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Abstract  

Background:  Fibrotic  scar  formation  constitutes  a  significant  pathological  obstacle  that  impedes  neural  regeneration  and  long-

 term  functional  recover  y  following  spinal  cord  injur  y  (SCI).  However,  the  spatial  distribution  of  key  pro-fibrotic  mediators

 within  lesion  scars  and  the  upstream  regulator  y  mechanisms  driving  fibroblast  activation  remain  inadequately  defined.  This

 study  aims  to  characterize  CD36-associated  fibrotic  remodeling  after  SCI  and  to  determine  whether  targeting  the  c-Jun–Irf8–

 CD36  axis  could  attenuate  scar  formation,  improve  the  regenerative  microenvironment,  and  promote  functional  recover  y.
 

Methods:  This  study  integrated  single  -cell  ribonucleic  acid  sequencing  and  spatial  transcriptomic  profiling  to  characterize

 CD36  expression  patterns  and  identify  fibroblast  subpopulations  within  SCI  scars.  Pharmacological  inter  ventions  were  admin-

 istered  in  mouse  SCI  models,  using  salvianolic  acid  B  (SAB)  to  inhibit  CD36 and  T5224 to  block  AP-1/c-Jun  activity.  Histolog-

 ical  and  immunofluorescence  analyses  were  performed  to  assess  fibroblast  accumulation,  extracellular  matrix  deposition,

 angiogenesis,  and  axonal  regeneration,  alongside  longitudinal  behavioral  evaluations  of  locomotor  function.  Mechanistic

 validation  of  the  regulator  y  pathway  was  achieved  through  CUT&Tag  and  dual-luciferase  reporter  assays  to  investigate  c-Jun–

 Irf8–CD36  transcriptional  regulation,  complemented  by  integrated  single  -cell/spatial  analyses  to  assess  fibroblast  subcluster

 remodeling  post-treatment.
 

Results:  Spatial  and  single  -cell  analyses  demonstrated  that  CD36  is  predominantly  localized  within  lesion  scars,  correlating

 with  fibrotic  progression  and  preferentially  upregulated  in  specific  fibroblast  subclusters.  SAB-mediated  CD36  inhibition

 markedly  reduced  P4HB +  fibroblast  accumulation,  alleviated  fibrotic  deposition,  enhanced  angiogenesis  and  axonal  regen-

 eration,  and  improved  hindlimb  functional  recover  y.  Mechanistically,  c-Jun  was  upregulated  in  scar  regions  and  indirectly

 promoted  CD36  transcription  through  Irf8  activation,  establishing  a  c-Jun–Irf8–CD36  signaling  axis.  CUT&Tag  and  reporter

 assays  confirmed  c-Jun  binding  to  the  Irf8  promoter,  leading  to  Irf8-driven  CD36  transcription.  Similarly,  T5224  downregulated

 CD36  expression,  reduced  fibroblast  aggregation  and  matrix  deposition, facilitated  vascular  remodeling,  and  promoted  early

 functional  recover  y.  These  findings  demonstrate  that  modulating  this  signaling  pathway  can  significantly  inhibit  patholog-

 ical  scar  formation  and  facilitate  approximately  scar-free  healing,  thereby  providing  an  ideal  microenvironment  for  tissue
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regeneration.  Multi-omic  analyses  further  revealed  that  T5224  selectively  inhibited  the  aberrant  expansion  of  CD36 +  fibroblast

 subclusters  and  reprogrammed  their  transcriptional  states  toward  a  less  fibrotic  phenotype.
 

Conclusions:  The  c-Jun–Irf8–CD36  axis  ser  ves  as  a  pivotal  regulator  of  fibrotic  scar  formation  after  SCI.  Targeting  this  pathway

 through  CD36  inhibition  (SAB)  or  AP-1/c-Jun  blockade  (T5224)  attenuates  fibrosis,  remodels  the  scar  microenvironment,

 enhances  tissue  repair,  and  promotes  functional  recover  y,  highlighting  a  promising  therapeutic  strateg  y  for  central  ner  vous

 system  injur  y.
 

Graphical  abstract
 

Keywords  Single  nucleus  RNA  sequencing,  Spatial  transcriptome,  Spinal  cord  injur  y,  Glial  scar,  Microenvironment  ,  CD36,  Salvianolic  acid,  T5224,  

c-Jun,  Irf8  

Highlights  

• Multi-omics  analysis  revealed  the  spatial  distribution  of  CD36  was  associated  with  fibrotic  progression. 

• Inhibition  of  CD36  using  salvianolic  acid  B  or  the  AP-1  inhibitor  T5224 significantly  reduced  P4HB +  fibroblast  accumula-

 tion. 

• The  c-Jun-Irf8-CD36  axis  ser  ved  as  a  critical  regulator  of  fibrotic  scar  formation  after  spinal  cord  injur  y. 

Background  
Spinal  cord  injur  y  (SCI)  is  a  severe  trauma  often  accompanied

 by  significant  motor  and  sensor  y  deficits,  profoundly  impacting

 patients’  quality  of  life  [ 1].  The  acute  phase,  typically  defined

 as  the  first  1–2  weeks  following  injur  y,  represents  a  critical

 therapeutic  window,  which  can  be  further  divided  into  an  early

 acute  stage  (2  h  to  48  h  post-injur  y)  and  a  subacute  stage  [2  to

 14  days  post-injur  y  (dpi)].  Timely  inter  vention  during  this  period

 can  significantly  reduce  secondar  y  injur  y  and  improve  prognosis

 [ 2,  3].  Current  treatment  strategies  primarily  focus  on  stabilizing
 

vital  signs  and  preventing  secondar  y  damage,  with  corticosteroids

 and  early  surgical  decompression  being  the  most  commonly

 employed  approaches  [  4– 7].  However,  while  these  inter  ventions

 can  mitigate  inflammation  and  relieve  mechanical  compression,

 they  fail  to  address  the  pathological  barriers  at  the  lesion  site,  thus

 limiting  long-term  functional  recover  y.
 

Scar  formation  is  a  major  obstacle  to  effective  repair  following

 SCI  [ 8].  In  the  early  acute  phase,  astroc  ytes  are  rapidly  activated,

 forming  a  ‘glial  barrier’  that  limits  the  spread  of  inflammation

 while  simultaneously  secreting  chondroitin  sulfate  proteoglycans

 (CSPGs),  which  inhibit  axonal  regeneration  [  9– 12].  During  the
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late  acute  phase,  disruption  of  the  blood–brain  barrier  (BBB)

 and  persistent  inflammator  y  responses  facilitate  the  infiltration

 of  fibroblasts  from  perivascular  cells,  meningeal  cells,  and  bone

 marrow.  These  fibroblasts  deposit  extracellular  matrix  (ECM)

 proteins,  contributing  to  the  formation  of  fibrotic  scars  [ 13].

 Although  these  scars  provide  structural  stability  to  the  lesion  site,

 they  also  represent  significant  physical  and  biochemical  barriers

 to  axonal  regrowth.  Therefore,  effectively  regulating  pathological

 scar  formation  is  critical  for  promoting  neural  regeneration  and

 functional  recover  y.
 

Recent  studies  have  increasingly  focused  on  molecular  targets

 involved  in  scar  regulation.  CD36,  a  multifunctional  transmem-

 brane  receptor  primarily  known  for  its  roles  in  lipid  metabolism

 and  immune  responses,  has  also  been  implicated  in  tissue  fibrosis

 [ 14,  15].  After  SCI,  CD36  is  expressed  in  microglia,  macrophages,

 and  endothelial  cells,  where  it  promotes  the  release  of  pro  -

 inflammator  y  c  ytokines  and  reactive  oxygen  species  (ROS),

 exacerbating  neural  injur  y  [ 16].  Gong  et  al.  demonstrated  that

 CD36  deletion  not  only  reduced  inflammator  y  marker  expression

 but  also  facilitated  the  polarization  of  microglia  from  a  pro  -

 inflammator  y  M1  phenotype  to  an  anti-inflammator  y  M2  phe  -

 notype,  contributing  to  repair  and  neuroprotection  [ 17,  18].  Addi-

 tionally,  emerging  evidence  suggests  that  CD36  interacts  with  the

 transcription  factor  Jun  to  initiate  fibrotic  processes;  excessive  Jun

 activation  drives  aberrant  scar  formation,  while  CD36  inhibition

 abrogates  this  effect  [ 17].  These  findings  suggest  that  targeting

 the  Jun-CD36  signaling  pathway  during  the  acute  phase  of  SCI

 may  offer  an  effective  strateg  y  for  suppressing  fibrotic  scarring.
 

This  study  investigated  the  effects  of  pharmacological  inhibi-

 tion  of  CD36  and  c-Jun  on  scar  formation  after  SCI.  Salviano  -

 lic  acid  B  (SAB),  a  naturally  derived  CD36  inhibitor  with  estab  -

 lished  neuroprotective  effects  in  various  models  [ 19],  and  T5224,

 a  selective  AP-1  (Jun)  inhibitor  with  broad  therapeutic  potential  in

 inflammator  y  and  fibrotic  diseases,  were  selected  [ 20– 24].  Using

 high-throughput  sequencing  and  histological  analyses,  this  study

 assessed  the  impact  of  SAB  and  T5224  on  scar  area,  vasculariza-

 tion,  and  axonal  regeneration  in  SCI  models,  while  further  eluci-

 dating  the  role  of  the  c-Jun–Irf8–CD36  signaling  axis  in  regulating

 fibrotic  processes.  Our  findings  indicate  that  targeting  this  axis

 can  suppress  fibrotic  scarring  during  the  early  phase  of  SCI,  cre  -

 ating  a  more  permissive  environment  for  axonal  regeneration  and

 lesion  bridging  during  the  chronic  phase.  This  work  introduces

 a  novel  therapeutic  strateg  y  for  central  ner  vous  system  repair,

 ultimately  improving  functional  recover  y  and  quality  of  life  for

 patients  with  SCI.
 

Methods 

Molecular  docking  

The  receptor  protein  studied  was  CD36  (PDB  ID:  AF-Q08857-F1),

 with  its  three  -dimensional  structure  obtained  from  the  Protein

 Data  Bank  (PDB).  The  protein  structure  was  visualized  using

 PyMOL  2.5.4  to  assess  its  suitability  for  molecular  docking.  The

 ligand,  SAB,  was  modeled  using  InDraw  and  optimized  with  the

 MMFF94  force  field  in  OpenBabel  3.1.1  to  generate  the  lowest-

 energ  y  conformer.  Hydrogen  atoms  were  added  to  the  protein

 structure  with  AutoDock  Tools  1.5.6,  and  the  ligand  under  went

 hydrogenation  and  flexible  torsion  adjustments.  The  docking  grid

 parameters  were  defined  using  the  Grid  module  to  set  the  binding
 

pocket  ,  and  a  semi-flexible  docking  protocol  was  employed.

 The  docking  precision  (exhaustiveness)  was  set  to  25,  with  the

 Lamarckian  genetic  algorithm  applied.  Molecular  docking  was

 carried  out  with  AutoDock  Vina  1.2.0,  producing  binding  free

 energ  y  values  and  docking  output  files.
 

SCI  and  drug  treatment 

Female  C57BL/6  J  mice  (n  =  5  per  random  group)  were  anes  -

 thetized  with  tribromoethanol  to  ensure  complete  sedation

 and  analgesia  throughout  the  procedure.  SCI  was  induced  at

 the  T10  vertebral  level.  After  exposing  the  T10  vertebra,  a  right

 hemisection  of  the  spinal  cord  was  performed  using  a  fine  surgical

 blade.  The  wound  was  then  closed  by  suturing  the  muscle

 and  skin  layers.  Postoperative  monitoring  was  conducted  to

 assess  potential  discomfort  ,  infection,  or  complications.  Mice

 were  randomly  assigned  to  treatment  or  control  groups.  In  the

 treatment  groups,  100  μ l  of  SAB  (Sigma),  at  concentrations

 of  50,  100,  or  200  μ g  /ml  in  saline,  was  administered  daily  by

 intraperitoneal  injection  [ 16,  25].  T5224  (10  mg  /kg  or  20  mg  /kg

 in  polyvinylpyrrolidone  solution,  MCE)  was  administered  daily  by

 oral  gavage  [ 20,  26,  27].  Drug  administration  began  immediately

 after  the  mice  regained  consciousness  post-surger  y  and  continued

 during  the  early  phase  (the  initial  14  days)  following  injur  y.  Control

 mice  received  an  equivalent  volume  of  the  corresponding  vehicle

 for  the  same  duration.  All  animal  procedures  were  approved  by

 the  Animal  Care  and  Use  Committee  and  conducted  in  accordance

 with  institutional  guidelines  (Approval  No.  P20230307-025).
 

Immunofluorescence  of  mouse  spinal  cord

 tissue 

Mice  were  anesthetized  with  intraperitoneal  tribromoethanol,  fol-

 lowed  by  transcardial  perfusion  with  phosphate  -buffered  saline

 (PBS)  and  4%  paraformaldehyde  (PFA).  The  spinal  cords  were

 dissected,  post-fixed,  and  cr  yoprotected  in  30%  sucrose  at  4 ◦  C
 for  48  h.  Tissue  sections  were  cut  ,  mounted  on  glass  slides,  and

 incubated  with  immunofluorescence  blocking  buffer  for  1  h  to  pre  -

 vent  nonspecific  antibody  binding.  Sections  were  then  incubated

 overnight  at  4 ◦  C  with  primar  y  antibodies:  anti-β  III  Tubulin  (Cell

 Signaling,  1:400),  anti-GFAP  (Abcam),  anti-CD31  (R&D,  1:200),  or

 anti-CD36  (BD  Biosciences,  1:100).  After  washing  with  PBS,  sec-

 tions  were  incubated  with  appropriate  fluorescent  secondar  y  anti-

 bodies  (Donkey  anti-Goat  IgG  (H  +  L)  Alexa  Fluor  488,  Sheep  anti-

 Mouse  IgG  Alexa  Fluor  647,  Goat  anti-Chicken  IgY  (H  +  L)  Alexa

 Fluor  488,  or  Sheep  anti-Rabbit  IgG  Alexa  Fluor  647;  all  1:500,

 Invitrogen).  Slides  were  treated  with  mounting  medium  contain-

 ing  DAPI  (Beyotime  Biotechnolog  y)  and  imaged  using  an  upright

 fluorescence  microscope  (Leica).
 

For  multiple  immunofluorescence  staining,  tyramide  signal

 amplification  fluorescent  dye  kits  and  digital  scanners  for  tissue

 sections  were  purchased  from  Ser  vicebio  Co.,  Ltd  (Wuhan,  China).
 

Activated  fibroblast  culture 

Briefly,  fibrotic  scar  tissues  collected  from  14  dpi  were  separated

 and  cut  into  small  pieces.  These  tissue  fragments  were  trans  -

 ferred  to  a  tube  containing  2  ml  of  0.1%  collagenase  type  I  (Sigma,
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St  .  Louis,  MO)  for  digestion  at  37 ◦  C  for  30  min.  Following  diges  -

 tion,  the  precipitated  material  was  resuspended  in  fibroblast  cul-

 ture  medium  consisting  of  DMEM/F12  (Invitrogen)  supplemented

 with  10%  FBS,  10  ng  /ml  TGF-β  (RD  Systems,  Inc.,  Tustin,  CA),  and

 50  U/ml  penicillin  and  50  U/ml  streptomycin  (Beyotime).  The  cells

 were  then  plated  onto  polylysine  -coated  culture  flasks.  Once  the

 cell  confluence  reached  90%,  the  cells  were  shaken  at  220  rpm  for

 24  h. 

For  fibrotic  phenotype  analysis,  fibroblasts  were  transfected

 with  plasmids  (Genechem  Co.,  Ltd,  Shanghai,  China)  or  siRNA  s

 (Ribobio,  Guangzhou,  China)  using  Lipofectamine  RNAiMAX

 reverse  transfection  reagent  (Invitrogen),  following  the

 manufacturer’s  instructions.  After  overnight  incubation  with  the

 transfection  reagent  (12  h),  fibroblasts  were  transferred  to  fresh

 culture  medium  and  incubated  for  an  additional  60  h  or  24  h,

 depending  on  the  experiment  .  T5224  (10  μ m,  MCE)  and  PMA

 (100  ng  /ml,  MCE)  were  added  into  the  fibroblast  culture  medium

 following  the  established  protocols  [ 27– 29].
 

Western  blot 

For  protein  extraction,  tissue  samples  and  cells  were  lysed  in

 RIPA  buffer  (Beyotime)  containing  protease  inhibitors.  Protein

 concentration  was  determined  using  a  BCA  assay,  and  equal

 protein  amounts  were  separated  by  sodium  dodec  yl  sulfate  -

 polyacr  ylamide  gel  electrophoresis  and  transferred  to  PVDF

 membranes.  After  blocking  for  1  h  with  5%  non-fat  milk  at  room

 temperature,  membranes  were  incubated  overnight  at  4 ◦  C  with

 primar  y  antibodies:  P4HB  (Abcam,  ab137110;  1:1000),  TGF-β

 (Selleck  ,  F162402;  1:1000),  CD36  (Proteintech,  66395-1-Ig;  1:2000),

 and  Postn  (Biorbyt  ,  orb385615;  1:1000),  with  GAPDH  (Beyotime,

 AF0006;  1:5000)  as  the  internal  reference.  After  1  h  of  incubation

 with  HRP-labeled  secondar  y  antibodies,  protein  signals  were

 detected  using  the  Amersham  ECL  detection  system,  and  the

 intensity  was  quantified  using  ImageJ  software.
 

Behavioral  assessment  of  motor  function

 in  mice 

Basso  mouse  scale  scoring  

Mice  were  placed  on  an  open-field  runway  and  allowed  to  move

 freely  for  3  min  while  hindlimb  locomotion  was  obser  ved  and

 video  recorded.  Scoring  was  conducted  under  double  -blind  condi-

 tions  by  two  independent  obser  vers.  To  ensure  familiarity  with  the

 testing  environment  ,  animals  under  went  daily  training  for  three

 days  prior  to  surger  y.  Post-injur  y  assessments  were  performed  at

 designated  time  points  to  evaluate  locomotor  recover  y.
 

Horizontal  ladder  test 

SCI  mice  were  placed  on  a  horizontal  ladder  apparatus  and

 allowed  to  traverse  spontaneously.  The  number  of  right  hindlimb

 foot  slips  and  the  total  number  of  steps  taken  were  recorded  via

 video  analysis.  The  error  rate  of  the  right  hindlimb  was  calculated

 as  the  ratio  of  slips  to  total  steps.
 

Rotarod  fatigue  test 

Prior  to  testing,  mice  were  acclimated  to  the  behavioral  testing

 room  for  at  least  1  h  to  minimize  stress.  Animals  received  one  or 

more  training  sessions  before  surger  y  and  testing  to  minimize  vari-

 ability  due  to  learning  effects.  During  training,  mice  were  placed  on

 the  rotarod  at  a  constant  speed.  For  the  formal  test  ,  an  accelerat-

 ing  protocol  was  used,  with  the  rotation  speed  gradually  increas  -

 ing  to  a  maximum  of  40  rpm/min  over  5  min.  The  latenc  y  to  fall  was

 recorded,  with  each  animal  undergoing  3–5  trials  and  receiving

 adequate  rest  between  trials  to  avoid  fatigue.
 

Single  -cell  suspension  preparation  and

 librar  y  construction  

For  tissue  collection,  mice  were  anesthetized  with  a  fast-acting

 intraperitoneal  anesthetic,  shaved,  and  disinfected  under  sterile

 conditions.  The  animals  were  positioned  on  a  sterile  surgical

 platform,  and  the  spinal  cord  was  localized  at  the  T10  level.  A

 2-cm  segment  centered  on  T10  was  dissected  and  immediately

 transferred  to  pre  -chilled  PBS.  Using  a  stereomicroscope,  the

 spinal  cord  tissue  was  carefully  isolated.  For  injured  mice,  a  3-

 mm  segment  encompassing  the  lesion  site  (1.5  mm  rostral  and

 1.5  mm  caudal  to  the  injur  y  epicenter)  was  rapidly  har  vested,

 while  an  equivalent  segment  was  collected  from  sham  controls.

 The  samples  were  rinsed  with  pre  -cooled  PBS  and  placed  in  ice  -

 cold  tissue  preser  vation  solution.  The  tissue  was  minced  into

 ∼1  mm 3  fragments  with  sterile  surgical  blades,  suspended  in

 5  ml  digestion  buffer,  and  incubated  in  a  37 ◦  C  water  bath  with

 agitation  for  45  min.  Single  -cell  suspensions  were  then  processed

 by  Shanghai  Biotechnolog  y  Corporation  using  the  Chromium

 Controller  (10x  Genomics),  following  the  manufacturer’s  protocol.

 Single  -cell  3 ′  gene  expression  libraries  were  prepared  using

 the  Chromium  Next  GEM  Single  Cell  3 ′  Kit  v3.1  (10x  Genomics,

 1000268)  and  Chromium  Next  GEM  Chip  G  Kit  (10x  Genomics,

 1000120).  The  cell  suspensions  were  loaded  into  the  Chromium

 Controller,  where  single  cells  were  partitioned  into  Gel  Bead-

 in-Emulsions  (GEMs).  Within  individual  GEMs,  cell  lysis  released

 RNA,  which  was  reverse  transcribed  and  barcoded.  Libraries  were

 sequenced  on  a  NovaSeq  6000  platform  (Illumina,  San  Diego,

 CA,  USA).  Highly  variable  genes  (top  3000)  were  identified  and

 subjected  to  principal  component  analysis  (PCA).  Clustering  was

 performed  using  the  FindNeighbors  and  FindClusters  functions

 (resolution  =  0.3).  Visualization  was  conducted  using  UMAP  and

 t-SNE.  Differentially  expressed  genes  (DEGs)  across  clusters  were

 identified  using  the  Seurat  FindMarkers  function  with  the  Wilcoxon

 rank-sum  test  .  Cell  types  and  subpopulations  were  annotated

 based  on  characteristic  marker  genes  and  expression  patterns.
 

CosMx  spatial  molecular  imager-based

 spatial  transcriptomics  of  spinal  cord

 injur  y  

Spatial  transcriptomic  profiling  was  performed  on  FFPE  sections

 using  the  NanoString  CosMx  SMI  platform  (National  Engineering

 Center  for  Biochip,  Shanghai,  China).  Following  target  retrieval

 (100  ◦  C,  15  min)  and  Proteinase  K  digestion  (3 μ g  /ml,  40 ◦  C,  30  min),

 386  FOVs  were  imaged,  and  in-situ  transcripts  were  generated  by

 decoding  UV-cleavable  fluorescent  barcodes.  Cell  segmentation

 was  executed  via  the  Cellpose  algorithm.  Data  analysis,  including

 Leiden  clustering  and  InsituType  -based  cell  annotation,  was  con-

 ducted  using  Seurat  (v5.0.3),  scanpy  (v1.9.8),  and  Giotto  (v4.0.5).
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Spatial  interactions  were  further  quantified  through  Delaunay  net-

 works  and  cell  proximity  enrichment  analysis.
 

Dual-luciferase  reporter  assay  

HEK293T  cells  (7  ×  10  [ 5])  were  seeded  into  24-well  plates  and

 cultured  at  37 ◦  C  with  5%  CO
 2  until  reaching  60%–70%  confluence.

 Transfection  was  carried  out  using  Lipofectamine ™ 3000  (Thermo

 Fisher  Scientific)  following  the  manufacturer’s  instructions.  After

 24  h  of  transfection  with  Irf8  overexpression  plasmids  (Genechem

 Co.,  Ltd),  luciferase  activity  was  measured.  Cells  were  washed  with

 PBS  after  removal  of  the  culture  medium,  then  lysed  with  100  μ l

 of  1  ×  Passive  Lysis  Buffer  (PLB,  diluted  from  5  ×  stock)  and  gently

 shaken  at  room  temperature  for  15  min.  Lysates  were  collected,

 centrifuged  at  1300  rpm  for  5  min,  and  the  supernatants  trans  -

 ferred  to  fresh  microcentrifuge  tubes.  Luciferase  A  ssay  Reagent  II

 (LAR  II)  was  freshly  prepared  by  reconstituting  the  lyophilized  sub  -

 strate  supplied  in  the  kit  ,  and  the  Stop  &  Glo ® substrate  was  diluted

 1:50  with  Stop  &  Glo ®  buffer  just  before  use.  Luciferase  activity  was

 measured  using  a  luminometer  according  to  the  manufacturer’s

 protocol.  Data  were  analyzed  using  the  dual-luciferase  reporter

 assay  system  (Promega).
 

Ribonucleic  acid  isolation,  reverse

 transcription,  and  quantitative  real-time

 polymerase  chain  reaction 

RNA  was  extracted  from  cells  using  QIAzol  reagent  (Qiagen)

 following  the  manufacturer’s  instructions,  and  total  RNA  was

 purified  with  the  RNeasy  Lipid  Tissue  Kit  (Qiagen).  Genomic  DNA

 was  removed  by  treating  the  RNA  with  DNase  I  (Qiagen).  Next  ,

 1  μ g  of  RNA  was  reverse  transcribed  using  random  hexamer

 primers  (Promega)  and  the  Omniscript  RT  Kit  (Qiagen),  with

 RNase  inhibitor  (Roche)  added  at  a  final  concentration  of

 1  U/ μ l  to  prevent  RNA  degradation.  Glyceraldehyde  -3-phosphate

 dehydrogenase  (GAPDH)  ser  ved  as  the  internal  control.
 

Statistical  analysis  

Data  were  analyzed  using  GraphPad  Prism  8.0  software.  Results

 are  expressed  as  mean  ±  standard  error  of  the  mean  (SEM).  Sta-

 tistical  comparisons  between  two  groups  were  performed  using

 Student’s  t  -test  ,  while  one  -way  analysis  of  variance  (ANOVA)  was

 used  for  multiple  group  comparisons.  A  P  -value  of  <.05  was  con-

 sidered  statistically  significant  .
 

Results 

Single  -cell  and  spatial  transcriptomic

 analysis  of  CD36  expression  and  fibrotic

 progression  in  spinal  cord  injur  y  scars 

Although  glial  scars  provide  neuroprotection  in  the  acute  phase

 of  SCI  by  isolating  the  lesion  site,  their  progression  into  fibrosis

 results  in  dense  ECM  deposition,  forming  a  physical  barrier  that

 impedes  neural  repair  [ 30].  This  structure  not  only  obstructs

 axonal  extension  mechanically  but  also  releases  inhibitor  y

 molecules  such  as  CSPGs,  creating  a  microenvironment  that
 

hinders  neural  regeneration  and  significantly  impairs  recover  y  in

 the  chronic  phase  [ 12,  31].  Building  on  our  previous  research,  10x

 Genomics  Visium  spatial  transcriptomic  profiling  was  performed

 on  spinal  cord  tissues  from  8-week-old  female  C57BL/6  mice  at

 3,  7,  14,  and  28  days  after  right  hemisection  at  T10.  Progressive

 fibrotic  development  of  the  glial  scar  was  obser  ved  ( Figure  1a)

 [ 16,  32].  Notably,  CD36  expression  extensively  overlapped  with

 fibroblast  populations  in  the  scar  region,  suggesting  a  potential

 role  for  CD36  in  fibrotic  progression  ( Figure  1b).  To  further  localize

 CD36  within  scar  fibroblasts,  immunostaining  was  conducted  with

 P4HB,  a  fibroblast  marker.  Co  -localization  of  CD36 +  regions  with

 fibroblasts  in  the  scar  tissue  was  confirmed  ( Figure  1c,  Figure  S1a).

 Subsequently,  single  -cell  RNA  sequencing  was  performed  on

 3-mm  spinal  cord  segments  centered  on  the  lesion  at  14  dpi

 in  8-week-old  female  mice  ( Figure  1d).  Cell  type  proportion

 analysis  revealed  a  significant  increase  in  fibroblast  abundance,

 accompanied  by  a  decrease  in  astroc  ytes,  consistent  with  prior

 reports  ( Figure  1e).  UMAP  visualization,  utilizing  CellMarker  and

 canonical  marker  genes  from  published  studies  as  references

 ( Figure  S1b),  identified  11  major  cell  types,  with  fibroblasts

 showing  a  marked  expansion  by  Day  14  post-injur  y  ( Figure  1f).

 Further  reclustering  of  fibroblasts  into  11  subclusters  ( Figure  1g)

 revealed  upregulation  of  CD36  in  several  of  these  subpopulations

 following  SCI  ( Figure  1h  and  i).  Specific  analysis  showed  CD36

 expression  predominantly  in  clusters  0,  1,  2,  3,  4,  and  10  ( Figure  1j,

 Figure  S1c).  Although  CD36  was  expressed  in  a  relatively  small

 proportion  of  fibroblasts,  its  average  expression  level  was  notably

 high,  corroborating  our  spatial  transcriptomic  findings  in  fibrotic

 scars  ( Figure  1k).  These  results  provide  compelling  evidence  for

 targeting  CD36  to  mitigate  fibrotic  scarring  in  SCI.
 

SAB  targets  CD36  to  attenuate  fibrosis  in

 SCI  scars 

Recent  studies  have  indicated  that  SAB  can  target  CD36,  poten-

 tially  influencing  central  ner  vous  system  disorders  [ 17,  19].  To

 investigate  the  interaction  between  SAB  and  CD36,  molecular

 docking  analysis  was  performed.  The  results  revealed  that  SAB

 formed  seven  hydrogen  bonds  (yellow  dashed  lines)  with  amino

 acid  residues  GLY-199,  VAL-208,  ASP-270,  SER-269,  LYS  -334,  and

 GLU-335  of  CD36,  with  a  binding  energ  y  of  < − 5  kcal·mol  −  1  ,
 suggesting  strong  binding  affinity  and  a  potential  effect  of  SAB

 on  CD36’s  structural  function  and  bioactivity  ( Figure  2a).  Building

 on  this,  this  study  examined  whether  SAB  could  inhibit  CD36

 and  alleviate  glial  scar  fibrosis  following  SCI.  Mice  with  a  right

 hemisection  at  T10  received  intraperitoneal  injections  of  SAB  at

 three  concentrations  (50,  100,  and  200  μ g  /ml)  during  the  acute

 phase  ( Figure  2b).  Notably,  both  treatment  groups  exhibited

 significant  downregulation  of  CD36  expression  and  a  marked

 reduction  in  P4HB +  fibroblast  populations  within  the  fibrotic  scar

 compared  to  controls  ( Figure  2c–f).  Scar  fibrosis  was  significantly

 inhibited  in  the  100  μ g  /ml  SAB  group,  while  only  limited  effects

 were  obser  ved  in  the  50  μ g  /ml  SAB  group.  Interestingly,  the

 200  μ g  /ml  SAB  group  showed  worsened  scar  repair  in  some  cases

 ( Figure  2e  and  f,  S2a).  This  phenomenon  aligns  with  the  current

 understanding  of  fibroblast  roles  in  scar  formation.  During  glial

 scar  formation,  fibroblasts  play  a  protective  and  bridging  role

 for  sur  viving  neural  tissue  in  the  early  stages  of  injur  y,  but  they

 inhibit  axonal  regeneration  in  the  chronic  phase.  Consequently,
 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag020/8516470 by guest on 12 O
ctober 2026

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag020#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag020#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag020#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag020#supplementary-data


6 Burns & Trauma, 2026, Vol. 14, tkag020        

Figure  1  Spatial  transcriptomic  and  quantitative  analysis  of  fibroblast  subpopulations  and  CD36  expression  following  SCI.  (a  and  b)  Spatial  mapping  of

 fibroblast  clusters  and  CD36  expression  at  different  dpi.  (c)  Elevated  CD36  expression  at  the  lesion  site  (scale  bar  :  50  μ  m).  (d)  Experimental  design

 schematic  used  to  assess  the  role  of  CD36  in  SCI.  (e  and  f)  UMAP  visualization  of  fibroblast  clusters  and  temporal  dynamics  of  their  relative  proportions;

 14-day  post-spinal  cord  injur  y  (pSCI14d).  (g)  UMAP  representation  showing  the  identification  of  eleven  distinct  fibroblast  subclusters.  (h)  Spatial

 mapping  of  CD36  expression  across  fibroblast  subclusters.  (i)  Bar  plot  illustrate  changes  in  the  proportion  of  CD36-expressing  fibroblasts  between  intact

 and  SCI-14d  groups.  (j)  Heatmap  displaying  representative  marker  gene  expression  across  fibroblast  subclusters.  (k)  Comparative  analysis  of  CD36

 expression  levels  across  different  cell  populations;  pSCI14d.  SCI  spinal  cord  injur  y  
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complete  inhibition  of  fibroblasts  within  the  glial  scar  impedes

 SCI  repair.  An  optimal  drug  concentration  that  appropriately

 modulates  fibroblast  activity  benefits  SCI  repair  [ 33,  34].  Sub  -

 sequent  experiments  focused  on  the  100  μ g  /ml  SAB  concentra-

 tion.  To  assess  the  lasting  effects  of  SAB  inter  vention,  fibrotic

 scarring  was  evaluated  six  weeks  after  treatment  withdrawal.

 Scar  tissue  remained  significantly  attenuated,  with  long-term

 inhibition  of  fibrosis  positively  correlating  with  CD36  suppression

 ( Figure  S2b–f).  These  results  suggest  that  early  targeting  of  CD36

 may  provide  sustained  benefits  for  SCI  repair.  Given  that  SCI

 induces  progressive  tissue  loss,  partly  due  to  vascular  dysfunction

 and  neuronal  vulnerability  to  hypoperfusion  and  ischemia  [ 35,

 36],  angiogenesis  was  examined  in  SAB-treated  mice.  Enhanced

 CD31  signals  were  obser  ved  in  the  SAB-treated  group  compared

 to  controls  ( Figure  2g  and  h).  Additionally,  considering  that  axonal

 damage  is  a  reliable  predictor  of  functional  deficits  following  CNS

 trauma,  this  study  assessed  axon  regeneration.  Both  SAB-treated

 groups  exhibited  some  axon  regrowth  around  the  scar  peripher  y,

 while  such  regrowth  was  rarely  detected  in  controls  ( Figure  2i

and  j).  These  results  demonstrate  that  SAB  suppresses  CD36

 expression,  mitigates  fibrotic  progression,  promotes  neuronal

 sur  vival  and  axon  regeneration,  and  exerts  neuroprotective  effects

 following  SCI.
 

T5224  targets  c-Jun  inhibition  and

 promotes  early  functional  recover  y

 after  SCI  

Based  on  our  previous  10x  Genomics  Visium  spatial  transcrip  -

 tomic  data,  it  is  hypothesized  that  the  transcription  factor  c-Jun

 regulates  CD36  and  contributes  to  fibrotic  scar  formation  [ 16].

 Binding  motif  prediction  using  the  JASPAR  database  confirmed

 potential  c-Jun-CD36  interactions,  and  a  dual-luciferase  reporter

 assay  demonstrated  that  c-Jun  positively  regulates  CD36  expres  -

 sion  ( Figure  3a  and  b).  To  validate  these  findings  in  vivo,  the  c-Jun-

 specific  inhibitor  T5224  was  administered  to  mice  subjected  to

 right  hemisection  at  the  T10  spinal  level  ( Figure  3c).  Animals  were

 randomized  into  groups  and  treated  with  oral  gavage  of  T5224  at

 10  mg  /kg  or  20  mg  /kg  daily  for  initial  14  days  [ 20].  At  the  end  of  the

 treatment  period  (Day  14),  scar  tissues  from  the  lesion  core  were

 collected  for  CosMx ™ Spatial  Molecular  Imager  (SMI)  and  single  -

 cell  RNA  sequencing  to  characterize  microenvironmental  changes.
 

Both  datasets  revealed  significant  alterations  in  cellular

 composition,  with  a  marked  reduction  in  fibroblasts  and  microglia

 in  the  T5224-treated  group  compared  to  the  pSCI-14d  group

 ( Figure  3e,  Figure  S3a  and  b).  Additionally,  the  population  of  CD36-

 positive  cells  was  decreased  ( Figure  S3c  and  d).  Reclustering  of

 fibroblasts  showed  a  reduction  in  most  fibroblast  subsets  after

 T5224  treatment  ,  except  for  subclusters  7,  8,  and  9  ( Figure  3d),

 consistent  with  the  distribution  patterns  of  CD36,  suggesting  that

 c-Jun  regulates  scar  fibrosis  through  CD36.  Immunofluorescence

 analysis  of  control  scar  tissues  confirmed  that  both  c-Jun  and

 CD36  were  highly  expressed  and  co  -localized  within  the  fibrotic

 scars  ( Figure  3f).  Further  immunostaining  of  T5224-treated  groups

 revealed  a  dose  -dependent  suppression  of  CD36  expression,

 with  significant  reductions  compared  to  untreated  controls

 ( Figure  3g  and  h).  Consistent  with  CD36  inhibition,  fibrosis  was

 also  attenuated:  P4HB +  fibroblasts  were  significantly  reduced,

 while  GFAP +  astroc  ytes  increased  in  the  scar  region  ( Figure  3i).
 

Quantitative  analysis  demonstrated  that  the  20  mg  /kg  group

 exhibited  the  most  pronounced  therapeutic  effect  ,  with  significant

 inhibition  of  fibrotic  scarring  ( Figure  3j,  Figure  S3e).  Given  these

 results,  subsequent  analyses  focused  on  the  20  mg  /kg  treatment

 group.  Angiogenesis  is  critical  for  providing  nutrients  and  oxygen

 to  the  lesion  site  during  the  early  phase  of  SCI,  supporting

 neuronal  sur  vival  and  regeneration  [ 37,  38].  CD31  immunostaining

 revealed  a  significant  increase  in  vascular  density  within  the  scar

 tissue  of  the  T5224-treated  group,  with  the  20  mg  /kg  cohort

 showing  the  most  robust  angiogenic  response  compared  to

 controls  ( Figure  3k  and  l).  To  explore  the  cellular  basis  of  this

 angiogenic  response,  sub  -clustering  and  functional  enrichment

 analysis  of  endothelial  cells  were  performed.  Nine  distinct

 subclusters  were  identified  via  t-SNE  visualization  ( Figure  S8a).

 Subcluster  analysis  revealed  that  Cluster  0  was  significantly

 enriched  in  pathways  related  to  angiogenesis  and  endothelial

 cell  migration,  driving  vascular  remodeling.  Additionally,  Cluster

 1  and  Cluster  4  showed  high  activity  in  ribosome  biogenesis  and

 c  ytoplasmic  translation,  indicating  an  elevated  metabolic  state

 necessar  y  for  protein  synthesis  during  vessel  repair.  Notably,

 T5224  treatment  significantly  expanded  these  pro  -angiogenic

 endothelial  cell  populations  compared  to  the  untreated  SCI  group.

 These  results  suggest  that  T5224  not  only  suppresses  fibrotic

 scarring  but  also  reprograms  the  endothelial  microenvironment

 by  activating  specific  endothelial  cell  subclusters  involved  in

 angiogenesis  and  structural  remodeling,  thereby  promoting  tissue

 revascularization  and  neural  recover  y  ( Figure  S8b–j).  To  assess

 neuronal  recover  y,  Tuj1  immunostaining  revealed  significant

 axon  regeneration  near  the  lesion  site  in  the  20  mg  /kg  group

 compared  to  controls  at  14  dpi  ( Figure  3m  and  n).  These  findings

 demonstrate  that  pharmacological  inhibition  of  c-Jun  with  T5224

 effectively  downregulates  CD36  expression,  suppresses  fibrotic

 scar  formation,  enhances  angiogenesis,  and  promotes  neuronal

 sur  vival  and  axonal  regeneration  during  the  early  phase  of  SCI.
 

Inhibition  of  CD36  expression  promotes

 functional  recover  y  after  SCI  

To  systematically  assess  the  effects  of  CD36  and  its  upstream  reg-

 ulator  c-Jun  on  motor  function  after  SCI,  longitudinal  behavioral

 analyses  were  performed  at  multiple  time  points  (7,  14,  28,  and

 56  dpi)  in  both  experimental  and  control  groups  ( Figure  4a).  Using

 the  standardized  Basso  mouse  scale  (BMS),  locomotor  recover  y

 was  obser  ved  from  Day  7  across  all  groups.  The  100  μ g  /ml  SAB-

 treated  group  exhibited  significantly  greater  recover  y  compared

 to  both  the  control  and  200  μ g  /ml  groups,  ultimately  achieving

 BMS  scores  of  7–8  ( Figure  4b).  Consistently,  horizontal  ladder

 and  rotarod  fatigue  tests  revealed  that  the  SAB-treated  group

 showed  a  marked  reduction  in  coordination  errors,  prolonged

 latenc  y  to  fall,  and  increased  critical  rotation  speed,  though  these

 improvements  did  not  reach  statistical  significance  ( Figure  4c–e).

 Based  on  these  results,  the  100  μ g  /ml  SAB  treatment  group  was

 selected  for  further  evaluation  using  the  TSE  MotoRater  system

 six  weeks  after  treatment  cessation  ( Figure  S4a).  At  8  weeks  post-

 SCI,  the  treatment  group  demonstrated  significantly  improved

 range  of  motion  in  the  hip,  knee,  and  ankle  joints  compared  to

 controls,  with  all  improvements  reaching  statistical  significance

 except  for  the  ankle  joint  ( Figure  4f  and  h).  Given  the  regulator  y

 role  of  c-Jun  on  CD36  signaling,  the  effects  of  T5224  were  next
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Figure  2  SAB  inhibits  CD36  expression  and  attenuates  fibrotic  scar  after  SCI.  (a)  Molecular  docking  analysis  of  SAB  binding  with  CD36,  showing  multiple

 hydrogen  bond  interactions  from  computational  modeling.  (b)  Timeline  of  SAB  pharmacological  inter  vention  after  spinal  cord  injur  y.  (c  and  d)  Reduced

 CD36  expression  in  the  scar  core  at  Day  14  post-SCI  following  SAB  treatment  (scale  bar  :  50  μ  m;  ∗  P  <  0.05,  ∗∗
 P  <  0.01).  (e  and  f)  Decreased  accumulation

 of  P4HB  +  fibroblasts  in  the  scar  region  after  SAB  administration  (scale  bar  :  50  μ  m;  ∗  P  <  0.05,  ∗∗
 P  <  0.01).  (g  and  h)  Enhanced  vascularization  within  the

 scar  area  at  8  weeks  post-SCI  in  SAB-treated  mice  (scale  bar  :  50  μ  m;  ∗∗
 P  <  0.01,  ∗∗∗

 P  <  0.001).  (i  and  j)  Increased  axonal  reconnection  around  the  lesion

 site  at  8  weeks  post-SCI  in  SAB-treated  mice  (scale  bar  :  50  μ  m;  ∗  P  <  0.05,  ∗∗
 P  <  0.01).  SAB  salvianolic  acid  B,  SCI  spinal  cord  injur  y  
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Figure  3  T5224  suppresses  CD36  expression  via  Jun  inhibition  and  promotes  repair  after  SCI.  (a)  Predicted  Jun-binding  motif  identified  using  the  JASPAR

 database.  (b)  Dual-luciferase  reporter  assay  confirming  Jun-dependent transcriptional  activation  of  CD36  (  ∗∗∗
 P  <  0.001).  (c)  Timeline  of  T5224

 pharmacological  inter  vention  after  spinal  cord  injur  y.  (d)  Comparative  analysis  of  cellular  composition  in  intact  ;  pSCI14d,  and  T5224  20  mg  /kg  group.

 (e)  Spatial  transcriptomic  analysis  reveals  cell-type  composition  and  spatial  distribution  differences  at  the  spinal  cord  lesion  site  after  14  days  between

 intact  (non-injured)  group,  pSCI-14d  group  and  T5224  treatment  group.  (f)  Immunofluorescence  images  showing  co-localization  of  P4HB,  CD36,  and

 c-Jun  within  scar  tissue.  (g  and  h)  CD36  expression  significantly  reduced  at  Day  14  post-SCI  following  T5224  administration  (scale  bar  :  50  μ  m;  ∗  P  <  0.05,
 ∗∗∗

 P  <  0.001,  ∗∗∗∗
 P  <  0.0001).  (i  and  j)  Attenuation  of  fibrotic  scar  formation  in  T5224-treated  groups  (scale  bar  :  50  μ  m;  ∗∗∗

 P  <  0.001,  ∗∗∗∗
 P  <  0.0001).

 (k  and  l)  Increased  vascular  density  within  the  scar  region  at  Day  14  post-SCI  in  T5224-treated  mice  (scale  bar  :  50  μ  m;  ∗∗∗
 P  <  0.001,  ∗∗∗∗

 P  <  0.0001).

 (m  and  n)  Enhanced  axonal  regeneration  in  the  20  mg  /kg  T5224  group  at  Day  14  post-SCI,  demonstrated  by  Tuj1  staining.  Red  =  axons  (Tuj1);  green  =  glial

 cells  (GFAP);  white  dashed  lines  =  axon  labeling  (scale  bar  :  50  μ  m;  ∗  P  <  0.05);  pSCI14d.  SCI  spinal  cord  injur  y  
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evaluated.  TSE  analysis  revealed  substantial  improvements  in  hip,

 knee,  and  ankle  joint  mobility  after  treatment  ( Figure  4g  and  i;

 Figure  S4b).  BMS  scoring  showed  that  the  20  mg  /kg  T5224  group

 exhibited  functional  recover  y  as  early  as  Day  7,  with  both  the

 10  mg  /kg  and  20  mg  /kg  groups  demonstrating  significantly  higher

 scores  than  controls  at  Day  14  ( Figure  4j).  At  Day  14,  the  20  mg  /kg

 group  also  exhibited  significantly  prolonged  rotarod  latenc  y  to  fall

 (P  <  .05),  increased  critical  rotation  speed  (P  <  .05),  and  reduced

 horizontal  ladder  error  rates  (P  <  .05),  indicating  enhanced  motor

 coordination  and  weight-bearing  capacity  ( Figure  4k–m).  Notably,

 electromyography  (EMG)  at  Day  56  revealed  no  motor  evoked

 potentials  (MEPs)  in  the  gastrocnemius  muscle  of  control  mice,

 while  clear  MEPs  (amplitude:  0.42  ±  0.07  mV)  were  recorded  in

 the  T5224-treated  group  ( Figure  4n  and  o),  suggesting  partial

 reconstruction  of  descending  motor  pathways.  Histological  anal-

 ysis  of  liver  and  kidney  tissues  confirmed  that  T5224  treatment

 (20  mg  /kg  )  did  not  induce  pathological  damage  ( Figure  S4c),

 consistent  with  its  previously  reported  safety  profile.  These

 results  demonstrate  that  inhibition  of  c-Jun  with  T5224  effectively

 suppresses  CD36  expression  and  significantly  promotes  functional

 recover  y  following  SCI.
 

The  c-Jun/Irf8/CD36  axis regulates  fibrotic

 scar  formation  after  SCI  

To  further  explore  the  roles  of  c-Jun,  Irf8,  and  CD36  in  scar

 formation  following  SCI,  expression  patterns  of  these  factors

 were  first  examined  in  a  mouse  SCI  model.  Spatial  transcriptomic

 analysis  over  a  time  course  revealed  minimal  expression  of

 Cd36,  c-Jun,  and  Irf8  in  the  intact  spinal  cord,  with  a  marked,

 time  -dependent  accumulation  specifically  at  the  lesion  site

 beginning  at  3  dpi  and  peaking  at  14  dpi  ( Figure  5a).  Notably,

 this  spatiotemporal  pattern  closely  mirrored  the  distribution

 of  classic  fibrotic  markers,  including  Col1a1,  Tgfb1,  and  P4HB,

 which  also  exhibited  concentrated  expression  within  the  injur  y

 core  ( Figure  S5).  Additionally,  spatial  transcriptomic  mapping

 showed  that  both  c-Jun  and  key  Tgf-β  signaling  components

 (e.g.  Tgfb1,  Tgfbr1)  accumulated  in  a  similar  pattern  at  the  injur  y

 site,  while  T5224  treatment  effectively  reduced  the  expression

 levels  of  CD36  and  Irf8  ( Figure  S7a–c).  The  identity  of  fibroblast

 populations  was  validated  by  the  expression  of  characteristic

 markers  such  as  Mki67  and  Slc1a3  ( Figure  S7d).  Consistent  with

 these  spatiotemporal  dynamics,  SCENIC  analysis  of  fibroblast-

 specific  transcription  factors  revealed  a  marked  upregulation  of

 c-Jun  at  14  days  after  SCI,  accompanied  by  increased  expression

 of  Irf8  and  CD36  ( Figure  5b).  Analysis  of  upstream  transcription

 factors  specifically  in  CD36 +  fibroblast  subclusters  also  indicated

 activation  of  both  Jun  and  Irf8  ( Figure  5c).  Multiple  immunoflu-

 orescence  stains  confirmed  that  the  expression  of  c-Jun,  Irf8,

 and  CD36  was  significantly  upregulated  following  SCI,  and  these

 molecules  co  -localized  within  the  fibrotic  scar  ( Figure  5d).  In

 cultured  fibroblasts,  c-Jun  knockdown  resulted  in  a  significant

 reduction  of  Irf8  mRNA  levels  and  a  concurrent  suppression  of

 CD36  expression  ( Figure  5e).  CUT&Tag  assays  further  confirmed

 that  Jun  directly  binds  to  the  promoter  region  of  Irf8  ( Figure  5f

and  g).  Moreover,  dual-luciferase  reporter  assays  demonstrated

 that  Irf8  markedly  enhanced  CD36  promoter  activity,  suggesting

 that  Irf8  positively  regulates  CD36  expression  ( Figure  5h).  To

 investigate  whether  Irf8  mediates  the  regulator  y  effect  of  c-Jun
 

on  CD36,  Irf8  was  overexpressed  in  fibroblasts  ( Figure  5i).  The

 results  showed  that  Irf8  upregulation  significantly  increased  CD36

 expression,  even  under  conditions  of  c-Jun  knockdown  ( Figure  5j

and  k),  indicating  that  Irf8  acts  as  a  critical  transcription  factor

 conveying  c-Jun  signaling  to  CD36.  To  further  characterize  the

 regulator  y  role  of  the  c-Jun-Irf8  axis  on  downstream  effector

 molecules,  Western  blot  analysis  was  performed  to  examine  the

 expression  of  scar-associated  genes,  including  Tgf-β  ,  Postn,  CD36,

 and  P4HB,  in  cultured  fibroblasts  transfected  with  si-NC,  si-c-

 Jun,  si-c-Jun  +  Irf8-OE,  or  si-NC  +  Irf8-OE  ( Figure  5j).  Consistent

 with  previous  findings,  CD36  protein  expression  was  notably

 reduced  in  the  si-c-Jun  group  compared  to  the  si-NC  group,

 and  this  inhibitor  y  effect  was  reversed  by  Irf8  overexpression.

 Moreover,  Irf8  overexpression  alone  (si-NC  +  Irf8-OE)  also  sig-

 nificantly  upregulated  CD36  levels.  A  similar  expression  pattern

 was  obser  ved  for  Tgf-β  ,  a  key  regulator  y  factor  in  fibrosis.  Its

 protein  level  was  decreased  by  c-Jun  knockdown  and  restored

 or  further  elevated  by  Irf8  overexpression.  In  contrast  ,  the  protein

 expression  of  Postn  and  P4HB  showed  no  significant  differences

 across  the  four  groups  ( Figure  5k).  Furthermore,  the  regulator  y

 relationship  was  verified  by  using  pharmacological  modulators

 of  c-Jun.  Treatment  with  the  c-Jun  agonist  PMA  significantly

 increased  the  expression  of  CD36.  In  contrast  ,  the  c-Jun  inhibitor

 T5224  significantly  suppressed  the  PMA-induced  upregulation  of

 CD36  expression  ( Figure  S6a).
 

These  results  demonstrate  that  the  c-Jun  -Irf8  axis  specifically

 modulates  the  expression  of  CD36  and  Tgf-β  ,  reinforcing  Irf8’s  role

 as  a  key  downstream  mediator  of  c-Jun  signaling  in  regulating

 these  fibrotic  markers. 

Inhibition  of  CD36  in  fibroblast

 populations  alters  gene  expression  and

 functional  pathways 

To  assess  the  impact  of  acute  -phase  CD36  inhibition  on  fibrob  -

 last  heterogeneity  and  repair  mechanisms  within  the  SCI  scar

 microenvironment  ,  differential  gene  expression  analysis  was

 conducted  across  fibroblast  subclusters  ( Figure  S6b),  followed  by

 an  examination  of  their  biological  implications.  Gene  Ontolog  y

 (GO)  and  Kyoto  Enc  yclopedia  of  Genes  and  Genomes  (KEGG)

 enrichment  analyses  revealed  that  DEGs  in  fibroblasts  after

 SCI  were  primarily  involved  in  processes  such  as  c  ytoplasmic

 translation  and  ribonucleoprotein  complex  assembly,  indicating

 significant  activation  of  protein  synthesis  pathways  ( Figure  6a).

 This  suggests  that  fibroblasts  were  highly  active,  synthesizing

 structural  proteins,  receptors,  and  c  ytokines  essential  for  repair

 processes,  including  cell  migration,  ECM  secretion,  and  signal

 transduction  [ 39].  At  the  cellular  component  level,  enrichment  in

 ribosomes  and  ribosomal  subunits  further  indicated  enhanced

 translational  mechanisms  to  facilitate  rapid  injur  y  response

 ( Figure  6a–c).  Increased  ribosomal  activity  likely  accelerates

 the  production  of  functional  proteins,  such  as  growth  factors,

 collagens,  and  integrins,  thus  promoting  tissue  repair  or  scar

 formation.  In  terms  of  molecular  function,  enrichment  in  ribo  -

 somal  structural  constituents  and  rRNA  binding  confirmed  active

 translation,  likely  facilitating  the  selective  translation  of  mRNA  s

 for  repair-associated  proteins  (e.g.  TGF-β  ,  PDGF,  VEGF),  enhancing

 neuroprotection  and  tissue  remodeling.  In  contrast  ,  following
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Figure  4  Behavioral  recover  y  of  motor  function  in  spinal  cord-injured  mice  following  inhibition  of  CD36  expression.  (a)  Timeline  of  behavioral

 assessments  conducted  after  SCI.  (b)  BMS  scores  evaluating  hindlimb  locomotion  in  SAB-treated  mice  at  various  time  points  post-SCI.  (c)  Horizontal

 ladder  test  demonstrating  decreased  foot-slip  errors,  indicating  improved  fine  motor  coordination  in  SAB-treated  mice.  (d  and  e)  Rotarod  fatigue  test

 showing  that  SAB  treatment  prolongs  the  latency  to  fall  and  increases  the  critical  rotational  speed.  (f)  TSE  MotoRater  kinematic  analysis  of  hindlimb  joint

 angles  in  SAB-treated  mice.  (g)  TSE  MotoRater  kinematic  analysis  of  hindlimb  joint  angles  in  T5224-treated  mice.  (h)  A  ssessment  of  hindlimb  range  of

 motion  in  knee,  ankle,  and  hip  joints  by  TSE  MotoRater  at  8  weeks  post-SCI  in  SAB-treated  mice  (  ∗  P  <  0.05,  ∗∗∗
 P  <  0.001).  (i)  A  ssessment  of  hindlimb

 range  of  motion  in  knee,  ankle,  and  hip  joints  by  TSE  MotoRater  at  8  weeks  post-SCI  in  T5224-treated  mice  (  ∗  P  <  0.05,  ∗∗
 P  <  0.01,  ∗∗∗

 P  <  0.001).  (j)  BMS

 scores  of  hindlimb  locomotion  in  T5224-treated  mice  at  similar  time  inter  vals  (  ∗  P  <  0.05,  ∗∗
 P  <  0.01,  ∗∗∗

 P  <  0.001).  (k)  Rotarod  test  results  for

 T5224-treated  mice,  showing  prolonged  latency  to  fall  and  elevated  critical  rotation  speed  (P  <  0.05  vs  control).  (l  and  m)  Horizontal  ladder  analysis

 indicating  reduced  stepping  errors  in  T5224-treated  mice  ( ∗  P  <  0.05).  (n  and  o)  EMG  recordings  show  restoration  of  MEPs  in  T5224-treated  mice.  SAB
 salvianolic  acid  B,  SCI  spinal  cord  injur  y  
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Figure  5  The  c-Jun-Irf8–CD36  axis  regulates  fibrotic  scar  formation  after  SCI.  (a)  Spatiotemporal  dynamic  expression  heatmaps  of  Cd36,  c-Jun,  and  Irf8

 after  SCI.  (b)  SCENIC  analysis  of  fibroblast-specific  transcription  factors  showing  significant  upregulation  of  Jun  during  the  acute  phase  of  SCI,

 accompanied  by  concurrent  increases  in  Irf8  and  CD36.  (c)  Analysis  of  upstream  transcription  factors  in  CD36  +  fibroblast  subclusters  indicating

 activation  of  Jun  and  Irf8.  (d)  Immunofluorescence  images  confirming  upregulation  and  co-localization  of  Jun,  Irf8,  and  CD36  within  the  scar  region

 post-SCI.  (e)  c-Jun  knockdown  in  cultured  fibroblasts  reduced  Irf8  mRNA  levels  and  suppressed  CD36  expression.  siRNA-c-Jun-1(si-c-Jun-1)  has  the

 highest  interference  efficiency.  All  subsequent  experiments  used  this  si-c-Jun-1  (  ∗  P  <  0.05,  ∗∗
 P  <  0.01,  ∗∗∗

 P  <  0.001).  (f  and  g)  CUT&tag  assays  validating

 that  Jun  directly  binds  to  the  promoter  region  of  Irf8.  (h)  Dual-luciferase  reporter  assays  demonstrating  that  Irf8  significantly  enhanced  CD36  promoter

 activity  ( ∗∗
 P  <  0.01).  (i  and  j)  Overexpression  of  Irf8  in  fibroblasts  promoted  CD36  expression,  even  under  Jun  knockdown  conditions  (  ∗∗

 P  <  0.01,
 ∗∗∗

 P  <  0.001).  (k)  Western  blot  analysis  of  Tgf-β  ,  Postn,  CD36,  and  P4HB  protein  levels  in  cells  transfected  with  si-NC,  si-c-Jun,  si-c-Jun  +  Irf8-OE,  or

 si-NC  +  Irf8-OE,  with  GAPDH  as  a  loading  control.  Quantitative  analysis  of  band  intensities  (normalized  to  GAPDH)  was  performed  using  ImageJ  software

 ( ∗  P  <  0.05,  ∗∗∗
 P  <  0.001).  SCI  spinal  cord  injur  y  
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CD36  inhibition,  DEGs  were  significantly  enriched  in  immune  -

 related  pathways,  such  as  the  regulation  of  leukoc  yte  adhesion

 and  myeloid  cell  differentiation  ( Figure  6b–d),  suggesting  an

 increased  recruitment  of  immune  cells  (e.g.  macrophages  and

 monoc  ytes)  to  the  injur  y  site  for  debris  clearance  and  the

 release  of  growth  factors  [ 40].  Fibroblast  enrichment  in  these

 pathways  suggests  their  potential  role  in  modulating  the  immune

 microenvironment  through  paracrine  signaling  or  direct  differ-

 entiation.  Cellular  component  analysis  revealed  an  enrichment

 of  c  ytosolic  ribosomes  and  ribosomal  structures,  while  molecular

 functions  included  protein  heterodimerization  activity  and  ATPase

 activity  ( Figure  6b).  These  results  indicate  that  CD36  inhibition,

 particularly  under  T5224  treatment  ,  may  alter  signaling  complex

 composition,  thereby  reducing  pro  -inflammator  y  signaling  and

 enhancing  anti-inflammator  y  or  tissue  regeneration  pathways

 ( Figure  6b–d).  Notably,  CD36  expression  was  predominantly

 downregulated  in  fibroblast  subclusters  4  and  10  ( Figure  6e).

 GO  and  KEGG  analyses  indicated  that  Cluster  4  was  involved  in

 processes  such  as  histone  modification,  RNA  splicing  regulation,

 c  ytokine  -mediated  signaling,  and  monoc  yte  differentiation,  with

 molecular  function  enrichment  in  transcription  co  -regulator  and

 GTPase  regulator  activities.  This  suggests  that  Cluster  4  plays

 a  role  in  maintaining  transcriptional  homeostasis,  promoting

 anti-inflammator  y  responses,  and  supporting  the  synthesis

 of  repair  factors  [ 41]  ( Figure  6f  and  g).  In  contrast  ,  Cluster

 10  was  mainly  associated  with  phagoc  ytosis,  cell  adhesion

 regulation,  and  related  processes  ( Figure  6h).  KEGG  analysis

 further  highlighted  its  involvement  in  osteoclast  differentiation,

 actin  c  ytoskeleton  regulation,  and  leukoc  yte  transendothelial

 migration  ( Figure  6j),  highlighting  its  role  in  tissue  clearance,

 structural  remodeling,  and  immune  infiltration  [ 42].  Pseudotime

 trajector  y  analysis  divided  fibroblasts  into  three  developmental

 stages,  with  Clusters  4  and  10  primarily  located  at  the  early

 stages  of  injur  y  response  ( Figure  6k  ,  l,  n,  and  o).  Additionally,

 significant  interactions  between  macrophages  and  peric  ytes  were

 obser  ved  in  the  SCI  microenvironment  .  Previous  studies  have

 shown  that  macrophages  promote  the  migration  of  PDGFRβ  +
 peric  ytes  into  the  lesion  core  [ 43],  where  they  differentiate

 into  fibroblasts  and  contribute  to  scar  formation.  In  cardiac

 inflammation  models,  recruitment  of  Ccr2 +  macrophages  to

 the  lesion  site  exacerbated  fibrosis,  whereas  Ccr2  deficienc  y

 alleviated  fibrosis  and  dysfunction  [ 44].  Consistent  with  these

 findings,  pseudotime  DEG  analysis  revealed  that  peric  yte  marker

 Slc1a3  and  chemokine  receptor  Ccr2  were  expressed  in  fibroblast

 populations,  with  Ccr2  expression  gradually  declining  over

 time  ( Figure  6i).  Expression  mapping  further  confirmed  high

 levels  of  Slc1a3  and  Ccr2  in  fibroblast  subclusters  under  SCI

 conditions,  which  were  significantly  reduced  following  drug

 treatment  ( Figure  6m  and  p).  These  results  suggest  that  T5224

 effectively  restricts  fibrosis  -associated  genes  by  inhibiting  c-Jun

 and  reprogramming  functional  pathways.
 

Heterogeneity  and  dynamic  evolution  of

 fibroblast  population  after  SCI  

Single  -cell  sequencing  and  spatial  transcriptomic  analyses  have

 highlighted  significant  fibroblast  heterogeneity  following  SCI

 [ 33].  Dividing  fibroblasts  rapidly  expand  and  deposit  large

 amounts  of  ECM  post-injur  y,  driving  fibrotic  scar  formation.

 Meningeal  fibroblasts  migrate  from  the  meninges  into  the  lesion
 

core,  establishing  an  early  barrier  structure,  while  perivascular

 fibroblasts  are  activated  from  the  perivascular  niche,  partially

 transforming  into  ECM-secreting  cells,  contributing  to  vascular

 repair  and  scar  stabilization.  These  three  fibroblast  populations

 undergo  dynamic  temporal  and  spatial  changes,  collectively

 contributing  to  the  fibrotic  scar  that  hinders  neural  regeneration

 [ 45].  To  explore  fibroblast  heterogeneity  at  the  lesion  site  after  SCI,

 single  -cell  sequencing  data  from  uninjured  samples,  14  dpi  (pSCI

 14d),  and  drug-treated  groups  were  analyzed.  In  the  uninjured

 spinal  cord,  dividing  fibroblasts,  meningeal  fibroblasts,  and

 perivascular  fibroblasts  were  present  at  relatively  low  baseline

 levels  with  dispersed  spatial  distributions.  At  14  dpi,  all  three

 fibroblast  subtypes  showed  significant  expansion,  with  dividing

 fibroblasts  exhibiting  the  most  pronounced  increase.  Meningeal

 and  perivascular  fibroblasts  also  expanded  substantially  and

 formed  densely  clustered  populations  in  UMAP  visualizations,

 indicating  heightened  activity  during  the  acute  -to  -subacute  phase

 of  scar  formation  ( Figure  7a  and  b).  Spatial  transcriptomics

 corroborated  these  findings,  revealing  that  CD36  and  the  key

 fibrotic  marker  Col3a1  were  highly  concentrated  and  significantly

 upregulated  at  the  lesion  core  in  the  pSCI  14d  group  ( Figure  7c).

 In  contrast  ,  in  the  T5224-treated  group,  the  overall  proportions  of

 all  three  fibroblast  subtypes  were  significantly  reduced  compared

 to  the  pSCI  14d  group,  with  their  distribution  in  UMAP  shifting

 from  clustered  to  more  dispersed,  indicating  restricted  expansion

 ( Figure  7d).  These  combined  changes  in  cellular  proportions  and

 spatial  distribution  suggest  that  pharmacological  inter  vention

 effectively  suppresses  the  abnormal  expansion  and  aggrega-

 tion  of  fibroblasts  after  SCI,  thereby  alleviating  fibrotic  scar

 formation. 

To  further  investigate  the  temporal  and  spatial  dynamics  of  the

 three  fibroblast  populations,  single  -cell  sequencing  datasets  from

 uninjured  spinal  cords  and  from  spinal  cords  at  various  time  points

 post-injur  y  (0.5,  1,  3,  7,  14,  60,  and  90  days)  were  analyzed.  Signif-

 icant  differences  and  functional  complementarity  were  obser  ved

 across  the  three  fibroblast  subpopulations  after  SCI.  GO  and  KEGG

 analyses  revealed  that  dividing  fibroblasts  exhibited  the  most

 prominent  features  of  high  synthesis  and  immune  activity.  Their

 gene  sets  were  significantly  enriched  in  protein  synthesis  and

 proliferation-related  processes  such  as  c  ytoplasmic  translation

 and  ribosome  biogenesis.  Additionally,  they  showed  significant

 enrichment  in  immune  regulator  y  terms,  including  antigen  pro  -

 cessing  and  presentation,  MHC  class  II  protein  complex  assembly,

 and  T  cell  differentiation  ( Figure  7e).  KEGG  analysis  further

 revealed  their  strong  association  with  immune  -inflammator  y  dis  -

 eases  and  infection  pathways,  suggesting  their  dual  role  in  driving

 ECM  accumulation  and  immune  regulation  ( Figure  7f).  Meningeal

 fibroblasts,  in  contrast  ,  predominantly  exhibited  active  migration,

 metabolism,  and  vascular  regulation.  Their  GO  terms  were  signifi-

 cantly  enriched  in  leukoc  yte  migration,  cell  chemotaxis,  oxidative

 stress  response,  and  ATP  metabolic  processes,  as  well  as  regu-

 lation  of  angiogenesis  and  vasculature  development  ( Figure  7g).

 KEGG  analysis  indicated  their  involvement  in  energ  y  metabolism,

 c  ytoskeletal  regulation,  and  neurodegenerative  diseases,  suggest-

 ing  that  these  fibroblasts  not  only  ser  ve  as  early  barrier  construc-

 tors  migrating  into  the  lesion  core  but  also  contribute  to  oxidative

 stress  responses  and  vascular  remodeling  ( Figure  7h).  Perivascu-

 lar  fibroblasts,  on  the  other  hand,  showed  an  enhanced  profile  of

 immune  response  and  antigen  presentation.  Their  GO  terms  were

 enriched  in  antigen  processing  and  presentation,  lymphoc  yte

 differentiation,  leukoc  yte  cell–cell  adhesion,  and  mononuclear
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Figure  6  Heterogeneity  analysis  of  fibroblast  populations.  (a)  GO  enrichment  analysis  of  fibroblast  subclusters  in  the  SCI  scar  region  between  pSCI14d

 and  the  intact  group.  (b)  GO  enrichment  analysis  of  fibroblast  subclusters  in  the  SCI  scar  region  between  the  T5224  (20  mg  /kg  )  treatment  group  and  the

 pSCI14d  group.  (c)  KEGG  pathway  enrichment  analysis  of  fibroblast  subclusters  in  the  SCI  scar  region  between  the  pSCI14d  group  and  the  intact  group.

 (d)  KEGG  enrichment  analysis  of  fibroblast  subclusters  in  the  SCI  scar  region  between  the  T5224  (20  mg  /kg  )  treatment  and  pSCI14d  groups.  (e)

 Expression  dynamics  of  CD36  across  fibroblast  subclusters  in  the  intact  ,  pSCI14d,  and  T5224  (20  mg  /kg  )  groups.  (f)  GO  enrichment  analysis  of  fibroblast

 subcluster  cluster  4  in  the  SCI  scar  region.  (g)  KEGG  pathway  enrichment  analysis  of  fibroblast  subcluster  cluster  4  in  the  SCI  scar  region.  (h)  GO

 enrichment  analysis  of  fibroblast  subcluster  cluster  10  in  the  SCI  scar  region.  (i)  Heatmap  of  pseudotime  -dependent  DEGs,  with  colors  ranging  from  red

 to  blue  indicating  decreasing  expression  levels.  (j)  KEGG  pathway  enrichment  analysis  of  fibroblast  subcluster  cluster  10  in  the  SCI  scar  region.  (k  and  l)

 Pseudotime  trajector  y  analysis  of  fibroblast  subclusters.  (m)  Expression  mapping  of  Ccr2  within  fibroblast  populations  between  the  T5224  (20  mg  /kg  )

 treatment  and  pSCI14d  groups.  (n)  Pseudotime  differentiation  trajector  y  of  fibroblast  subcluster  cluster  4  in  the  SCI  scar  region.  (o)  Pseudotime

 differentiation  trajector  y  of  fibroblast  subcluster  cluster  10  in  the  SCI  scar  region.  (p)  Expression  mapping  of  Slc1a3  within  fibroblast  populations

 between  the  T5224  (20  mg  /kg  )  treatment  and  pSCI14d  groups.  SCI  spinal  cord  injur  y  
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Figure  7  Distribution  of  fibroblast  subpopulations  after  spinal  cord  injur  y  and  their  GO  and  KEGG  enrichment  analyses.  (a  and  b)  UMAP  visualization  of

 the  distribution  of  mitotic,  membrane  -derived,  and  peritubular  fibroblast  clusters.  (c)  Spatial  transcriptomics  mapping  of  CD36  and  Col3a1  expression  in

 the  lesion  areas  between  intact  ,  pSCI14d  and  T5224  (20  mg  /kg  )  treatment  group.  (d)  Proportion  changes  of  dividing,  meningeal,  and  perivascular

 fibroblast  clusters  between  intact  ,  pSCI14d  and  T5224  (20  mg  /kg  )  treatment  group.  (e)  GO  enrichment  analysis  showing  that  dividing  fibroblasts  were

 significantly  enriched  in  protein  synthesis,  proliferation-related  processes,  and  immune  regulation  pathways.  (f)  KEGG  enrichment  analysis  showing  the

 enrichment  of  pathways  related  to  immune  -inflammator  y  diseases  and  infection,  along  with  strong  enrichment  of  the  ribosome  pathway.  (g)  GO

 enrichment  analysis  showing  that  meningeal  fibroblasts  were  enriched  in  leukocyte  migration,  cell  chemotaxis,  oxidative  stress  response,  energ  y

 metabolism,  and  vascular  regulation,  including  regulation  of  angiogenesis  and  vascular  system  development  .  (h)  KEGG  enrichment  analysis

 demonstrating  significant  enrichment  in  pathways  related  to  energ  y  metabolism,  cytoskeletal  regulation,  and  neurodegenerative  diseases,  reflecting

 their  roles  in  oxidative  stress  response  and  vascular  remodeling.  (i)  GO  enrichment  analysis  showing  that  perivascular  fibroblasts  are  enriched  in

 immune  -related  processes,  including  antigen  processing  and  presentation,  lymphocyte  differentiation,  leukocyte  cell–cell  adhesion,  and  mononuclear

 cell  proliferation,  suggesting  enhanced  roles  in  immune  regulation  and  cell  recruitment  .  (j)  KEGG  enrichment  analysis  showing  significant  enrichment  in

 infection  and  autoimmune  -related  pathways  
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cell  proliferation  ( Figure  7i).  KEGG  analysis  indicated  that  perivas  -

 cular  fibroblasts  were  closely  linked  to  pathways  associated  with

 autoimmune  and  infectious  diseases,  including  Tuberculosis,

 Leishmaniasis,  Systemic  Lupus  Er  ythematosus,  and  Rheumatoid

 Arthritis,  suggesting  their  critical  role  in  amplifying  inflammation

 and  recruiting  immune  cells  within  the  scar  tissue  ( Figure  7j).  In

 summar  y,  after  SCI,  the  three  fibroblast  subtypes  contribute  to  the

 formation  of  the  complex  fibrotic  scar  microenvironment  through

 distinct  roles:  dividing  fibroblasts  drive  high  proliferation  and

 immune  potential,  meningeal  fibroblasts  contribute  to  migration

 and  vascular  regulation,  and  perivascular  fibroblasts  amplify

 immune  responses  and  inflammation  [ 46,  47].  These  processes

 shape  the  dynamic  and  multifaceted  nature  of  the  injur  y  site.
 

Discussion 
SCI  is  a  major  cause  of  severe  neurological  deficits,  characterized

 by  complex  patholog  y  involving  both  primar  y  mechanical  damage

 and  secondar  y  pathological  responses.  Among  the  latter,  inflam-

 mation,  oxidative  stress,  apoptosis,  and  scar  formation  are  critical

 determinants  of  prognosis  [ 13].  Scar  tissue  has  long  been  recog-

 nized  as  a  key  barrier  to  axonal  regeneration.  Advances  in  research

 have  revealed  that  scars  are  not  uniform  but  instead  consist  of

 both  glial  and  fibrotic  components.  Glial  scars,  primarily  com-

 posed  of  astroc  ytes,  play  a  protective  role  by  isolating  the  lesion

 and  limiting  inflammation  during  the  acute  phase.  However,  in  the

 chronic  phase,  the  secretion  of  inhibitor  y  molecules  by  astroc  ytes

 hinders  axonal  elongation  [ 48].  In  contrast  ,  fibrotic  scars,  mainly

 derived  from  perivascular  fibroblasts,  persist  through  the  deposi-

 tion  of  collagen,  fibronectin,  and  laminin,  forming  a  durable  phys  -

 ical  barrier  that  impedes  neural  regeneration  [ 49].  Consequently,

 reducing  chronic  fibrosis  while  preser  ving  the  acute  protective

 functions  of  scar  tissue  has  become  a  focal  point  in  SCI  repair

 research. 

Recent  studies  have  provided  valuable  insights  into  the  cellular

 origins  and  molecular  mechanisms  underlying  scar  fibrosis.

 Fibrotic  scars  are  predominantly  derived  from  type  A  peric  ytes

 surrounding  blood  vessels.  After  SCI,  these  peric  ytes  proliferate,

 migrate,  and  transdifferentiate  into  fibroblast-like  stromal  cells,

 contributing  to  ECM  deposition,  including  fibronectin,  collagen,

 and  laminin  [ 50].  Notably,  the  extradomain-A  variant  of  fibronectin

 (FnEDA)  has  been  identified  as  a  key  component  in  maintaining

 the  stability  of  the  chronic  fibrotic  matrix.  In  FnEDA-deficient

 mice,  while  acute  fibrotic  responses  persist  ,  long-term  scarring

 is  attenuated,  axonal  penetration  is  improved,  and  motor  func-

 tion  recover  y  is  enhanced  [ 51].  This  highlights  the  dual-phase

 regulation  of  scar  formation:  early  fibrosis  is  essential  for  wound

 closure,  whereas  persistent  ECM  deposition  ultimately  inhibits

 regeneration  [ 52].
 

The  platelet-derived  growth  factor  receptor-β  (PDGFRβ  )  signal-

 ing  pathway  plays  a  pivotal  role  in  fibroblast  activation.  PDGFRβ  +
 fibroblasts  and  peric  ytes  dominate  the  lesion  core,  with  activation

 driven  by  PDGFB  secreted  by  astroc  ytes  and  PDGFD  released  by

 macrophages  and  fibroblasts  [ 53,  54].  Pharmacological  inhibition

 of  PDGFRβ  signaling  with  SU16f  effectively  reduces  fibrotic  scar

 size,  weakens  scar  borders,  and  promotes  axonal  regeneration

 and  functional  recover  y  [ 43,  54]. Beyond  receptor  tyrosine

 kinases,  metabolic  regulation  has  also  been  implicated  in  fibrosis.

 Metabolomic  screening  has  identified  nicotinamide  as  an  inhibitor

 of  TGFβ  /SMAD  signaling  in  fibroblasts,  suppressing  pro  -fibrotic

 genes  such  as  Col1a1,  Fn1,  and  Acta2.  In  SCI  mouse  models,
 

systemic  administration  of  nicotinamide  reduced  fibrotic  lesion

 area  and  improved  motor  function  [ 55,  56].  The  immune  system

 also  plays  a  significant  role  in  modulating  the  scar  microenvi-

 ronment  .  For  instance,  mast  cells  secrete  mast  cell  protease  -6

 (mMCP6),  which  suppresses  scarring,  promotes  remyelination,

 and  enhances  functional  outcomes  in  mice  [ 56,  57].  These  findings

 highlight  that  ,  in  addition  to  fibroblasts  and  peric  ytes,  immune

 cell-derived  proteases  can  remodel  the  ECM,  rebalancing  repair

 and  inhibition.  This  crosstalk  between  stroma  and  immunity

 provides  a  rationale  for  combining  immunomodulation  with  anti-

 fibrotic  strategies.
 

Fibrotic  scar  formation  following  SCI  is  a  complex  ,  multistep,

 and  multicellular  process  involving  perivascular  peric  ytes,  inflam-

 mator  y  mediators,  ECM  proteins,  and  metabolic  regulators  [ 33,

 50,  58].  Notably,  complete  scar  elimination  can  destabilize  the

 lesion  and  exacerbate  tissue  loss,  while  moderate  inhibition

 of  excessive  ECM  deposition  can  maintain  structural  integrity

 and  promote  a  favorable  regenerative  environment  .  Therefore,

 therapeutic  strategies  must  strike  a  balance  between  stabilizing

 the  lesion  and  optimizing  conditions  for  regeneration.  This  study

 specifically  investigated  the  role  of  CD36  during  the  early  phase

 of  SCI.  CD36,  a  transmembrane  glycoprotein,  plays  critical  roles  in

 lipid  metabolism,  inflammation,  and  fibrosis.  CD36  expression

 was  significantly  upregulated  in  fibroblast  populations  within

 the  SCI  lesion.  Treatment  with  the  CD36  inhibitor  SAB  reduced

 P4HB +  fibroblast  accumulation,  alleviated  fibrotic  scarring,  and

 increased  GFAP +  astroc  ytes,  suggesting  a  shift  in  scar  composi-

 tion.  Notably,  SAB  treatment  promoted  angiogenesis,  enhanced

 proximal  axon  sur  vival,  and  improved  motor  functional  recover  y

 in  mice.  These  findings  demonstrate  that  CD36  plays  a  pivotal  role

 in  fibrotic  scar  formation  and  that  its  inhibition  can  improve  the

 microenvironment  while  supporting  neuroprotection.
 

Further  single  -cell  transcriptomic  analysis  revealed  that  CD36

 inhibition  markedly  reshaped  the  subcluster  composition  and

 functional  profiles  of  fibroblasts  within  the  lesion  area.  Both

 T5224  and  SAB  treatments  significantly  reduced  the  propor-

 tions  of  CD36-high  subclusters  4  and  10,  which  were  originally

 enriched  in  profibrotic  pathways  related  to  cell  adhesion,  signal

 transduction,  and  monoc  yte  recruitment  .  Following  treatment  ,

 these  fibroblasts  shifted  toward  pathways  associated  with

 immune  regulation,  leukoc  yte  adhesion,  phagoc  ytosis,  and

 energ  y  metabolism,  indicating  a  phenotypic  transition  from  a

 profibrotic  to  a  reparative  state.  Pseudotime  trajector  y  analysis

 further  demonstrated  that  CD36  inhibition  restricted  the  abnor-

 mal  proliferation  and  differentiation  of  early  fibroblasts,  delaying

 their  transition  into  a  highly  activated  state  and  thus  attenuating

 fibrotic  progression.  These  findings  suggest  that  CD36  not  only

 regulates  fibroblast  abundance  but  also  dictates  their  functional

 fate  and  transcriptional  state,  playing  a  pivotal  role  in  post-injur  y

 tissue  remodeling.
 

Previous  studies  have  identified  Jun,  a  key  member  of  the

 AP-1  family,  as  a  broad  regulator  of  inflammation  and  fibrosis.

 While  earlier  work  highlighted  Jun’s  role  in  fibroblast  migration

 and  collagen  synthesis  [ 59],  our  study  is  the  first  to  reveal

 that  Jun  regulates  CD36  expression  through  Irf8,  thereby  pro  -

 moting  SCI  fibrosis.  Inhibition  of  c-Jun  or  CD36  suppressed

 fibrotic  deposition,  enhanced  neuroprotection  and  angiogen-

 esis,  and  restored  the  balance  between  scar  protection  and

 axonal  regeneration  [ 19,  23,  48].  In  the  present  study,  treatment

 with  the  Jun  inhibitor  T5224  significantly  downregulated  CD36

 expression,  reduced  fibroblast  accumulation,  and  alleviated
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scar  fibrosis.  Concurrently,  angiogenesis  and  neuronal  sur-

 vival  increased,  apoptosis  decreased,  and  functional  recover  y

 improved.  Consistent  with  single  -cell  sequencing  results,  T5224

 not  only  suppressed  the  expansion  of  CD36 +  fibroblasts  but

 also  reprogrammed  their  transcriptional  landscape,  leading

 to  downregulation  of  fibrosis  -associated  genes  (such  as  Tgf-

 β  )  and  upregulation  of  genes  related  to  immune  regulation

 and  tissue  repair.  These  results  further  support  the  role  of  Jun

 inhibition  in  improving  the  scar  microenvironment  and  promoting

 regeneration.
 

Compared  to  previous  studies,  our  work  provides  novel  insights

 into  SCI  fibrosis.  Consistent  with  findings  on  FnEDA  [ 51],  the

 present  study  confirms  that  fibroblasts  are  central  effector  cells,

 while  also  identifying  the  c-Jun-Irf8-CD36  axis  as  a  previously

 unrecognized  regulator  y  pathway.  Building  on  research  related  to

 PDGFRβ  [ 50,  51],  the  present  study  further  proposes  an  alternative

 mechanism  of  fibroblast  activation,  suggesting  that  ,  beyond

 extracellular  signaling  and  ECM  components,  lipid  receptors  and

 transcription  factors  also  play  key  roles  in  scar  regulation.  In

 contrast  to  studies  on  nicotinamide  and  mMCP6  [ 53,  54],  our

 results  demonstrate  that  inhibition  of  the  c-Jun–Irf8–CD36  axis

 not  only  reduces  fibrosis  but  also  enhances  angiogenesis  and

 neuroprotection,  highlighting  the  integrative  benefits  of  improv-

 ing  the  microenvironment  .  Tgf-β  ,  a  multifunctional  c  ytokine,

 regulates  cell  proliferation,  differentiation,  and  apoptosis.  Upon

 binding  to  its  receptors,  Tgf-β  activates  Smad  proteins  and  non-

 Smad  pathways  (e.g.  MAPK),  promoting  fibrosis.  In  pulmonar  y

 fibrosis,  the  abnormal  activation  of  the  Tgf-β  pathway  leads

 to  excessive  ECM  deposition  and  scar  formation.  Similarly,  in

 idiopathic  pulmonar  y  fibrosis,  dysregulated  Tgf-β  signaling  is  a

 key  driver  of  fibrosis  progression  [ 60].  The  present  study  obser  ved

 that  the  c-Jun-Irf8  axis  regulates  Tgf-β  signaling  in  SCI.
 

However,  the  clinical  translation  of  several  established  anti-

 fibrotic  agents,  such  as  nintedanib,  pirfenidone,  and  simtuzumab,

 still  faces  significant  hurdles  in  the  context  of  SCI.  The  therapeutic

 targets  of  these  drugs  are  often  either  minimally  expressed

 within  the  spinal  fibrotic  scar  matrix  or  are  inaccessible  due

 to  their  poor  permeability  across  the  BBB  [ 61– 63].  Moreover,

 the  optimal  degree  of  fibroblast  inhibition  required  to  promote

 regeneration  without  compromising  the  structural  integrity  of  the

 lesion  remains  poorly  defined  and  warrants  further  investigation.

 Nevertheless,  these  compounds  represent  a  valuable  chemical

 librar  y  that  could  be  explored  in  future  studies,  potentially

 through  localized  deliver  y  systems  or  structural  modifications  to

 enhance  CNS  penetration.
 

Both  CD36  and  c-Jun  are  druggable  targets  [ 64– 66].  SAB  and

 T5224  already  have  established  research  foundations  and  clinical

 applications  in  metabolic  and  inflammator  y  diseases,  with  favor-

 able  pharmacokinetic  and  safety  profiles  supporting  their  poten-

 tial  for  SCI  treatment  [ 67,  68].  SAB,  the  active  component  of  Salvia
 miltiorrhiza,  is  widely  used  in  China  for  treating  microcirculator  y

 diseases,  including  cardiovascular,  cerebrovascular,  and  diabetes  -

 related  vascular  complications  [ 69].  T5224  has  demonstrated  effi-

 cac  y  in  alleviating  arthritis  symptoms  by  inhibiting  inflammator  y

 mediators  such  as  MMP-3  and  MMP-13  induced  by  IL-1β  .  While

 T5224  has  completed  Phase  II  clinical  trials,  it  is  not  yet  widely

 approved  for  routine  clinical  use.  Its  research  primarily  focuses

 on  inflammator  y  diseases,  cancer,  and  cardiovascular  conditions

 [ 70].  Our  findings  may  expand  the  therapeutic  potential  of  SAB

 and  T5224,  offering  new  avenues  for  SCI  treatment  .  Furthermore,

 with  single  -cell  analysis  revealing  fibroblast  heterogeneity,  future
 

strategies  could  selectively  target  pathological  fibroblast  subclus  -

 ters  using  specific  markers,  paving  the  way  for  precision  therapies.
 

Nevertheless,  this  study  has  several  limitations.  This  study

 relied  on  mouse  models,  and  given  the  differences  in  patholog  y

 and  immune  context  between  human  and  mouse  SCI,  caution  is

 required  when  extrapolating  these  findings  to  humans.  Further

 validation  in  larger  animal  models  and  preclinical  studies  is

 necessar  y  to  confirm  the  efficac  y  and  safety  of  the  proposed

 therapeutic  strategies  before  clinical  translation.  Additionally,  this

 work  primarily  focused  on  the  c-Jun–Irf8–CD36  pathway,  whereas

 fibrotic  scarring  after  SCI  is  a  multifaceted  process  regulated

 by  various  signaling  cascades,  including  Tgf-β  /Smad,  PDGFRβ  ,

 and  immune  -related  mediators.  The  interactions  and  potential

 competition  among  these  pathways  remain  unclear,  highlighting

 the  need  for  future  studies  integrating  multi-omics  approaches

 to  establish  a  more  comprehensive  regulator  y  network  .  Although

 regenerated  axons  (as  indicated  by  Tuj1  staining  )  were  obser  ved

 crossing  the  scar,  it  is  hypothesized  that  these  axons  originated

 from  propriospinal  neurons  in  the  spinal  cord  and  are  linked

 to  functional  recover  y  [ 71].  These  hypotheses  will  be  further

 validated  in  future  studies. 

Conclusions 
In  conclusion,  this  study  identified  the  c-Jun-Irf8-CD36  signaling

 cascade  as  a  central  driver  of  fibrotic  scar  formation  after  SCI,

 linking  transcriptional  activation  to  the  expansion  and  profibrotic

 programming  of  CD36 +  fibroblast  subpopulations  within  the

 lesion  core.  By  combining  single  -cell  RNA  sequencing  with  spatial

 transcriptomics,  this  study  mapped  CD36  enrichment  in  scar-

 associated  fibroblasts  and  demonstrated  that  pharmacological

 blockade  at  two  levels—direct  inhibition  of  CD36  using  SAB

 and  upstream  inhibition  of  c-Jun  using  T5224-reduces  P4HB +
 fibroblast  accumulation  and  matrix  deposition,  reshaping  the  scar

 microenvironment  toward  repair.  Mechanistically,  c-Jun  promotes

 CD36  expression  indirectly  via  Irf8,  as  confirmed  by  CUT&Tag  and

 reporter  assays.  Pathway  inhibition  selectively  restrains  aber-

 rantly  expanded  CD36 +  fibroblast  subclusters,  enhances  vascular

 remodeling,  supports  axonal  regeneration,  and  improves  locomo  -

 tor  recover  y.  In  conjunction  with  established  fibrotic  regulators

 (e.g.  FnEDA,  PDGFRβ  ,  TGF-β  /SMAD,  and  immune  modulators),

 these  findings  introduce  lipid  receptor–associated  signaling  as  an

 actionable  target  in  SCI  fibrosis  and  emphasize  the  therapeutic

 value  of  ‘moderate’  anti-fibrotic  inter  ventions  to  preser  ve  early

 structural  stabilization  while  preventing  chronic  regenerative

 blockade.  This  provides  a  compelling  rationale  for  stage  -adapted,

 multi-target  strategies  in  future  translational  studies.
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