM),  biochemical,  oxidative  stress,  mitochon-
 drial,  and  molecular  assays.
 

Serum,  placental,  and  fetal  li  ver  biochemical
 analysis  

Serum  levels  of  triglycerides  (TG,  A110-1-1), total  cholesterol
 (TC,  A111-1-1), free  fatty  acids  (FFA,  A042-1-1),  glucose
 (A154-1-1),  and  insulin  (H203-1-2)  were  measured  using
 commercial  kits  (Nanjing  Jiancheng  Bioengineering  Institute,
 China).  Glucose  tolerance  tests  (GTTs)  were  performed  after
 an  overnight  (12  h)  fasting  on  E16.5  d.  An  injection  of  glucose
 solution  was  given  at  a  dose  of  2.0  g/kg  body  weight.  Blood
 glucose  was  measured  from  the  tail  vein  using  a  handheld
 glucometer  at  baseline  (0  min)  and  at  15,  30,  60,  and  120  min
 

after  administration.  Insulin  tolerance  tests  (ITTs)  were  car-
 ried  out  following  a  5-h  fasting  on  E18.5  d.  Mice  received  a
 single  intraperitoneal  injection  of  insulin  (1.0  U/kg),  and  blood
 glucose  was  monitored at  different  time  points.  Placenta  from
 each  litter  were  randomly  collected and  homogenized  to  deter-
 mine  placental  lipid  levels  (TG,  TC,  and  FFA).  Fetal  liver  TG
 content  was  measured  using  the  same  commercial  TG  assay
 kit  described  above.  Glycogen  content  was  measured using  a
 commercial  assay  kit  (BC0345,  Solarbio,  China)  according  to
 the  manufacturer’s  instructions.
 

Histological  analysis  of  adipose  tissue,  li  ver,  and
 placenta 

Subcutaneous  fat,  inguinal  fat,  liver,  and  placenta  samples
 were  excised  and  weighed.  Subsequently,  subcutaneous  fat,
 liver,  and  placenta  samples  were  f  ixed  in  10%  neutral-buffered
 formalin,  embedded  in  paraff  in,  sectioned  at  5  μ m,  and
 stained  with  H&E.  For  lipid  assessment,  a  subset  of  fresh
 liver  or  placenta  tissues  were  frozen  at  −  80 ◦  C,  cut  into
 cryosections,  and  subjected  to  Oil  Red  O  staining.  Images
 were  captured  using  a  Leica  microscope  (DM3000,  Germany).
 For  maternal  adipose  and  liver  histological  analyses,  tissue
 samples  from  six  dams  per  group  were  analyzed,  and  each
 dam  was  treated  as  one  biological  replicate.  For  placental
 H&E  and  Oil  Red  O  analyses,  placentas  were  selected from
 independent  litters,  and  each  placenta  was  treated as  one
 biological  replicate.  Morphometric  analyses,  including  lipid
 cell  size,  hepatic  vacuole  area,  labyrinth  zone  proportion  in
 the  placenta,  and  Oil  Red  O  regions,  were  quantif  ied  with
 ImageJ  software  (v1.53).
 

Litter  performance  

The  placenta  was  carefully  separated  from  the  maternal  decid-
 ual  tissue  and  collected  by  cesarean  section  at  E18.5  d.  The
 total  number  of  viable  fetuses  (litter  size)  was  recorded  for
 each  dam.  Fetal  viability  was  assessed  after  uterine  dissection
 based  on  gross  morphology,  as  described  previously  [ 24].
 Brief  ly,  fetuses  with  intact  morphology,  normal  gross  appear-
 ance,  and  no  signs  of  resorption  or  maceration  were  counted
 as  viable.  Resorption  sites  and  fetuses  showing  degeneration
 were  excluded from  the  viable  litter  size.  The  placenta  was
 cleared  of  the  umbilical  cord  and  fetal  membranes,  then
 blotted  dry  using  f  ilter  paper  to  ensure  the  removal  of  residual
 blood  and  f  luids  before  analysis.  The  total  fetal  weight  and
 total  placental  weight  per  litter  were  measured.  The  average
 fetal  and  placental  weights  were  calculated  by  dividing  the
 total  weight  by  the  litter  size  of  the  respective  dam.  Placental
 eff  iciency  was  determined as  the  ratio  of  average  fetal  weight
 to  average  placental  weight.
 

Placental  energy  metabolism  

Mitochondrial  membrane  potential  of  fresh  placenta  was
 assessed  using  a  JC-1  assay  kit  according  to  the  manufacturer’s
 instructions  (M8650,  Solarbio,  China).  Brief  ly,  fresh  placental
 tissue  was  processed  at  low  temperature,  homogenized,  and
 subjected  to  differential  centrifugation  to  obtain  mitochon-
 drial  fractions.  The  mitochondria  were  incubated with  JC-1
 working  solution,  and  f  luorescence  intensity  was  measured
 using  a  f  luorescence  microplate  reader.  Mitochondrial  mem-
 brane  potential  was  calculated  as  the  red/green  f  luorescence
 ratio  of  JC-1  aggregates  to  monomers.  Placental  ATP  content
 was  measured  using  an  ATP  content  kit  (BC0300,  Solarbio,
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China).  The  placental  activities  of  respiratory  chain  complexes
 I–V  were  determined using  the  mitochondrial  complex
 reductase  activity  assay  kit  from  the  same  supplier  (BC0510,
 BC3230,  BC3240,  BC0940,  BC1440).  Brief  ly,  mitochondrial
 fractions  were  disrupted  on  ice  to  release  mitochondrial
 proteins  and  then  used  for  enzymatic  measurements.  Enzyme
 activities  were  calculated  according  to  the  manufacturers’
 instructions.
 

DNA  isolation  and  mtDNA  copy  number  assay  

Placental  total  DNA  was  extracted  using  a  genomic  DNA
 extraction  kit  following  manufacturer’s  instructions  (Takara,
 Japan).  Relative  mitochondrial  DNA  (mtDNA)  copy  number
 was  determined by  quantitative  polymerase  chain  reaction
 (PCR),  and  the  mtDNA  copy  number  was  calculated  as  the
 ratio  of  mitochondrial  DNA  to  nuclear  DNA  as  previously
 described  [ 25].  The  sequences  of  the  primers  are  shown  in
 Supplementary  Table  1.
 

Iron-associated  oxidati  ve  stress  

Serum  and  placental  non-heme iron  levels  were  measured
 using  a  ferric/ferrous  ion  colorimetric  assay  kit  (S1066S,
 Beyotime  Biotechnology,  China).  Glutathione  (GSH),  oxi-
 dized  glutathione  (GSSG),  malondialdehyde  (MDA),  and  4-
 hydroxynonenal  (4-HNE)  contents  were  determined using
 commercial  kits  (A061-1-2,  A003-1-2,  H268-1-2,  Nanjing
 Jiancheng  Bioengineering  Institute,  China).  Glutathione  per-
 oxidase  4  (GPX4)  activity  was  measured  by  commercial  kits
 (BC6260,  Solarbio,  China).  Tissue  samples  were  processed  in
 accordance  with  the  manufacturers’  protocols  to  minimize
 oxidation  during  preparation.
 

Transmission  electron  microscopy  

The  TEM  analysis  was  performed using  placentas  from  three
 independent  litters  per  group.  Placental  tissues  were  initially
 f  ixed  in  2.5%  glutaraldehyde  for  over  48  h,  followed  by
 post-f  ixation  with  1%  osmium  tetroxide.  Samples  were  then
 dehydrated  at  low  temperature through  a  graded  ethanol
 series,  and  subsequently  treated  with  acetone  for  dehydration,
 embedding,  and  polymerization  at  room  temperature.  Ultra-
 thin  sections  were  cut  with  a  diamond knife,  stained  with
 uranyl  acetate  and  lead  citrate,  and  imaged  using  a  JEM-
 1011  TEM  (JEOL,  USA).  Digital  images  were  acquired  with
 a  Hitachi  camera  system  (HITACHI,  Japan).  Placental  mito-
 chondrial  ultrastructure  was  examined  by  TEM.  The  degree  of
 mitochondrial  injury  was  assessed  according  to  the  Flameng
 scoring  system  [ 26]:  0,  normal  ultrastructure;  1,  mild  swelling,
 decreased  matrix  density,  partial  cristae  separation;  2,  reduced
 matrix  density,  transparent  matrix,  cristae  separation  without
 rupture;  3,  severe  swelling  with  cristae  rupture  and  matrix
 coagulation;  4,  loss  of  inner/outer  membrane  integrity,  exten-
 sive  vacuolization,  severe  swelling,  and  cristae  rupture.  Three
 different  f  ields  were  captured  from  each  placenta,  and  the
 mean  value  for  each  placenta  was  used  as  one  biological
 replicate  for  statistical  analysis.
 

Western  blotting  

Placental  tissues  were  rinsed  in  ice-cold  PBS  and  homogenized
 in  protein  lysate  buffer containing  protease  inhibitors.
 Protein  concentrations  were  determined using  a  protein  assay
 kit  (23225,  Thermo  Fisher,  USA).  Standardized  amounts
 of  protein  were  separated  by  sodium  dodecyl  sulfate
 (SDS)-polyacrylamide  gel  electrophoresis  and  transferred  to
 

polyvinylidene  dif  luoride  (PVDF)  membranes.  Membranes
 were  incubated  with  the  following  primary  antibodies:
 transferrin  receptor  (TFRC,  32333-1-AP,  Proteintech),  acyl-
 CoA  synthetase  long-chain  family  member  4  (ACSL4,  22401-
 1-AP,  Proteintech),  solute  carrier  family  40  member  1
 (SLC40A1,  26601-1-AP,  Proteintech),  ferritin  heavy  chain
 1  (FTH1,  11682-1-AP,  Proteintech),  lysophosphatidylcholine
 acyltransferase  3  (LPCAT3,  67882-1-Ig,  Proteintech),  GPX4
 (67763-1-Ig,  Proteintech),  and  β  -actin  (66009-1-Ig,  Protein-
 tech).  The  optical  density  of  the  signals  was  quantif  ied  using
 ImageJ  software.
 

Immunofluorescence  analysis  

Placental  sections  were  deparaff  inized,  rehydrated,  and
 subjected  to  antigen  retrieval.  After  blocking  with  QuickBlock
 blocking  buffer  (Beyotime),  sections  were  incubated overnight
 at  4 ◦  C  with  primary  antibodies  against  TFRC,  ACSL4,
 GPX4,  and  translocase  of  outer  mitochondrial  membrane
 20  (TOMM20,  11802-1-AP,  Proteintech).  The  sections  were
 then  incubated  with  f  luorescent  secondary  antibodies  for  1  h
 at  37 ◦  C.  Nuclei  were  counterstained with  DAPI  for  5  min  at
 room  temperature.  Images  were  acquired  from  the  labyrinth
 zone,  which  was  identif  ied  under  low  magnif  ication  based  on
 placental  morphology  using  a  f  luorescence  microscope  (Leica,
 Germany).  Fluorescence  intensity  was  quantif  ied  using  ImageJ
 software.
 

Metabolomics  analysis  

For  metabolite  extraction,  frozen  placental  tissue  was
 transferred  into  centrifuge  tubes  containing  grinding  beads.
 Each  sample  was  mixed with  extraction solvent  (methanol:
 water  =  4:1,  v/v)  and  homogenized using  a  cryogenic  tissue
 grinder.  The  homogenates  were  then  subjected  to  low-
 temperature  ultrasonic  extraction.  The  supernatant  was
 used  for  analysis  by  UHPLC-Orbitrap  Exploris  (Thermo
 Fisher,  USA).  Chromatographic  separation  was  performed
 on  an  HSS  T3  column  (100  mm  ×  2.1  mm,  1.8  μ m).  The
 mobile  phases  consisted  of  solvent  A  (0.1%  formic  acid  in
 water/acetonitrile,  95:5,  v/v)  and  solvent  B  (0.1%  formic
 acid  in  acetonitrile/isopropanol/water,  47.5:47.5:5,  v/v/v).  The
 f  low  rate  was  maintained  at  0.40  mL/min,  with  the  column
 temperature  set  at  40 ◦  C.  Mass  spectrometry  was  carried  out
 in  both  positive  and  negative  ionization  modes,  scanning
 within  an  m/z  range  of  70–1050.  The  ion  spray  voltages  were
 3500  V  (positive)  and  −  3000  V  (negative),  with  sheath  gas
 and  auxiliary  gas  f  low  rates  set  at  50  and  13  arbitrary  units,
 respectively.  The  ion  source  was  operated  at  20–40–60  V  with
 stepped  collision  energy.  Raw  LC–MS  data  were  processed
 using  Progenesis  QI  software  (Waters,  USA)  for  peak
 alignment,  normalization,  and  identif  ication.  Multivariate
 statistical  analysis  was  performed using  Partial  Least  Squares
 Discriminant  Analysis  (PLS-DA)  to  visualize  group  separation.
 Metabolites  with  VIP  values  >1.0  in  Orthogonal  PLS-
 DA  and  P  <  0.05  in  univariate  testing  were  considered
 signif  icantly  different.  These  differential  metabolites  were
 subsequently  subjected  to  pathway  enrichment  using  the
 Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG,  http://
www.genome.jp/  kegg/  ).
 

Statistical  analysis  

Statistical  analysis  was  performed  using  GraphPad  Prism
 software  (version  10).  All  datasets  ref  lected  mean  ±  standard
 error  of  the  mean  (SEM).  Each  dam/litter  was  used  as  the
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experimental  unit,  and  data  are  expressed as  the  mean  value
 per  litter  for  statistical  analysis.  Statistical  comparisons  were
 performed  using  one-way  ANOVA  followed  by  Tukey’s  post
 hoc  test.  P  <  0.05  was  considered statistically  signif  icant.
 

Results 

Maternal  HFD  induces  obesity  and  metabolic
 dysfunction  during  gestation  

As  shown  in  Figure  1A,  twenty-four  8-week-old  female
 C57BL/6  mice  were  assigned  to  a  control  diet  (CON  group,
 n  =  8),  a  high-fat  diet  (HFD  group,  n  =  8),  or  an  HFD
 supplemented  with  the  experimental  metabolic  modulator
 FOT1  (FOT1  group,  n  =  8)  during  both  pre-mating  and
 pregnancy.  Maternal  obesity  was  induced  by  4  weeks  of  HFD
 feeding  before  mating  and  maintained  throughout  gestation
 until  E18.5  d.  Compared  with  the  CON-fed  dams,  HFD-fed
 dams  had  signif  icantly  elevated  serum  levels  of  FFA,  TC,  and
 TG  on  E18.5  d  (P  <  0.05,  Figure  1B–D).  Body  weight  had
 begun  to  differ  signif  icantly  between  groups  since  1  week
 before  gestation,  with  HFD  mice  showing  higher  body  weight
 relative  to  the  CON  group  (P  <  0.05,  Figure  1E  and  F).
 Consistently,  maternal  body  weight  at  E0.5  d  and  E18.5
 d  was  signif  icantly  higher  in  the  HFD  groups  compared
 to  the  CON  group  (P  <  0.05,  Figure  1G  and  H).  These
 results  showed  that  HFD  constructed a  maternal  obesity
 model.
 

On  E18.5  d,  fasting  glucose  and  insulin  levels  were  sig-
 nif  icantly  increased  in  the  HFD  group  (P  <  0.05,  Figure  1I
and  J).  Moreover,  HFD  increased  the  area  under  the  curve
 (AUC)  during  GTT  and  ITTs,  indicative  of  impaired  glu-
 cose  tolerance  and  insulin  resistance  (P  <  0.01,  Figure  1K–N).
 HFD  signif  icantly  increased  the  weight  of  subcutaneous and
 inguinal  fat  depots,  whereas  liver  weight  remained  unchanged
 among  groups  (P  <  0.01,  Figure  1O).  Histological  analysis
 demonstrated  that  HFD  increased  the  average  area  of  lipid
 cells  in  the  subcutaneous fat  (P  <  0.01,  Figure  1P  and  S).
 H&E  and  Oil  Red  O  staining  showed  that  HFD  increased
 the  hepatic  vacuolization  and  lipid  droplet  area  (P  <  0.01,
 Figure  1Q,  R,  and  T).
 

Moreover,  alleviation  of  metabolic  disorders  with  FOT1
 administration  did  not  affect  maternal  body  weight  gain,  but
 partially  attenuated HFD-induced  high  serum  TG,  insulin
 resistance,  and  hepatic  lipid  accumulation  (P  <  0.05),  support-
 ing  its  use  as  a  functional modulator  in  the  HFD-induced
 metabolic  stress.
 

Maternal  obesity  increases  placental  lipid
 accumulation,  reduces  placental  efficiency,  and
 impair  s  fetal  growth  and  hepatic  metabolism  

There  was  no  difference  in  litter  size  between  groups
 ( Figure  2A).  Compared  with  CON,  HFD  signif  icantly
 increased  average  placental  diameter  and  placental  weight,
 but  decreased  average  fetal  weight  and  placental  eff  iciency
 (P  <  0.05,  Figure  2B–E).  Biochemical  analysis  revealed  that
 placental  FFA  and  TG  contents  were  markedly  increased  in  the
 HFD  group  (P  <  0.01,  Figure  2F–H).  Moreover,  histological
 assessment  showed  HFD  feeding  decreased  the  relative
 labyrinth  zone  area  of  the  placenta  (P  <  0.01,  Figure  2I  and  J).
 Oil  Red  O  staining  further  revealed  extensive  lipid  droplets  in
 the  placenta  of  HFD-fed  dams  (P  <  0.01,  Figure  2K  and  L).
 HFD  reduced  fetal  liver  glycogen  content  ( Figure  2M,  P  <
 

0.05)  and  increased  hepatic  TG  accumulation  ( Figure  2N,  P
 <  0.05).
 

Specif  ically,  metabolic  modulation  by  FOT1  signif  icantly
 increased  fetal  weight,  placental  eff  iciency,  and  fetal  liver
 glycogen  toward  control  levels,  reduced  placental  lipid  accu-
 mulation,  and  preserved  labyrinth  zone  structure  (P  <  0.05).
 

Maternal  obesity  exhibits  placental  iron
 accumulation  and  oxidati  ve  stress  

The  serum  non-heme  iron  concentration did  not  differ  among
 groups  ( Figure  3A).  In  contrast,  placental  non-heme  iron
 content  was  signif  icantly  elevated  in  the  HFD  group  compared
 with  CON  group  (P  <  0.05,  Figure  3B),  indicating  tissue-
 specif  ic  iron  accumulation  under  maternal  metabolic  stress.
 Attenuation  of  metabolic  stress  using  FOT1  signif  icantly
 attenuated  this  increase,  restoring  placental  non-heme  iron
 levels  toward  those  observed  in  control  dams.  HFD  reduced
 the  GSH  level  and  elevated  the  GSSG  level,  thereby  decreasing
 the  GSH/GSSG  ratio,  and  FOT1  attenuated  the  ratio  toward
 control  levels  (P  <  0.05,  Figure  3C–E).  The  activity  of  GPX4
 was  decreased in  HFD  group,  and  FOT1  increased  the
 GPX4  activity  (P  <  0.05,  Figure  3F).  Placental  4-HNE  and
 MDA  levels  were  elevated  in  the  HFD  group,  while  FOT1
 signif  icantly  reduced  their  production  (P  <  0.01,  Figure  3G
and  H).  At  the  protein  level,  HFD  increased  the  expression
 of  TFRC,  a  key  regulator  of  cellular  iron  uptake,  suggesting
 enhanced  placental  iron  import  under  HFD  conditions,  and
 FOT1  signif  icantly  attenuated  TFRC  upregulation  (P  <  0.05,
 Figure  3I  and  J).  Also,  HFD  reduced both  FTH1  and
 SLC40A1  protein  expression,  and  FOT1  only  increased
 FTH1  expression  (P  <  0.05).  Expression  of  LPCAT3,  a
 lipid  remodeling  enzyme  associated  with  polyunsaturated
 phospholipid  enrichment,  was  also  increased  in  the  HFD
 group  (P  <  0.05).  Conversely,  antioxidant  enzyme  GPX4
 was  downregulated  by  HFD  exposure but  preserved  in  the
 FOT1  group  (P  <  0.05).  Immunof  luorescence  staining  further
 showed  that  HFD  increased  TFRC  f  luorescence  intensity
 and  reduced  GPX4  intensity  in  the  labyrinth  zone  (P  <  0.05,
 Figure  3K  and  L),  whereas  ACSL4  f  luorescence  intensity  was
 not  signif  icantly  altered.  FOT1  administration  signif  icantly
 normalized  TFRC  and  GPX4  f  luorescence  intensity  to  levels
 comparable  with  the  control  group  (P  <  0.05).
 

Maternal  obesity  leads  to  structural  damage  in
 placental  mitochondria  and  results  in  failure  in  ATP
 production  

Although  placental  glucose  levels  were  increased,  ATP  content
 was  reduced  in  the  HFD  group  compared  with  the  CON
 group  (P  <  0.05,  Figure  4A  and  B).  In  parallel,  mitochondrial
 membrane  potential  was  signif  icantly  decreased,  indicating
 impaired  mitochondrial  bioenergetic  capacity  (P  <  0.05,
 Figure  4C).  Transmission  electron  microscope  analysis
 revealed  ultrastructural  damage  in  placental  mitochondria
 from  HFD  dams,  including  swelling,  disrupted  membranes,
 and  loss  of  cristae  ( Figure  4D).  Quantitative  Flameng  scoring
 further  supported  increased  mitochondrial  damage  in  the
 HFD  group  (P  <  0.05,  Figure  4E).  Consistent  with  these
 structural  defects,  HFD  signif  icantly  suppressed  oxidative
 phosphorylation  capacity,  as  evidenced  by  reduced  activities
 of  mitochondrial  respiratory  chain  complexes  I,  III,  and  IV
 (P  <  0.05,  Figure  4F–J).  Moreover,  HFD  reduced  placental
 mtDNA  copy  number  (P  <  0.01,  Figure  4K)  and  TOMM20
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6 Maternal  obesity  impair  s  placental  bioenergetics  ,  2026  

Figure  1.  Maternal  HFD  leads  to  obesit  y  and  met  abolic  syndrome.  (A)  Schematic  of  experiment  (n  =  8).  (B)  Serum  FFA  concentration  (mmol/L).  (C)
 Serum  tot  al  cholesterol  (TC)  concentration (mmol/L).  (D)  Serum  triglyceride  (TG)  concentration  (mmol/L).  (E)  Maternal  body  weight  changes  during  the
 pre-mating  and  gest  ational  periods  (g).  (F)  Maternal  body  weight  at  pre-gest  ational  1  week  (g).  (G)  Maternal  body  weight  at  gest  ational  day  0.5  (g).  (H)
 Maternal  body  weight  at  gest  ational  day  18.5  (g).  (I)  Serum  fasting  glucose  concentration  (mmol/L).  (J)  Serum  fasting  insulin  concentration  (nIU/mL).  (K,
 L)  GTT  cur  ve  and  AUC.  (M,  N)  ITT  cur  ve  and  AUC.  (O)  Tissue  weights  of  subcut  aneous  fat,  inguinal  fat,  and  liver  (g).  (P)  Subcut  aneous  fat  H&E  st  aining
 (n  =  6  dams  per  group,  scale  bars  =  50  μ  m).  (Q)  Hepatic  H&E  st  aining  (n  =  6  dams  per  group,  scale  bars  =  75  μ  m).  (R)  Hepatic  Oil  Red  O  st  aining  (n  =  6
 dams  per  group,  scale  bars  =  75  μ  m).  (S)  The  quantification  of  lipid  cell  area  (n  =  6  dams  per group).  (T)  The  quantification  of  hepatic  Oil  Red  O  area  (n  =  6
 dams  per  group).  Dat  a  are  presented as  mean  ±  SEM;  ∗  means  P  <  0.05,  ∗∗

 means  P  <  0.01.  n  =  8  dams/litters  per  group  unless  other  wise  specified.  
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Figure  2.  Maternal  obesit  y  restricts  fet  al  growth,  impairs  placent  al  efficiency  and  morphology,  and  induces  placent  al  lipid  accumulation.  (A)  Litter  size
 (n  =  8  litters  per  group).  (B)  Placent  al  diameter  (cm,  n  =  8  placent  as  from  independent  litters  per  group).  (C)  Average  of  placent  al  weight  (g  ,  n  =  8  litters
 per  group).  (D)  Average  of  fet  al  weight  (g  ,  n  =  8  litters  per  group).  (E)  Placent  al  efficiency,  calculated  as  fet  al  weight  divided  by  placent  al  weight  (n  =  8
 litters  per  group).  (F)  Placent  al  FFA  content  (mmol/g  protein). (G)  Placent  al  TG  content  (mmol/g  protein).  (H)  Placent  al  TC  content  (mmol/g  protein).  (I,  J)
 Placent  al  H&E  st  aining  and  labyrinth/tot  al  area  ratio  (n  =  6  placent  as  from  independent  litters  per  group).  The  dotted  lines  frame  the  regions  of  the
 junctional  zone  (upper)  and  labyrinth  zone  (lower).  Scale  bars  =  2  mm.  (K,  L)  Placent  al  Oil  Red  O  st  aining  and  quantification  of  relative  placent  al  Oil  Red  O
 area  (n  =  6  placent  as  from  independent  litters  per  group,  scale  bars  =  50  0  μ  m).  (M)  Fet  al  liver  glycogen  content  (  μ  mol/mg  protein). (N)  Fet  al  liver  TG
 content  (  μ  mol/mg  protein).  Dat  a  are  presented as  mean  ±  SEM;  ∗  means  P  <  0.05,  ∗∗

 means  P  <  0.01.  n  =  8  dams/litters  per  group  unless  other  wise
 specified.  

f  luorescence  intensity  in  the  labyrinth  zone  (P  <  0.01,
 Figure  4L  and  M).
 

Conversely,  attenuation  of  metabolic  stress  signif  icantly
 normalized  the  decreased  ATP  production,  mitochondrial
 membrane  potential,  activities  of  complexes  I  and  III,  mtDNA
 copy  number,  and  TOMM20  f  luorescence  intensity  compared
 with  the  HFD  group  (P  <  0.05).
 

Maternal  obesity  alter  s  metabolites  related  to
 glycolysis,  oxidati  ve  phosphorylation,  and  the
 pentose  phosphate  pathway  

To  characterize  the  impact  of  maternal  HFD  on  placental
 energy  metabolic  metabolites,  untargeted  metabolomic
 prof  iling  was  performed.  PLS-DA  revealed  distinct  metabolic
 

patterns  across  groups  (P  <  0.05,  Figure  5A).  Compared  with
 the  CON  group,  the  HFD  group  exhibited  94  upregulated
 and  148  downregulated  metabolites  (P  <  0.05,  Figure  5B).
 Relative  to  the  HFD  group,  the  FOT1  group  resulted
 in  86  upregulated  and  81  downregulated  metabolites.  A
 total  of  34  signif  icantly  different  expressed  metabolites
 (DEMs)  were  consistently  altered  among  the  3  groups
 (P  <  0.05,  Figure  5B).  KEGG  enrichment of  these  overlapping
 DEMs  revealed  signif  icant  enrichment  in  pathways  such
 as  efferocytosis,  pentose  phosphate  pathway  (PPP),  and
 biosynthesis  of  cofactors  (P  <  0.01,  Figure  5C).  These  DEMs
 and  their  associated  KEGG  pathways  are  provided  in
 Supplementary  File  1.  Among  34  overlapped  metabolites,
 4  metabolites  were  enriched  in  KEGG  pathway,  as  shown
 in  Figure  5D.  ATP  and  L-ornithine,  which  are  involved
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Figure  3.  Maternal  obesit  y  induces  placent  al  iron  accumulation  and  oxidative  stress.  (A)  Serum  non-heme  iron  content  (  μ  mol/L).  (B)  Placent  al  non-heme
 iron  content  (  μ  mol/mg  protein).  (C)  Placent  al  glut  athione  (GSH)  content  (  μ  mol/mg  protein).  (D)  Placent  al  oxidized  glut  athione  (GSSG)  content  (  μ  mol/mg
 protein).  (E)  GSH/GSSG  ratio. (F)  Placent  al  GPX4  activit  y  (mU/mg  protein).  (G)  Placent  al  4-Hydroxynonenal  (4-HNE)  content (  μ  mol/mg  protein).  (H)
 Placent  al  malondialdehyde  (MDA)  content  (nmol/mg  protein).  (I,  J)  Immunoblots  and  quantification  of  transferrin  receptor  (TFRC),  acyl-CoA  synthet  ase
 long-chain  family  member  4  (ACSL4),  solute  carrier  family  40  member  1  (SLC40A1),  lysophosphatidylcholine  acyltransferase  3  (LPCAT3),  ferritin  heav  y
 chain  1  (FTH1),  and  GPX4  protein  expression  in  the  placent  a.  (K,  L)  Represent  ative  immunofluorescence  images  of  TFRC,  ACSL4,  and  GPX4  and
 quantification  of  relative  fluorescence  intensit  y  in  the  labyrinth  zone  (main  panel:  merge  of  t  arget  protein  and  DAPI).  Bottom-left  inset:  protein  signal.
 Bottom-right  inset:  DAPI  channel.  n  =  6  placent  as  from  independent  litters  per  group,  scale  bars  =  50  μ  m).  Dat  a  are  presented  as  mean  ±  SEM;  ∗  means
 P  <  0.05,  ∗∗

 means  P  <  0.01.  n  =  8  dams/litters  per  group  unless  other  wise  specified.  
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Figure  4.  Maternal  obesit  y  impairs  placent  al  mitochondrial  integrit  y  and  ATP  production.  (A)  Placent  al  glucose  content  (mmol/g  protein).  (B)  Placent  al
 ATP  content  (nmol/mg  protein).  (C)  Placent  al  mitochondrial  membrane  potential.  (D)  Placent  al  mitochondrial  ultrastructure  obser  ved  by  transmission
 electron  microscope  (n  =  3  placent  as  from  3  independent  litters  per  group.  Three  fields  were  analyzed  per  placent  a,  and  the  placent  a-level  mean  was
 used  as  one  biological  replicate).  (E)  Placent  al  mitochondrial  damage  score  assessed  by  Flameng  score.  (F)  Mitochondrial  respirator  y  chain  complex  I
 activit  y  (nmol/min/mg  protein).  (G)  Complex  II  activit  y  (nmol/min/mg  protein).  (H)  Complex  III  activit  y  (nmol/min/mg  protein).  (I)  Complex  IV  activit  y
 (nmol/min/mg  protein).  (J)  Complex  V  activit  y  (nmol/min/mg  protein). (K)  Placent  al  mitochondrial  DNA  (mtDNA)  copy  number.  (L,  M)  Represent  ative
 immunofluorescence  images  of  translocase  of  outer  mitochondrial  membrane  20  (TOMM20)  and  quantification  of  fluorescence  intensit  y  in  the  labyrinth
 zone  (main  panel:  merge  of  TOMM20  and  DAPI).  Bottom-left  inset:  protein  signal.  Bottom-right  inset:  DAPI  channel.  n  =  6  placent  as  from  independent
 litters  per  group,  scale  bars  =  50  μ  m).  Dat  a  are  presented  as  mean  ±  SEM;  ∗  means  P  <  0.05,  ∗∗

 means  P  <  0.01.  n  =  8  dams/litters  per  group  unless
 other  wise  specified.  

in  efferocytosis,  were  signif  icantly  reduced  in  the  HFD
 group  (P  <  0.05,  Figure  5E).  Remarkably,  FOT1  treatment
 modulated  ATP  levels  comparable  with  CON.  Given  the
 marked  mitochondrial  dysfunction  and  ATP  reduction
 observed  in  HFD,  we  next  focused  on  energy  metabolism,
 glucose  metabolism,  and  corresponding  DEMs  in  pairwise
 comparison.
 

KEGG  enrichment analysis  of  DEMs  between  the  HFD  and
 CON  groups  revealed  signif  icant  enrichment  in  glycolysis/glu-
 coneogenesis,  oxidative  phosphorylation,  and  biosynthesis
 of  cofactors  pathways,  and  several  metabolites  were  shared
 among  these  pathways  (P  <  0.05,  Figure  5F).  For  instance,
 3-phosphoglycerate  was  enriched  in  all  these  pathways
 (P  <  0.05,  Figure  5G).  Adenosine  5 ′  -diphosphate  (ADP)  was
 associated  with  oxidative  phosphorylation,  and  D-ribulose
 5-phosphate  was  enriched  in  the  biosynthesis  of  cofactors
 (P  <  0.05).  Notably,  the  abundance  of  3-phosphoglycerate,
 D-ribulose  5-phosphate,  ADP,  and  spermine  was  signif  icantly
 reduced  in  the  HFD  group  compared  with  the  CON  group,
 indicating  impaired  placental  energy  metabolism  under
 maternal  obesity  (P  <  0.05,  Figure  5).
 

To  further  assess  whether  metabolic  modulation  could
 alleviate  HFD-induced energy  impairment,  DEMs  between
 the  HFD  and  FOT1  group  were  mapped  to  KEGG  pathways.
 

Compared  with  the  FOT1  group,  two  major  energy-related
 pathways,  glycolysis/gluconeogenesis  and  the  PPP,  were  lower
 in  the  HFD  group  (P  <  0.05,  Figure  5H).  FOT1  adminis-
 tration  increased  the  abundance  of  glycolytic  intermediates
 (3-phosphoglycerate  and  dihydroxyacetone phosphate)  and
 pentose  phosphate  metabolites  (D-ribulose  5-phosphate,  6-
 phosphogluconic  acid,  and  3-phosphoglycerate) (P  <  0.05,
 Figure  5I).  In  conclusion,  maternal  obesity  was  associated
 with  altered  abundance  of  metabolites  related  to  placental
 central  carbon  metabolism,  including  glycolysis/gluconeogen-
 esis,  oxidative  phosphorylation,  and  the  PPP.  FOT1  partially
 shifted  these  pathway-related  metabolite  prof  iles  toward
 control  levels,  supporting  their  association  with  placental
 bioenergetic  impairment  under  maternal  HFD  exposure
 ( Figure  5J).
 

Discussion  

Maternal  obesity  is  a  recognized  risk  factor  for  FGR,  but
 the  mechanisms  linking  metabolic  stress  to  impaired  fetal
 growth  remain  incompletely  understood.  In  the  present  study,
 we  provide  evidence  that  HFD  induces  placental  lipid  over-
 load,  placental  energy  insuff  iciency,  and  placental  dysfunc-
 tion,  ultimately  contributing to  FGR.  To  further  study  the
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10 Maternal  obesity  impair  s  placental  bioenergetics  ,  2026  

Figure  5.  Maternal  obesit  y  alters  placent  al  met  abolites  related  to  glycolysis,  oxidative  phosphor  ylation,  and  the  pentose  phosphate  pathway.  (A)  PLS-DA
 analysis  of  placent  al  met  abolomics  of  3  groups  (n  =  6).  (B)  Significantly  DEMs  across  groups.  (C)  KEGG  pathway  enrichment  of  DEMs  from  three  groups.
 (D)  Heatmap  of  overlapped  DEMs  enriched  in  the  KEGG  pathway.  Left:  bubble  plot  showing  met  abolites  with  corresponding  VIP  values  (x  -axis).  Right:
 heatmap  of  met  abolite  abundances,  where  columns  represent  groups  and  rows  represent  met  abolites;  color  intensit  y  indicates  relative  expression
 according  to  the  scale  bar.  (E)  DEMs  from  three  groups  enriched  in  the  efferocytosis  pathway.  (F)  KEGG  pathway  enrichment  of  DEMs  from  HFD  and
 control (CON)  groups.  (G)  Relative  abundance  of  represent  ative  DEMs  (HFD  and  CON  groups)  and  their  associated  pathways.  (H)  KEGG  pathway
 enrichment  of  DEMs  from  FOT1  and  HFD  groups.  (I)  Relative  abundance  of  represent  ative  DEMs  (FOT1  and  HFD  groups)  and  their  associated
 pathways.  (J)  FOT1  increased  placent  al  glucose  concentration,  intermediates  in  glycolysis  (3-phosphoglycerate,  dihydroxyacetone  phosphate),  and  the
 pentose  phosphate  pathway  (6-phosphogluconic  acid,  D-ribulose  5-phosphate),  which  might  increase  ATP  level.  
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involvement  of  iron-associated  oxidative  stress  within  this
 HFD-driven  metabolic  disorder,  FOT1  was  applied  as  an
 experimental  metabolic  modulator  with  iron-chelating  and
 lipid  peroxidation-suppressing properties.
 

The  HFD  administered  for  4  weeks  before  mating  and
 maintained  throughout  gestation  was  used  to  establish  a
 maternal  obesity  model.  Consistent  with  previous  reports,
 HFD-fed  dams  developed  a  metabolic  syndrome-like  pheno-
 type  characterized  by  increased  body  weight,  dyslipidemia,
 insulin  resistance,  increased  subcutaneous fat  weight,  and
 hepatic  lipid  accumulation  [ 5,  27].  Our  f  indings  showed  that
 metabolic  modulation  by  FOT1  partially  alleviated  maternal
 hyperglycemia  and  insulin  resistance,  although  it  did  not
 prevent  HFD-induced  weight  gain  during  gestation.  These
 f  indings  support  its  use  as  a  functional  modulator  in  HFD-
 induced  metabolic  stress.  However,  the  absence  of  an  only
 FOT1  group  prevents  us  from  distinguishing  whether  these
 protective  effects  of  FOT1  are  mediated  by  systemic  maternal
 metabolic  improvement,  placenta-local  actions,  or  both.
 

In  the  present  study,  maternal  HFD  exposure did  not  affect
 litter  size  but  signif  icantly  reduced  fetal  weight  and  placental
 eff  iciency,  which  is  similar  to  earlier  reports  [ 5,  27,  28].  These
 results  suggested  that  HFD-induced  metabolic  disturbances
 compromised  the  intrauterine  environment  rather  than  ovu-
 lation  or  implantation.  Conversely,  another  study  reported
 decreased  placental  weight  or  increased  placental  eff  iciency
 in  response  to  high-fat  and  high-sugar  diets,  which  may
 result  from  differences  in  dietary  fat  content (60%  vs.  30%)
 or  in  placental  lipid  accumulation  across  studies  [ 21].  In
 our  study,  HFD  resulted  in  an  enlarged  placental  diame-
 ter  accompanied  by  reduced  eff  iciency,  suggesting  compen-
 satory  placental  growth  in  response  to  functional  insuff  i-
 ciency.  Both  clinical  and  experimental  evidence  indicate  that
 such  placental  remodeling  often  ref  lects  impaired  nutrient
 transport,  defective  trophoblast  differentiation,  and  abnormal
 vascular  development,  all  of  which  contribute  to  FGR  [ 21,
 29,  30].  The  placental  labyrinth  zone  area,  which  mediates
 nutrient  exchange  and  placental  angiogenesis,  was  reduced
 in  the  HFD  group,  supporting  impaired  placental  eff  iciency
 [ 31].  Reduced  labyrinth  zone  area  showed  impaired  placental
 development  and  was  consistent  with  the  reduced  placental
 eff  iciency  and  fetal  growth  observed  in  HFD-fed  dams.  Inter-
 estingly,  attenuation  of  metabolic  stress  by  FOT1  modulated
 the  labyrinth  zone  organization,  indicating  reduced  structural
 disruption  of  the  placenta  under  HFD  exposure [ 32,  33].
 Mechanistically,  placental  lipid  overload  has  been  recognized
 as  a  mediator  of  placental  dysfunction  in  maternal  obesity
 through  lipid  peroxidation,  lipotoxic  signaling,  and  oxidative
 stress  [ 9,  34,  35].  Consistent  with  these  f  indings,  we  observed
 increased  placental  TG  and  FFA  content,  accompanied  by
 an  increased  lipid  droplet  area,  as  detected  by  Oil  Red  O
 staining.  Metabolic  modulation  by  FOT1  decreased  placental
 lipid  deposition,  shifting  placental  lipid  levels  toward  those
 observed  in  the  control  groups,  and  similar  effects have  been
 reported  in  other  metabolic  tissues  under  obesogenic  condi-
 tions  [ 15,  36,  37].  Fetal  hepatic  metabolism  further  extends
 the  physiological  relevance  of  placental  bioenergetic  impair-
 ment.  Consistent  with  previous  research,  HFD  increased  fetal
 liver  TG  accumulation,  which  might  be  related  to  mater-
 nal  dyslipidemia  and  altered  placental  lipid  handling  [ 38].
 This  alteration  may  represent  an  early  prenatal  metabolic
 signal  associated  with  the  long-term  metabolic  vulnerability
 of  offspring  exposed  to  maternal  obesity  [ 39].  In  line  with
 reduced  fetal  growth  and  placental  eff  iciency,  HFD  reduced
 

fetal  liver  glycogen  content,  which  ref  lects  limited  fetal  glucose
 availability,  placental  glucose  transport,  and  exchange  capac-
 ity  under  maternal  metabolic  stress  [ 40–  42].  FOT1  attenu-
 ated the  decrease  in  fetal  hepatic  glycogen,  suggesting  that
 improved  placental  bioenergetic  status  was  associated  with
 normalization  of  fetal  metabolic  indices.  Future  studies  are
 needed  to  follow  offspring’s  metabolism  after  birth  and  deter-
 mine  whether  these  prenatal  hepatic  changes  persist  into
 postnatal  life.
 

Maternal  obesity  imposes  metabolic  stress  on  the  placenta
 and  challenges  its  capacity  to  maintain  energy  homeostasis
 [ 43].  Excessive  lipid  peroxidation and  labile  iron  accumu-
 lation  under  HFD  conditions  may  impair  mitochondrial
 membranes,  thereby  reducing  electron  transport  and  ATP
 synthesis  [ 22].  In  this  study,  the  increased  glucose  and
 decreased  ATP  levels  suggest  that  glucose  availability  is
 not  limiting,  whereas  mitochondrial  oxidative  capacity
 is  compromised.  Previous  studies  have  reported  reduced
 placental  oxidative  phosphorylation  capacity  under  maternal
 HFD  [ 44–  46].  In  HFD  placentas,  TEM  provides  supportive
 evidence  for  mitochondrial  ultrastructural  abnormalities,
 together  with  decreased  mitochondrial  membrane  potential,
 reduced  mtDNA  copy  number  and  TOMM20  intensity,  and
 lower  activities  of  respiratory  chain  complexes  I,  III,  and  IV.
 The  mtDNA  copy  number  is  commonly  used  as  an  indicator  of
 mitochondrial  genome  abundance  or  mitochondrial  content,
 whereas  TOMM20  marks  the  mitochondrial  outer  membrane
 [ 47].  As  mtDNA  encodes  core  subunits  of  complexes  I,  III,
 and  IV,  reduced  mtDNA  copy  number  may  support  the
 observed  complex  activity  def  icits  induced  by  HFD  [ 48].
 FOT1  attenuated  the  decrease  in  mitochondrial  function  and
 abundance,  suggesting  that  limiting  iron-associated  oxidative
 stress  and  lipid  peroxidation  may  help  preserve  mitochondrial
 bioenergetic  capacity  under  maternal  HFD  exposure.  The
 lack  of  full  recovery  of  complex  IV  activity  suggests  that
 additional  regulatory  mechanisms  of  mitochondrial  damage
 may  persist  under  HFD  exposure  [ 49].  Because  mitochondrial
 dysfunction  is  regulated  by  upstream  mechanisms,  including
 mitochondrial  biogenesis,  dynamics,  and  mitophagy,  these
 alterations  in  maternal  obesity  need  to  be  explored  in  future
 studies  [ 11,  47].
 

A  key  f  inding  of  this  study  is  that  placental  lipid  over-
 load  under  HFD  is  accompanied by  iron-associated  oxidative
 stress.  Previous  studies  have  shown  that  HFD  induces  iron
 accumulation  in  multiple  metabolic  tissues  and  organs,  includ-
 ing  the  blood,  adipose  tissue,  liver,  and  kidney  [ 15–  18].  The
 western  diet  was  associated  with  placental  iron  metabolism
 disorder  and  oxidative  stress,  which  led  to  FGR  [ 21].  In  line
 with  these  observations,  we  found that  HFD  elevated  placen-
 tal  non-heme  iron  levels  and  increased  expression  of  TFRC,
 indicating  enhanced  cellular  iron  uptake.  Excess  labile  iron
 can  catalyze  lipid  peroxidation  via  Fenton chemistry,  ampli-
 fying  oxidative  damage  to  cellular  membranes  [ 50].  TFRC
 mediates  cellular  iron  uptake  by  endocytosing  transferrin-
 bound  Fe 3+

 and  delivering  Fe 2+
 to  the  labile  iron  pool,  and  its

 upregulation  has  been  linked  to  iron-related  oxidative  stress,
 which  is  commonly  observed  in  metabolic  disorders  [ 51–  53].
 SLC40A1  is  the  major  iron-export protein,  and  FTH1  con-
 tributes  to  ferritin-mediated  iron  storage  and  detoxif  ication
 of  excess  intracellular  iron  [ 54].  In  our  study,  HFD  increased
 TFRC  expression  but  decreased  SLC40A1  expression,  sug-
 gesting  enhanced  iron  uptake  together  with  impaired  iron
 export  capacity  in  maternal-fetal  exchange  area.  This  pattern
 is  consistent with  placental  non-heme  iron  accumulation  and
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may  increase  redox-active iron  availability,  thereby  promot-
 ing  lipid  peroxidation and  GPX4-related  antioxidant  failure.
 Changes  in  iron  uptake,  storage,  and  export  proteins  collec-
 tively  support  a  state  of  intracellular  iron  retention  and  redox
 imbalance  in  the  placenta  under  HFD  [ 55].  Labyrinth  zone
 is  the  main  site  for  iron-related  oxidative  stress,  and  modu-
 lation  of  iron-associated  oxidative  stress  preserves  labyrinth
 zone  function.  In  parallel,  LPCAT3,  a  key  enzyme  promoting
 PUFA-containing  phospholipid  formation,  was  also  upregu-
 lated  by  HFD,  expanding  the  pool  of  oxidizable  substrates
 and  sensitizing  placental  membranes  to  lipid  peroxidation,
 as  evidenced  by  increased  MDA  and  4-HNE  [ 56,  57].  In
 contrast,  antioxidant  defenses  were  compromised  under  HFD
 exposure,  as  ref  lected  by  decreased  expression  of  GPX4,  GPX
 activity,  GSH,  and  a  lower  GSH/GSSG  ratio,  all  of  which
 weaken  phospholipid  hydroperoxide  detoxif  ication  and  accel-
 erate  oxidative  stress  [ 58,  59].  The  reduced  expression  and
 activity  of  GPX4  ref  lect  a  broader  failure  of  lipid  peroxide
 detoxif  ication  and  redox  buffering  capacity  [ 60].  While  indi-
 rect  markers  of  oxidative  stress  were  changed,  direct  quantif  i-
 cation  of  mitochondrial  ROS  is  needed  to  attribute  oxidative
 damage  to  the  mitochondrial  compartment  in  future  work.
 Moreover,  HFD  increased  TFRC  and  reduced  GPX4  f  luores-
 cence  intensity  in  labyrinth  zone,  consistent  with  increased
 non-heme  iron,  4-HNE,  and  MDA  levels  and  the  reduced
 GSH/GSSG  ratio  detected in  whole-placenta  assays.  FOT1
 attenuated  the  changes  in  TFRC  and  GPX4,  suggesting  that  its
 protective  effect  may  involve  limiting  iron-associated oxida-
 tive  stress  and  preserving  GPX4-related  antioxidant  defense
 and  mitochondrial  function  [ 61].  However,  these  observations
 should  be  interpreted  as  compartment-level localization  rather
 than  def  initive  cell-type-specif  ic  evidence.  Remarkably,  FOT1
 increased  GSH/GSSG  ratio  and  partially  normalized  TFRC
 and  GPX4  expression,  while  reducing  lipid  peroxidation end
 products  such  as  4-HNE  and  MDA.  These  effects  are  consis-
 tent  with  the  reported  ability  of  FOT1  to  chelate  redox-active
 iron  and  suppress  lipid  peroxidation signaling  [ 15].  Mecha-
 nistically,  HFD-induced  lipid  overload  was  accompanied  by
 iron-associated  oxidative  stress,  which  may  contribute to
 mitochondrial  membrane  injury  and  reduced  electron  trans-
 port  eff  iciency,  though  direct  causal  evidence  requires  further
 investigation.  Metabolic  modulation  preserves  mitochondrial
 structure  and  maintains  energy-producing pathways,  thereby
 limiting  placental  ATP  depletion  under  HFD  exposure  [ 62].
 However,  as  FOT1  also  partially  attenuated  systemic  insulin
 resistance  and  dyslipidemia,  a  contribution  from  improved
 systemic  metabolic  status  cannot  be  fully  excluded.
 

To  further  elucidate  the  metabolic  alterations  underlying
 HFD-induced  energy  insuff  iciency,  placental  LC–MS/MS
 metabolomic  analysis  was  performed.  KEGG  enrichment
 analysis  identif  ied  several  pathways  related  to  cellular
 metabolism,  among  which  biosynthesis  of  cofactors,  gly-
 colysis,  oxidative  phosphorylation,  and  the  pentose  phos-
 phate  pathway  were  most  directly  linked  to  placental
 energy  homeostasis,  which  is  in  line  with  a  previous  study
 [ 63].  Suppression  of  glycolytic  intermediates  such  as  3-
 phosphoglycerate  and  dihydroxyacetone phosphate  is  likely
 to  limit  substrate-level  phosphorylation  and  reduce  pyruvate
 availability  for  mitochondrial  oxidation,  consistent  with
 the  constrained  ATP  production  in  maternal  obesity  [ 64].
 Meanwhile,  maternal  HFD  exposure  was  associated  with
 a  suppression  of  PPP  metabolites,  including  D-ribulose-
 5-phosphate  and  6-phosphogluconic  acid,  indicating  a
 

reduced  capacity  for  NADPH  generation  and  a  consequent
 impairment  of  glutathione-dependent  antioxidant  defenses
 [ 65,  66].  This  loss  of  redox  buffering  capacity  might  sensitize
 the  placenta  to  oxidative  stress  under  placental  lipid  overload
 [ 67].  Consistently,  the  metabolic  differences  observed  between
 the  HFD  and  FOT1  groups  suggest  that  iron-related  oxidative
 stress  plays  a  role  in  exacerbating  HFD-induced  damage.
 Attenuation  of  iron-dependent oxidative  stress  by  FOT1
 was  accompanied  by  increased  abundances  of  glycolytic
 and  pentose  phosphate  pathway  intermediates,  suggesting
 that  HFD-induced  lipid  overload  constrains  placental  central
 carbon  metabolism  [ 68].  Notably,  3-phosphoglycerate  serves
 as  a  precursor  for  serine  biosynthesis,  which  fuels  one-
 carbon  metabolism  and  supports  nucleotide  synthesis,  whose
 reduction  compromises  cellular  antioxidant  capacity  in  HFD,
 consistent  with  the  reduced  4-HNE  and  MDA  levels  [ 69].
 These  results  indicate  that  maternal  HFD  was  associated
 with  suppressed  placental  energy  metabolite  prof  iles  and
 impaired  antioxidant  defense,  and  iron-associated  oxidative
 stress  might  amplify  placental  mitochondrial  dysfunction  and
 energetic  insuff  iciency.
 

Nevertheless,  several  limitations  should  be  acknowledged.
 Although  HFD  may  disrupt  glycolysis  to  decrease  ATP  synthe-
 sis,  metabolite  abundance  does  not  directly  ref  lect  metabolic
 f  lux,  and  isotope  tracing  approaches such  as  13

 C-glucose
 labeling  are  required  to  conf  irm  changes  [ 70].  The  present
 study  did  not  directly  establish  the  specif  ic  causal  role  of
 iron-dependent  oxidative  stress  in  placental  mitochondrial
 impairment.  Future  studies  need  to  use  pathway-specif  ic  res-
 cue  experiments  and  targeted  manipulation  of  iron-regulatory
 proteins  to  def  ine  the  causal  relationship.  Moreover,  while
 FOT1  effectively  modulated  placental  oxidative  stress  and
 mitochondrial  function,  it  did  not  fully  normalize  mater-
 nal  or  placental  metabolic  dysfunction,  indicating  that  addi-
 tional  lipid-independent  mechanisms  may  contribute  to  HFD-
 induced  placental  insuff  iciency.  Additionally,  the  absence  of  a
 CON  +  FOT1  group  limits  the  ability  to  distinguish  systemic
 from  local  placental  effects  of  FOT1;  this  should  be  addressed
 in  future  studies.
 

Collectively,  maternal  obesity  was  associated  with  placental
 lipid  overload,  iron-associated  oxidative  stress,  and  bioen-
 ergetic  impairment,  which  may  contribute  to  FGR.  Experi-
 mental  attenuation of  iron-associated  oxidative  stress  using
 FOT1  partially  rescued placental  bioenergetic  indices  and  fetal
 outcomes,  supporting  the  involvement  of  this  pathway  in
 HFD-associated  placental  dysfunction.
 

Conclusion  

In  summary,  maternal  obesity  induces  placental  iron-
 associated  oxidative  stress  and  bioenergetic  impairment,
 which  might  contribute  to  placental  insuff  iciency  and
 FGR.  FOT1  administration  attenuated  placental  oxidative
 stress,  partially  restored placental  bioenergetic  function,  and
 improved  fetal  metabolic  indices.  These  f  indings  identify
 placental  iron-associated  oxidative  stress  as  a  mechanistic
 link  between  maternal  obesity  and  FGR,  and  highlight  it  as  a
 potential  target  for  future  therapeutic  strategies.
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