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Fine  particulate  matter  (PM2.5),  a  major  air
pollutant  rich  in  toxic  organic  compounds,  induces
lung  injury  primarily  through  oxidative  stress  and
inflammation,  thereby contributing to diseases such
as  asthma,  fibrosis,  and  lung  cancer.  It  triggers
inflammatory  responses  by  promoting  immune  cell
infiltration  and  releasing  pro-inflammatory
mediators,  such as IL-1β,  TNF-α,  and MIP-1α. It  also
causes excessive ROS production, disrupts the redox
balance,  and  exacerbates  oxidative  damage  and
inflammation  in  lung  tissue[1-4].  Although  PM2.5  has
been  shown  to  induce  ferroptosis  via  iron  overload
and  oxidative  stress,  the  underlying  mechanisms
remain unclear. This study aimed to establish a PM2.5
inhalation  exposure  model  to  explore  lung  toxicity
related to ferroptosis mechanisms.

A total of 45 male C57BL/6J mice (6–8 weeks old)
were randomly assigned to three groups (n = 15 per
group):  the  filtered  (air  filtered  through  a  Teflon
membrane  without  PM2.5,  FA),  unfiltered  PM2.5
(unfiltered  air  with  PM2.5,  UA),  and  concentrated
PM2.5 air (with PM2.5 concentrations 5–10 times that
of  normal  air,  CA),  and  exposed  for  16  weeks.  The
concentrations of PM2.5 in each toxicity chamber and
the  body  weights  of  the  mice  were  recorded
throughout  the  experiment.  After  exposure,  mice
were  sacrificed  by  cervical  dislocation.  After
exposure, lung tissue samples from each group were
stored  in  a  -80  °C  freezer  or  fixed  in  4%
paraformaldehyde  for  histological  examination  for
subsequent measurements.

Metabolite  detection  in  the  lung  tissue  was
performed  according  to  an  adapted  method  with
modifications,  and  relative  quantitative  metabolite
analysis  was  conducted  using  ultra-high-
performance  liquid  chromatography–tandem  mass
spectrometry.  The  detailed  operational  procedures
and  parameter  settings  are  provided  in  the

supporting  information  (SI).  To  systematically
investigate  the  molecular  mechanisms  underlying
the effects  of  PM2.5 on iron metabolism,  we further
measured  iron  ions,  inflammatory  cytokines,  and
oxidative  damage-related  markers  using  ELISA  kits;
all details can be found in the SI.

The  experimental  results  are  expressed  as  the
means  ±  SD.  Metabolomic  data  were  processed
using  ProFinder  software  for  raw  LC-MS  data
extraction, and univariate and multivariate statistical
analyses  were  conducted  using  Analyst  1.6.3
software.  Differential  metabolites  were  identified
through  univariate  (t-tests,  fold  change)  and
multivariate  [principal  component  analysis  (PCA),
orthogonal  partial-least-squares  discriminant
analysis  (OPLS-DA)]  analyses  using  variable
importance  in  projection  (VIP)  ≥  1  and  P  <  0.05,
followed  by  KEGG  pathway  enrichment.  Detailed
analytical methods are provided in the SI.

All  animal  experiments  and  euthanasia
procedures  were  approved  by  and  conducted  in
accordance with the guidelines of the Committee of
Laboratory Animal Welfare and Ethical Review of the
Institute  of  Environmental  and  Health-Related
Product Safety, China CDC (No. 2022H0003).

As  shown  in  Figure  1A,  the  period  of  animal
inhalation  exposure  lasted  for  16  weeks  and  the
weekly average concentrations to which the FA, UA,
and  CA  groups  were  exposed  were  0,  18.20–77.92,
and  144.8–1339.79  μg/m3,  respectively.  In  addition,
the  lung-weight-to-body-weight  ratio  was  not
elevated  in  the  UA  group,  but  a  statistically
significant  increase  was  observed  in  the  CA  group
compared with  that  in  the  FA group (Figure  1B; P <
0.05).  Histological  examination  revealed  clear
changes  in  both  UA and  CA groups.  Compared  with
the  FA  group,  focal  pulmonary  interstitial  edema,
widened alveolar septa, dilated and congested small
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blood  vessels,  and  exudation  of  cellulose-like
substances  were  observed  in  both  the  UA  and  CA
groups. In addition, a small amount of inflammatory
cell infiltration in the interstitium, alveolar epithelial
hyperplasia,  and  a  tendency  toward  atelectasis  in
focal  areas  with  a  tendency  toward  consolidation
were observed, indicating lung injury in the CA group
(Figure  1C).  These  results  are  consistent  with  those
of  previous  research  showing  that  PM2.5,  can  cause
lung  tissue  damage,  such  as  destruction  of  alveolar
structures (thickening of alveolar walls or rupture of
alveolar  septa)  and  infiltration  of  inflammatory
cells[5].

The  PCA  score  plot  indicated  that  the
experimental  samples  demonstrated  good
repeatability  and  stability  (Figure  2A).  The  results
revealed  a  significant  separation  between  the
metabolites of the FA and UA groups, with principal
components PC1 and PC2 accounting for  26.9% and
20.1%  of  the  variance,  respectively  (Supplementary
Figure  S1A).  Similarly,  a  clear  separation  trend  was
observed  between  the  FA  and  CA  groups,  with  PC1
and  PC2  accounting  for  25.4%  and  18.7%  of  the
variance,  respectively  (Supplementary  Figure  S1B).
The OPLS-DA score plot showed that the FA and UA

and  FA  and  CA  groups  were  distributed  across
distinct  regions.  The  goodness-of-fit  and  predictive
ability  values  (FA  vs.  UA:  R2X  =  0.229,  R2Y  =  0.94,
Q2 =  0.762; and FA vs.  CA: R2X = 0.182,  R2Y = 0.901,
Q2  =  0.542)  suggested  that  the  OPLS-DA  model  had
good  fitting  and  predictive  capabilities
(Supplementary  Figure  S1C,  1D).  Differential
metabolites were identified using the VIP value from
the  OPLS-DA  model  and  P-value  from  statistical
analysis.  Metabolites  with  VIP  >  1.0,  P  <  0.05,  or
−Log10  (P-value)  >  1.32  were  considered  significant,
with  Log2FC  >  0  indicating  upregulation  and
Log2FC < 0 indicating downregulation. A total of 152
differential metabolites were identified between the
FA  and  UA  groups,  and  84  between  the  FA  and  CA
groups.  Compared with the FA group, the UA group
showed  125  upregulated  and  27  downregulated
metabolites,  whereas  the  CA  group  showed  73
upregulated  and  11  downregulated  metabolites
(Figure  2B).  There  were  19  differential  metabolites
between  the  two  groups  (Supplementary  Figure
S1E). Subsequent KEGG pathway enrichment analysis
identified  13  differential  metabolic  pathways  in  the
UA  group,  including  seven  related  to  ferroptosis.
Four  different  metabolic  pathways  related  to
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Figure 1. PM2.5  induced lung injury in mice. (A) Weekly average concentrations of PM2.5 for 16 weeks in
three exposure groups; (B) Lung weight/body weight ratio in different groups. Significant increase of lung
weight/body weight (%) was observed in the Concentrated PM2.5 air (CA) group compared with Filtered
air  (FA)  group  (*P <  0.05);  (C)  Lung  tissue  pathological  changes.  Focal  pulmonary  interstitial  edema,
widened alveolar septa, dilated and congested small blood vessels, and exudation of cellulose like were
observed  in  the  Unfiltered  PM2.5  air  (UA)  and  CA  group.  Except  for  the  pathological  changes,  a  small
amount  of  inflammatory  cell  infiltration  in  the  interstitium,  alveolar  epithelial  hyperplasia,  and  a
tendency towards atelectasis in focal areas with a tendency towards consolidation were also observed in
the CA group.
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ferroptosis  were  identified  in  the  CA  group
(Figure  2C).  Differential  metabolites  enriched  in  the
above  metabolic  pathways  included  eight  types  of
chemicals.  Among  these,  D-glyceraldehyde-3-
phosphate,  riboflavin,  and  pyrimidine,  the  three
differential  metabolites,  were  enriched  in  both
groups  (Supplementary  Table  S6,  Figure  2D).  The
results  indicate  that  the  UA  group  exhibited  a
greater  number  of  differential  metabolites
compared  with  the  CA  group  (152  vs.  84).  In
toxicology, high-dose exposure is expected to induce
stronger  and  more  widespread  biological  effects,
including  severe  metabolic  disruptions.  A  plausible
explanation  for  this  finding  is  that  a  high
concentration  of  PM2.5  may  cause  devastating
damage  to  cells  within  a  short  period,  leading  to
extensive,  non-specific  cell  death  (e.g.,  necrosis).
Under such conditions, metabolic signatures specific

to  the  regulated  pathways  are  difficult  to  detect,
resulting in fewer significantly altered metabolites in
the  data.  In  contrast,  chronic  low-dose  exposure
allows cells  to adapt gradually,  triggering a series of
specific  programmed  defense  or  injury  response
pathways  (such  as  ferroptosis,  antioxidant  stress
response,  and  DNA  repair).  Activation  of  these
pathways leads to  the accumulation or  depletion of
specific  metabolites,  thereby  producing  a  clear,
detectable  pattern  of  numerous  differential
metabolites  in  metabolomic  profiling,  reflecting  a
systemic,  pathway-driven  response.  Combined  with
the  histopathological  examination  showing  more
severe  lung  injury  in  the  CA  group  than  that  in  the
UA  group,  these  results  further  revealed  that  high-
dose  exposure  caused  metabolic  collapse,  resulting
in fewer differential metabolites.

Both  PM2.5-exposed  groups  showed  elevated
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levels  of  TNF-α,  MIP-1α,  and  MDA  compared  with
controls,  but  with  distinct  cytokine  profiles:  IL-1β
increased significantly only in the CA group, whereas
MIP-1α increased significantly only in the UA group,
indicating differential, dose-dependent inflammatory
responses (Figure 3A–C). In addition, the results also
demonstrated  significant  ferroptosis  induction  by
PM2.5, as evidenced by the decreased levels of GPX4,
GSH, and GSH-Px, increased MDA, and increased Fe2+

concentrations  and  Fe2+/Fe3+  ratios  in  the  lung
tissues of both UA and CA groups compared with the
controls;  the  Fe2+/Fe3+  ratio  showed  a  clear  dose-
dependent  increase  (Figure  3D–I).  To  further
understand how PM2.5 triggers lung tissue damage in
mice  through  ferroptosis,  we  examined  changes  in
the expression levels  of  ferroptosis-related genes  in
mouse  lung  tissue  following  PM2.5  exposure.  The
results showed that, compared with those in the FA
group, the expression levels of GPX4, SLC7A11, FTH,
and FTL genes in mouse lung tissue were significantly
downregulated  in  the  UA  and  CA  groups
(Figure  3J–K,  3M–N).  In  contrast,  ACSL4  expression
was  only  significantly  upregulated  in  the  CA  group
(Figure 3L).

The  results  suggest  that  PM2.5  activates  the
ferroptosis pathway through multi-target synergistic
effects:  1)  Comprehensive  inhibition  of  the
antioxidant  defense  system:  the  significant
downregulation  of  GPX4  and  SLC7A11  indicates  a
systemic  weakening  of  cellular  antioxidant  capacity,
impairing  the  effective  clearance  of  lipid  peroxides,
which  is  a  key  prerequisite  for  ferroptosis[6,7];
2)  Exacerbated  iron  metabolism  imbalance:  the
downregulation  of  FTH  and  FTL  suggests  a  reduced
capacity  for  iron  storage,  leading  to  an  increase  in
intracellular  labile  iron  pool  (LIP)—the  catalytically
active  free  iron[8] — which  provides  ample  catalyst
(Fe2+)  for  the  Fenton  reaction,  thereby  accelerating
the  production  of  ROS  and  lipid  peroxides;
3)  Selective  activation  of  pro-ferroptotic  factors:
ACSL4 was only significantly upregulated in the high-
dose  (CA)  group,  indicating  that,  under  high-
concentration,  acute  exposure,  cell  membranes  are
substantially  "armed"  with  polyunsaturated  fatty
acids  (PUFAs)  that  are  susceptible  to  attack[9].  This
enabled  a  vigorous  burst  of  lipid  peroxidation,
resulting in rapid membrane damage and cell death.
Moreover, different exposure patterns led to distinct
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concentration; (I) Fe2+/Fe3+ ratio; (J) Glutathione Peroxidase 4 (GPX4); (K) Solute Carrier Family 7 Member
11  (SLC7A11);  (L)  Acyl-CoA  synthetase  long-chain  family  member  4  (ACSL4);  (M)  Ferritin  heavy  chain
(FTH); (N) Ferritin light chain (FTL). *P < 0.05, **P < 0.01, ***P < 0.001.
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emphases  in  the  mechanisms  of  damage:  1)  Long-
term,  low-dose  exposure  (UA  group):  Primarily
causes  gradual  damage  accumulation  by
continuously  suppressing  the  antioxidant  system
(GPX4, SLC7A11↓) and disrupting iron storage (FTH,
FTL↓). The absence of ACSL4 upregulation indicated
that membrane lipid remodeling was not significant,
resulting  in  progressive  incremental  injury.  This  is
consistent  with  the  previously  observed  greater
number of differential metabolites, which reflected a
systemic  adaptive/stress  response.  2)  High-dose
exposure  (CA  group):  Exhibits  all  damage
mechanisms  observed  in  the  UA  group  (antioxidant
suppression  and  iron  storage  disruption),  but
additionally  activates  ACSL4,  leading  to  cell
membranes  enriched  with  oxidizable
polyunsaturated  fatty  acids  (PUFAs).  This  is  akin  to
"adding fuel  to the fire,"  enabling lipid peroxidation
to  occur  violently  and  rapidly,  catalyzed  by  high
levels  of  Fe2+,  ultimately  resulting  in  more  severe
acute  cell  death  and  tissue  damage  consistent  with
the  more  severe  histopathological  findings.  Our
previous in vitro experiments demonstrated that the
organic components of PM2.5 can induce ferroptosis
in  the  lungs,  and  that  oxidative  damage,
inflammatory  factors,  and  ferroptosis-related  genes
can  be  alleviated  by  the  addition  of  a  ferroptosis
inhibitor[10].

In  summary,  our  data  demonstrated  that  PM2.5
induces  lung  injury  through  a  multifaceted
mechanism  centered  on  ferroptosis,  driven  by  the
interplay  of  oxidative  stress,  iron  dysregulation,
inflammation,  and  metabolic  reprogramming.  This
multi-target  synergistic  effect,  particularly  the dose-
dependent  upregulation  of  ACSL4,  explains  why
high-dose  exposure  (CA  group)  caused  more  severe
acute  lung  injury,  whereas  low-dose  exposure  (UA
group)  triggered  a  broader,  more  systemic  chronic
stress response. This provides a complete molecular
evidence chain—from genes to proteins and then to
metabolites—demonstrating that PM2.5 induces lung
injury  via  the  ferroptosis  pathway.  The  authors
declare no conflicts of interest.
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