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[ABSTRACT] Wound healing in diabetic ulcers remains a significant clinical challenge, primarily due to bacterial infection and im-
paired angiogenesis. Periplaneta americana extract (PAE) has been widely used to treat diabetic wounds, yet its underlying mechan-
isms are not fully understood. This study aimed to elucidate these mechanisms by analyzing long non-coding RNA (lncRNA) expres-
sions in the wound tissues from diabetic anal fistula patients treated with or without PAE, using high-throughput sequencing. Peripher-
al blood monocytes from patients were differentiated into M0 macrophages with human macrophage colony-stimulating factor (hM-
CSF) and subsequently polarized into M1 macrophages with lipopolysaccharide. The results indicated that LINC01133 and SLAMF9
were downregulated in wound tissues of patients treated with PAE. Furthermore, PAE suppressed M1 macrophage polarization and en-
hanced  human  umbilical  vein  endothelial  cell  (HUVEC)  proliferation,  migration,  and  angiogenesis.  These  effects  were  diminished
when LINC01133 or SLAMF9 were overexpressed. Mechanistically, LINC01133 was shown to upregulate SLAMF9 through interac-
tion with ELAVL1. Overexpression of SLAMF9 reversed the effects of LINC01133 silencing on macrophage polarization and HUVEC
functions. In conclusion, PAE facilitates the healing of infected diabetic ulcers by downregulating the LINC01133/SLAMF9 pathway.
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 Introduction

Diabetic ulcers  represent  a  severe  complication  of  dia-
betes  mellitus,  resulting  in  chronic  non-healing  wounds [1].
Despite employing various therapeutic strategies such as reg-
ular debridement,  revascularization,  and  anti-infection  treat-
ments [2],  managing diabetic wounds remains challenging. In
normal tissues,  wound  healing  encompasses  key  phases,  in-
cluding inflammation, proliferation, and tissue remodeling [3],
which involve intricate interactions among various cells, such

as macrophages and endothelial cells [4].  In contrast,  diabetic
wound healing is frequently impaired, with issues such as in-
sufficient  angiogenesis  and  prolonged  inflammation [5].  A
critical aspect of this dysfunction is the persistent and dysreg-
ulated M1 macrophage polarization, which promotes inflam-
mation [6].  Consequently,  there is  a  pressing need to develop
novel  therapeutic  agents  and  to  elucidate  their  molecular
mechanisms  in  modulating  the  impaired  healing  processes,
thereby contributing to more effective treatments for diabetic
ulcers.

Previous  research  has  highlighted  the  potential  of  the
medicinal  insect Periplaneta  americana as  a  therapeutic
agent  for  diabetic  skin  ulcers.  Glycoproteins  and  protein-
polysaccharide complexes isolated from P. americana effect-
ively promote diabetic wound healing [7, 8]. Kangfuxin Liquid,
a  solution  derived  from P.  americana extract (PAE),  con-
tains  bioactive  substances  such  as  peptides,  various  growth
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factors,  amino  acids,  polyols,  and  mucous  acids [9] and  is
widely used  in  clinical  practice  for  treating  diabetic  skin  ul-
cers [10]. Despite its clinical use, the specific protective mech-
anisms  by  which  PAE  improves  diabetic  skin  ulcers  remain
largely  obscure.  PAE  has  been  shown  to  exert  protective
effects  on  ulcerative  diseases  by  regulating  gene  expressi-
on [11, 12].  Recent  studies  have  established that  long non-cod-
ing  RNAs  (lncRNAs)  are  critical  in  diabetic  wound  heal-
ing [13]. For  instance,  the  reduction  of  lncRNA  GAS5  en-
hances diabetic wound healing [14], and lncRNA H19 acceler-
ates wound healing in diabetic foot ulcers [15]. Long intergen-
ic non-coding RNA 01133 (LINC01133) is a recently identi-
fied  lncRNA  initially  recognized  as  an  oncogene  in  lung
squamous cell carcinoma. It has since been found to be dys-
regulated  in  various  types  of  tumors [16].  Overexpression  of
LINC01133 inhibits cell  proliferation  and  migration  in  gast-
ric cancer [17] and nasopharyngeal carcinoma [18]. However, its
expression and  role  in  diabetes-related  diseases  remain  un-
clear. Further research is needed to elucidate the potential in-
volvement of LINC01133 in the pathophysiology of diabetic
ulcers and its possible therapeutic implications.

Signaling lymphocyte  activation  molecule  family  mem-
ber 9 (SLAMF9) is part of the SLAM immunoreceptor fami-
ly [19] and serves  as  a  potential  target  for  inflammatory  dis-
eases [20]. SLAMF9 promotes inflammatory responses via spe-
cific  subsets  of  antigen-presenting  cells [21].  Deficiencies  in
SLAMF8 and SLAMF9 suppress the  secretion  of  inflammat-
ory  cytokines  and  reduce  the  infiltration  of  inflammatory
cells [22]. In a scratch assay using RAW 264.7 cells, a murine
macrophage-like  cell  line, SLAMF9,  was  shown  to  delay
wound  closure [23].  Starbase  predicts  that  ELAV-like  RNA-
binding protein 1 (ELAVL1) is a common RNA-binding pro-
tein  (RBP)  for  both LINC01133 and SLAMF9. ELAVL1 has
been  implicated  in  diabetes-related  diseases;  for  instance,
knocking  down ELAVL1 can  alleviate  diabetic  osteoporo-
sis [24].  In  ventricular  cardiomyocytes,  microRNA-9  targets
ELAVL1 to reduce hyperglycemia-induced pyroptosis [25]. Ad-
ditionally,  lncRNA MALAT1 targets microRNA-23c to  elev-
ate ELAVL1 expression, thereby  regulating  diabetic  nephro-
pathy [26]. Previous studies have shown that lncRNAs can reg-
ulate  downstream  target  proteins  through ELAVL1. For  ex-
ample, LINC01119 binds  with ELAVL1 to  increase  the
mRNA stability of brain-derived neurotrophic factor (BDNF)
and  upregulate  its  expression  in  peripheral  nerve  injury [27].
Similarly,  lncRNA MALAT1 destabilizes  phosphatase  and
tensin homolog (PTEN)  mRNA by interacting with ELAVL1
in  gastric  cancer [28]. Based  on  these  findings,  we  hypothes-
ized that LINC01133 might regulate SLAMF9 expression via
ELAVL1.  However,  no  relevant  literature  currently  supports
this, necessitating further investigation.

In this study, we used high-throughput sequencing tech-
nology to investigate the role of LINC01133 in the efficacy of
PAE in wound healing of infectious diabetic ulcers. We val-
idated that PAE suppresses M1 macrophage polarization and
promotes  human  umbilical  vein  endothelial  cell  (HUVEC)

proliferation, migration, and angiogenesis by downregulating
the LINC01133/SLAMF9 axis. These findings suggest that the
LINC01133/SLAMF9 axis pathway could be a key regulatory
mechanism underlying the therapeutic effects of PAE in treat-
ing infectious diabetic ulcers.

 Materials and Methods

 Clinical samples
A total of 30 wound tissue samples were collected from

diabetic  anal  fistula  patients  (45–65 years)  receiving  treat-
ment  with or  without  PAE at  the Second Affiliated Hospital
of Hunan University of Traditional Chinese Medicine (n = 15
per  group).  After  local  anesthesia  with  lidocaine,  tissue
samples were obtained from the non-healing edges of wounds
using  a  4  mm  biopsy  punch  and  were  immediately  flash-
frozen  in  liquid  nitrogen.  Inclusion  criteria  were  as  follows:
confirmed diagnosis of diabetes mellitus with anal fistula [29];
no abnormal  anal  morphology  or  function;  no  previous  sur-
gical  intervention  for  anorectal  disease;  and  a  wound  area
between  4  and  30  cm2.  Exclusion  criteria  included  serious
diseases  of  vital  organs  (such  as  malignant  tumors,  stroke,
heart  failure,  renal failure,  and abnormal liver function),  any
ongoing  medical  therapies;  known  allergies  to  experimental
or  standard  medications,  significant  mental  disorders,  and
pregnancy or lactation. This study was approved by the Eth-
ics  Committee  of  the  Second  Affiliated  Hospital  of  Hunan
University  of  Traditional  Chinese  Medicine  (No.  2022-KY-
003). Written  informed consent  was  obtained  from all  parti-
cipants.
 High-throughput sequencing of lncRNAs

Total  RNA was extracted from the tissue samples using
TRIzol® Reagent  (#15596026CN,  Invitrogen,  Carlsbad,  CA,
USA). The concentration, purity,  and integrity of the extrac-
ted  RNA  were  assessed.  For  RNA  sample  preparation,  the
Ribo-Zero Magnetic kit (#RZNB1056, EpiCentre Biotechno-
logies,  Madison, WI, USA) was used to remove rRNA from
the  total  RNA.  The  rRNA-depleted  RNA  was  then  used  to
prepare  RNA  libraries  with  the  TruSeq™  Stranded  Total
RNA Library Prep Kit (#RS-122-2002, Illumina, San Diego,
CA, USA).  High-throughput  sequencing  was  performed  us-
ing  the  HiSeq  4000  SBS  Kit  (#FC-410-1003,  Illumina).  To
analyze  the  preliminarily  screened  lncRNAs,  four  software
tools were employed: PLEK version 1.2, CPAT version 3.0.4,
CNCI version 2 (Chinese Academy of Sciences, China), and
CPC2  version  2  (BioInformation  Center,  Peking  University,
School of Life Sciences, State Key Laboratory of Protein and
Plant  Gene  Research,  China).  Differentially  expressed
lncRNAs were visualized using a Volcano plot.
 Cell culture

Peripheral blood  mononuclear  cells  (PBMCs)  were  col-
lected from  diabetic  anal  fistula  patients  and  healthy  volun-
teers.  CD14+ cells  were  enriched  using  magnetic-activated
cell sorting  columns  (#19059,  EasySep,  Stem  Cell,  Van-
couver, BC, Canada). M0 macrophages, or immature macro-
phages,  were  differentiated  from  PBMCs  by  treatment  with
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human macrophage colony-stimulating factor (#M6518, hM-
CSF, 30 ng·mL−1,  Sigma, St. Louis, MO, USA) for 7 d. The
cells  were  maintained  in  RPMI-1640  medium  (#11875093,
Gibco,  Grand  Island,  NY,  USA)  supplemented  with  10%
fetal bovine serum (FBS, #10099158, Gibco). To induce M1
macrophage  activation,  the  cells  were  incubated  with  200
ng·mL−1 lipopolysaccharide (LPS,  #L2880,  Sigma) for  24 h.
Human umbilical vein endothelial cells (HUVEC, #PCS-100-
010)  and  human  embryonic  kidney  293  cells  (HEK293,
#CRL-1573) were obtained from the American Type Culture
Collection  (Manassas,  VA,  USA).  These  cells  were  cultured
in Dulbecco’s Modified Eagle Medium (DMEM) supplemen-
ted  with  10% FBS  (Gibco)  and  1% penicillin/streptomycin
(#P4333, Gibco). All cells were maintained in a 5% CO2 at-
mosphere  at  37  °C.  For  actinomycin  D  treatment,  HUVECs
were  exposed  to  actinomycin  D  (2  μg·mL−1,  #SBR00013,
Sigma) for 0, 4, 8 or 12 h.
 Cell transfection

Overexpression plasmids, including pcDNA3.1-LINC01-
133 (Oe-LINC01133)  and  pcDNA3.1-SLAMF9 (Oe-SLA-
MF9), as well as short hairpin RNA (shRNA) LINC01133 (sh-
LINC01133) and ELAVL1 (sh-ELAVL1), along with their cor-
responding negative  controls,  were  obtained  from  GenePh-
arma (Shanghai,  China).  Cells were seeded in 12-well plates
and cultured for 24 h. Following the manufacturer’s protocol,
transfection  was  conducted  using  Lipofectamine  300  (#L30-
00150, Invitrogen).  After  48  h,  cells  were  collected  for  sub-
sequent experiments.
 Flow cytometry

The expressions of CD11b and CD86 were evaluated by
flow cytometry. Cells were fixed in 4% formaldehyde for 10
min and then resuspended in  2% FBS.  They were incubated
with CD11b antibody  conjugated  with  phycoerythrin  (PE)
(#12-0118-42, 1∶20, eBioscience, San Diego, CA, USA) or
CD86 antibody  conjugated  with  fluorescein  isothiocyanate
(FITC)  (#MA1-35969,  1∶20,  Invitrogen)  for  30  min.  The
cells  were  then  analyzed  using  a  FACScan  flow  cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA).
 Cell viability assessment

Cell viability was measured using the Cell Counting Kit
8  (CCK-8)  (#CA1210,  Solarbio,  Beijing,  China).  Cells  (4  ×
103/well) were seeded in a 96-well  plate.  Following the spe-
cified  treatments,  the  culture  medium  was  discarded,  and
10  μL  of  CCK-8  solution  (5  mg·mL−1)  was  added  to  each
well for 2 h at 37 °C. Optical density (OD) at 450 nm was de-
tected  using  a  spectrophotometer  (Synergy  H1,  BioTek,
Winooski, VT, USA).
 Cell scratch assay

Cells (5.0 × 104 cells/well) were seeded in a 6-well plate
and cultured overnight. A sterile 200 μL pipette tip was used
to create uniform scratches (wounds) in each well.  The cells
were then  rinsed  with  PBS before  being  treated  with  the  in-
dicated  agents.  After  staining  with  crystal  violet,  images  of
the cells were captured at 0 and 24 h. The cell migration rate
was  calculated  using  the  formula:  Cell  migration  rate  (%)  =

[(scratch  area  at  0  h – scratch  area  at  24  h)/scratch  area  at
0  h]  ×  100%.  Scratch  areas  were  quantitatively  analyzed
using  ImageJ  software  (version  2.0,  NIH,  Bethesda,  MD,
USA).
 Endothelial cell tube formation

Following the indicated treatments,  HUVECs (1.0 × 104

cells/well)  were  seeded  in  an  angiogenesis μ-slide  (#81506,
ibidi, Martin Reid,  Germany) precoated with 10 μL of base-
ment  membrane  matrix  (#354230,  Corning,  Bedford,  MA,
USA). After 6 h, images of capillary-like tube structures were
captured using a light microscope. The length and number of
intact tubes per field were analyzed using ImageJ software.
 Enzyme-linked immunosorbent assay (ELISA)

Cells (1 × 106 cells/well) were pretreated with the indic-
ated reagents, and the supernatants were collected. Following
the manufacturer’s protocol, the concentrations of tumor nec-
rosis factor-alpha (TNF-α) (#HSTA00E) and interleukin 6 (IL-
6)  (#HS600C)  in  the  cell  supernatants  were  measured  using
ELISA kits  (R&D  Systems,  Minneapolis,  MN,  USA).  Ab-
sorbance at 450 nm was determined using a microplate read-
er (iMark, BioRad, Hercules, CA, USA).
 RNA immunoprecipitation

Cells were lysed using a lysis buffer, and the lysate was
centrifuged to  collect  the  supernatant.  Samples  were  incub-
ated with an IgG antibody (ab172730,  1∶30, Abcam, Cam-
bridge,  MA,  USA)  or  an ELAVL1 antibody  (ab200342,
1∶30,  Abcam,  Cambridge,  UK)  along  with  magnetic  beads
coupled with  protein  A/G,  followed by overnight  incubation
at  4  °C.  The  magnetic  bead-protein-RNA  complexes  were
then washed and purified for subsequent reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analysis.
 RNA pull-down assay

A  biotinylated-SLAMF9 probe  (bio-SLAMF9) was  ob-
tained from Sangon Biotech (Shanghai, China). After cell lys-
is and centrifugation, the lysates were incubated with an oli-
go  probe  or SLAMF9 probe  at  room  temperature  for  2  h.
Streptavidin magnetic beads (#LSKMAGT, Sigma) were then
added  and  incubated  at  room  temperature  for  1  h.  The
RNeasy  Mini  Kit  (#74104,  Qiagen,  Hilden,  Germany)  was
used to purify and isolate the RNA coupled with the magnet-
ic beads. The enrichment of ELAVL1 was finally detected by
RT-qPCR.
 Reverse transcription-quantitative  polymerase  chain   reac-
tion (RT-qPCR)

Total  RNA was  extracted  from tissues  or  cells  using  an
RNA  isolation  reagent  (AM1914,  Invitrogen).  The  cDNA
was  synthesized  using  the  PrimeScript™  RT  Master  Mix
(#RR036A, Takara, Tokyo, Japan). qPCR was performed on
a 7500 FAST Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) using SYBR Green PCR Master Mix
(#4309155,  Applied  Biosystems).  Primers  used  are  listed  in
Table 1 with β-Actin serving as the reference gene. The relat-
ive gene expressions were calculated using the 2−ΔΔCt method.
 Western blotting analysis

Cells  were  lysed  using  RIPA  lysis  buffer  (#P0013,
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Beyotime,  Jiangsu,  China).  Protein  concentrations  were
measured with the Pierce™ BCA Protein Assay Kit (#23225,
Thermo  Fisher  Scientific).  Proteins  were  separated  by  SDS-
PAGE and transferred onto PVDF membranes (#ISEQ00005,
Millipore,  Bedford,  MA,  USA).  The  membranes  were
blocked with 5% skimmed milk at room temperature for 1 h,
followed by overnight  incubation at  4  °C with  primary anti-
bodies,  including  anti-SLAMF9 (SAB3500718,  1∶500,
Sigma) and anti-ELAVL1 (ab200342, 1∶1000, Abcam). Sub-
sequently, the membranes were incubated with secondary an-
tibodies at room temperature for 2 h. Immunoblots were visu-
alized  using  ECL  reagent  (#32209,  Thermo),  and  protein
levels were quantified using ImageJ software.
 Statistical analysis

Data were analyzed using SPSS 21.0 software (IBM, Ar-
monk, NY,  USA)  and  presented  as  mean  ±  standard  devi-
ation  (SD).  Experiments  were  conducted  in  triplicate.  The
Pearson correlation coefficient was used to assess the correla-
tion  between LINC01133 and SLAMF9 expression  levels.
Comparisons  among  multiple  groups  were  performed  using
one-way  ANOVA followed  by  Tukey’s post  hoc  test.  Com-
parisons between two groups were conducted using Student’s
t-test. A P value of < 0.05 was considered statistically signi-
ficant.

 Results

 Downregulation of LINC01133 and SLAMF9 in diabetic anal
fistula patients treated with PAE

To elucidate  the  impact  of  PAE  treatment  on  gene  ex-
pression in diabetic anal fistula patients, we collected wound
tissues  from patients  receiving  PAE treatment  and  those  not
receiving the  treatment  for  high-throughput  sequencing  ana-
lysis. A Volcano plot was generated to identify differentially
expressed  lncRNAs,  revealing  a  significant  downregulation
of LINC01133 in  the  wound  tissues  of  PAE-treated  patients
(Fig.  1A).  Subsequent  RT-qPCR  analysis  validated  these
findings, showing that both LINC01133 and SLAMF9 mRNA
levels were significantly reduced in the wound tissues of PAE-
treated  patients  (Fig.  1B).  These  results  suggest  that  the
downregulation  of LINC01133 and SLAMF9 may be  in-
volved in the wound healing process in infectious diabetic ul-
cers.
 PAE suppresses  M1 macrophage  polarization  and  promotes
HUVEC proliferation, migration, and angiogenesis

Previous  studies  have  shown  that  diabetic  wounds  are
characterized by persistent and dysregulated M1 macrophage
polarization [6] and  impaired  angiogenesis,  which  are  major
obstacles  to  healing [30].  To  further  investigate  the  effects  of
PAE on  these  processes,  we  examined  its  impact  on  macro-

 

Table 1    Primer sequences used in RT-qPCR
 

Gene Forward primer (5′-3′) Reversed primer (5′-3′)

LINC01133 GCTGTGGTGGAGAGAATGGA CCCCAGCTTTCCAGATCCAAA

SLAMF9 CACAAGTCAGTGCGGTTCAC GTGTTTCCTGTGTTAATGCCAC

ELAVL1 TGTTCTCTCGGTTTGGGCGGAT TCTTCTGCCTCCGACCGTTTGT

β-Actin TGGCACCACACCTTCTACAA CCAGAGGCGTACAGGGATAG
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Fig. 1    LINC01133 and SLAMF9 were downregulated in diabetic perianal fistula patients treated with PAE. Wound tissues were
obtained from diabetic anal fistula patients with or without PAE treatment. (A) Volcano plot was used to analyze the differen-
tially  expressed  lncRNAs  in  patients  with  or  without  PAE treatment.  Blue  spots  represented  upregulated  lncRNAs  (P <  0.05),
purple spots indicated downregulated lncRNAs (P < 0.05), and gray spots represented lncRNAs that did not present significant
alterations (P > 0.05). (B) The expressions of LINC01133 and SLAMF9 mRNA were measured with RT-qPCR. Data are presen-
ted as the mean ± SD (n = 15 per group). ***P < 0.001.
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phage polarization, HUVEC proliferation, migration, and an-
giogenesis.  PBMCs  were  isolated  from  healthy  volunteers
and diabetic  anal  fistula  patients.  PBMCs  from  diabetic  pa-
tients  were  then  treated  with  PAE.  Flow  cytometry  analysis
revealed no significant differences in the macrophage marker
CD11b among  the  three  groups.  However, CD86 (an  M1
macrophage marker)  was significantly elevated in the model
group  compared  to  the  normal  group,  and  this  increase  was
significantly  reduced  in  the  PAE-treated  group  (Fig.  2A).

Furthermore,  the  mRNA levels  of LINC01133 and SLAMF9
in PBMC were upregulated in the model group but downreg-
ulated in the PAE-treated group (Fig. 2B). For further analys-
is, PBMCs from diabetic anal fistula patients were differenti-
ated into M0 macrophages using hM-CSF, followed by LPS
stimulation to induce M1 polarization. These cells were then
treated  with  PAE.  Compared  to  the  control  group,  LPS-
treated cells showed increased levels of CD86, IL-6, and TNF-
α, which were progressively reduced with increasing concen-
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Fig.  2     PAE inhibited  M1 macrophage  polarization  and promoted  HUVEC proliferation,  migration,  and  angiogenesis.  (A,  B)
Peripheral blood was collected from healthy individuals or diabetic perianal fistula patients with or without PAE treatment. PB-
MC  were  isolated  and  differentiated  into  macrophages  by  hM-CSF.  (A)  Identification  of  macrophage  markers  (CD11b  and
CD86) with flow cytometry. (B) LINC01133 and SLAMF9 mRNAs were detected using RT-qPCR. (C, D) LPS induced the M1
polarization of macrophages derived from diabetic anal fistula patients, and then PAE (5, 20, or 40 μg·mL−1) was addd into the
macrophages. (C) M1 macrophage marker (CD86) was identified by flow cytometry. (D) Inflammatory cytokines were detected
with  ELISA.  (E) LINC01133 and SLAMF9 mRNA levels  were  determined  using  RT-qPCR.  (F−H)  HUVECs were  co-cultured
with macrophages, followed by incubation with LPS or PAE. (F) CCK-8 for the detection of cell viability. (G) Cell migration eval-
uated with cell  scratch assay. (H) Angiogenesis ability assessed by tube formation assay. Data are presented as the mean ± SD,
and the experiments were repeated three times, *P < 0.05, **P < 0.01, ***P < 0.001.
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trations  of  PAE  (Figs.  2C, 2D,  and  S1A).  Similarly,
LINC01133 and SLAMF9 mRNA  levels  increased  in  LPS-
treated  cells  but  decreased  with  higher  PAE  concentrations
(Fig. 2E). An optimal PAE concentration of 20 μg·mL−1 was
selected for  further  experiments.  Subsequently,  LPS-induced
macrophages  were  co-cultured  with  HUVECs  and  treated
with PAE.  In  the  LPS-exposed  cells,  HUVEC  viability,  mi-
gration, and  angiogenesis  were  significantly  inhibited  com-
pared to the control group. However, these effects were alle-
viated by PAE treatment (Figs.  2F−2H). In conclusion, PAE
effectively suppresses  M1 macrophage polarization and pro-
motes HUVEC proliferation, migration, and angiogenesis.
 PAE regulates  macrophage  polarization,  HUVEC prolifera-
tion,  migration,  and  angiogenesis  by  downregulating
LINC01133 and SLAMF9

To elucidate the molecular mechanisms underlying PAE’
s  effects,  we  examined  its  impact  on LINC01133 and
SLAMF9 expressions.  PAE  treatment  resulted  in  decreased
levels  of LINC01133 and SLAMF9.  Conversely,  transfection
with Oe-LINC01133 or Oe-SLAMF9 upregulated these genes
(Figs. 3A and 3B). In LPS-stimulated macrophages, PAE re-
duced  the  expression  of  CD86,  IL-6,  and  TNF-α.  However,
these effects were mitigated by overexpression of LINC01133
or SLAMF9 (Figs.  3C,  S1B and 3D).  Furthermore,  PAE-en-
hanced  HUVEC  viability,  migration,  and  angiogenesis  were
inhibited  by  the  overexpression  of LINC01133 or SLAMF9
(Figs.  3E−3G).  These  results  suggest  that  PAE  modulates
macrophage polarization and HUVEC functions by downreg-
ulating LINC01133 and SLAMF9.
 LINC01133  upregulates  SLAMF9  expression through   inter-
action with ELAVL1

Next,  we  explored  whether LINC01133 influences
wound  healing  in  infectious  diabetic  ulcers  by  regulating
SLAMF9 expression.  A  positive  correlation  between
LINC01133 and SLAMF9 expressions  was  observed  in
wound  tissues  from  diabetic  anal  fistula  patients  (Fig.  4A).
Starbase  predicted ELAVL1 was  a  common  RBP  for  both
LINC01133 and SLAMF9. This  prediction  was  experiment-
ally  verified  through  RNA  immunoprecipitation,  which
showed increased LINC01133 enrichment in the anti-ELAVL1
group compared to the IgG group (Fig. 4B). RNA pull-down
assays  demonstrated  that ELAVL1 was  more  abundantly
pulled  down  in  the  Bio-SLAMF9 group  than  in  the  Bio-NC
group (Fig.  4C).  Overexpression of LINC01133 in HUVECs
led to increased levels of LINC01133, ELAVL1 and SLAMF9
levels,  whereas ELAVL1 knockdown  reduced ELAVL1 and
SLAMF9 levels  without  affecting LINC01133 expression
(Figs.  4D and 4E).  To  assess  the  role  of LINC01133 in
SLAMF9 mRNA stability, HUVECs were treated with actino-
mycin  D.  Overexpression  of LINC01133 slowed SLAMF9
mRNA  degradation  compared  to  the  Oe-NC  group,  while
ELAVL1 knockdown  accelerated SLAMF9 mRNA degrada-
tion (Fig. 4F). These findings indicate that LINC01133 inter-
acts  with ELAVL1 to  stabilize  and  upregulate  SLAMF9 ex-
pression.

 Overexpression  of  SLAMF9  mitigates  the  effects  of
LINC01133  silencing  on  macrophage  polarization,  HUVEC
proliferation, migration, and angiogenesis

To  investigate  the  roles  of LINC01133 and SLAMF9 in
macrophage polarization, macrophages were transfected with
sh-LINC01133 or Oe-SLAMF9 and subsequently treated with
LPS.  Silencing LINC01133 reduced  the  expression  levels  of
both LINC01133 and SLAMF9 in LPS-exposed macrophages,
while  overexpressing SLAMF9 increased SLAMF9 level
without affecting LINC01133 (Figs. 5A and 5B). LINC01133
knockdown led to decreased levels of CD86, TNF-α, and IL-
6,  which  were  reversed  by SLAMF9 overexpression  (Figs.
5C, S1C, and 5D). The roles of LINC01133 and SLAMF9 in
HUVEC proliferation, migration, and angiogenesis were also
examined.  Macrophages  transfected  with  sh-LINC01133 or
Oe-SLAMF9 were co-cultured with HUVECs.  Results  indic-
ated  that LINC01133 knockdown enhanced  HUVEC  viabil-
ity, migration,  and  angiogenesis,  whereas  these  enhance-
ments  were  mitigated  by SLAMF9 overexpression  (Figs.
5E−5G).  These  findings  suggest  that SLAMF9 overexpres-
sion  counteracts  the  effects  of LINC01133 knockdown  on
macrophage  polarization,  as  well  as  HUVEC  proliferation,
migration, and angiogenesis.

 Discussion

Diabetic  ulcers  represent  a  significant  and  challenging
complication of diabetes mellitus, with current treatments of-
ten  failing  to  produce  satisfactory  outcomes [31].  Thus,  the
identification  of  effective  therapeutics  to  enhance  diabetic
wound  healing  is  both  urgent  and  essential [32].  This  study
demonstrated that PAE suppressed M1 macrophage polariza-
tion and promoted HUVEC proliferation,  migration,  and an-
giogenesis.  Notably,  we  identified  the  regulation  of  the
LINC01133/ELAVL1/SLAMF9 axis in  macrophages  as  a  po-
tential mechanism by which PAE facilitates wound healing in
infectious diabetic ulcers.

Although previous studies have confirmed the protective
effects of PAE in diabetic wound healing, the underlying mo-
lecular  mechanisms  remain  unclear.  PAE  has  demonstrated
efficacy in  ameliorating  dextran  sulfate  sodium-induced  ul-
cerative colitis [33] and promoting hard palate mucosal wound
healing  through  the  PI3K/AKT  signaling  pathway [34].
lncRNAs are known to play critical roles in key processes of
diabetic wound healing, including inflammation, angiogenes-
is,  and  extracellular  matrix  remodeling [35, 36].  However,  the
involvement  of  lncRNAs  in  PAE-mediated  wound  healing
has not been fully explored. In this study, we collected wound
tissues  from  diabetic  anal  fistula  patients  with  or  without
PAE treatment and performed high-throughput sequencing to
identify differentially  expressed  lncRNAs.  Our  findings  rep-
resent  the  first  validation  of LINC01133 downregulation  in
wound  tissues  and  PBMCs  from  PAE-treated  diabetic  anal
fistula  patients.  Additionally,  we  demonstrated  that  PAE
treatment  reduced LINC01133 expression  in  LPS-exposed
macrophages  derived  from  the  PBMCs  of  these  patients.
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LINC01133 is a well-characterized lncRNA implicated in the
malignancy of  various  cancers,  including those  affecting  the
urinary,  respiratory,  and  digestive  systems [37].  It  has  been
shown to facilitate the progression of cervical cancer [38] and
serves  as  a  potential  biomarker  for  diagnosing  cervical

squamous carcinoma [39]. Importantly, our results indicate that
overexpression  of LINC01133 diminishes the  inhibitory  ef-
fect of PAE on M1 macrophage polarization and the promot-
ive  effect  of  PAE  on  HUVEC  proliferation,  migration,  and
angiogenesis. These findings suggest that PAE enhances dia-
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Fig. 3    PAE downregulated LINC01133 and SLAMF9 to inhibit M1 macrophage polarization and promote HUVEC prolifera-
tion, migration, and angiogenesis. (A−D) Macrophages were transfected with Oe-NC, Oe-LINC01133, or Oe-SLAMF9, followed
by LPS or PAE treatment. LINC01133 and SLAMF9 mRNA were determined (A). SLAMF9 protein level was detected (B). CD86
was identified using flow cytometry (C). ELISA for detecting TNF-α and IL-6 (D). (E−G) HUVEC were co-cultured with macro-
phages, followed by transfected with Oe-NC or Oe-LINC01133. Then cells were added with LPS or PAE. (E) CCK-8 for detect-
ing cell viability. (F) Cell migration detected by cell scratch assay. (G) The assessment of angiogenesis ability. Data are presented
as the mean ± SD, and the experiments were repeated three times, *P < 0.05, **P < 0.01, ***P < 0.001.
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betic  wound  healing  by  modulating LINC01133 expression.
Moreover,  our  study  highlights  the  potential  role  of
LINC01133 in the  wound  healing  process  of  infectious  dia-
betic  ulcers.  Further  research  is  warranted  to  elucidate  the
specific mechanisms by which PAE regulates LINC01133 ex-
pression.  Macrophages  play  a  pivotal  role  in  wound  healing
and  angiogenesis,  with  M2  macrophages  exhibiting  anti-in-
flammatory and pro-angiogenic properties, while M1 macro-
phages are pro-inflammatory [40]. Diabetic wounds are charac-
terized by persistent and dysregulated M1 macrophage polar-
ization [41]. Our  study  demonstrated  that  PAE  treatment  re-
duces  M1  macrophage  levels  in  PBMCs  from  diabetic  anal
fistula patients.  Furthermore,  PAE  suppressed  M1  macro-
phage polarization and inflammatory cytokine release, and it
enhanced HUVEC proliferation, migration, and angiogenesis
in  co-cultures  with  LPS-induced  macrophages.  Furthermore,
PAE suppressed M1 macrophage polarization and inflammat-
ory  cytokine  release,  and  it  enhanced  HUVEC proliferation,
migration, and angiogenesis in co-cultures with LPS-induced
macrophages. Finally, we investigated the downstream regu-

latory mechanisms of LINC01133 in macrophages.
SLAMF9 has been shown to delay wound closure in mac-

rophage-like cells  and  enhance  the  secretion  of  TNF-α  fol-
lowing LPS stimulation [23]. It plays a crucial role in the pro-
duction of pro-inflammatory cytokines in monocyte cell lines,
such  as  THP-1  cells [21].  Additionally, SLAMF9 is upregu-
lated in macrophages and regulatory macrophages (R-Mϕs) in
diffuse  cutaneous  leishmaniasis [42].  In  this  study,  we  found
that SLAMF9 was  downregulated  in  wound  tissues  and  PB-
MCs  from  PAE-treated  diabetic  anal  fistula  patients.
Moreover,  PAE  decreased SLAMF9 levels  in  LPS-exposed
macrophages derived from these PBMCs. To our knowledge,
this is the first report demonstrating that PAE downregulates
SLAMF9 expression both in clinical samples and in vitro. Im-
portantly, we validated that PAE exerted regulatory effects on
macrophages  and  HUVEC  by  downregulating LINC01133
and SLAMF9.

ELAVL1 is a widely expressed RBP that modulates RNA
stability  and  protein  expression [43].  For  example,  lncRNA
HOXB-AS1 recruits ELAVL1 to enhance the mRNA stability

 

O
e-

N
C

O
e-
L
IN
C
0
1
1
3
3

O
e-
L
IN
C
0
1
1
3
3

+ s
h-

N
C

O
e-
L
IN
C
0
1
1
3
3

+ s
h-
E
L
A
V
L
1

A B C

D E

F

0 0.5 1.0 1.5
0

0.5

1.0

1.5

 Relative expression 

m
R

N
A

 l
ev

el

 R
el

at
iv

e 
ex

p
re

ss
io

n

 l
ev

el
 o

f 
L
IN
C
0
1
1
3
3

( 
E
L
A
V
L
1
 R

IP
)

R
el

at
iv

e 
en

ri
ch

m
en

t 

o
f 
E
L
A
V
L
1

R
el

at
iv

e 
p
ro

te
in

 l
ev

el
s

 R
el

at
iv

e 
ex

p
re

ss
io

n
 l

ev
el

s

S
L
A
M
F
9
 m

R
N

A
 r

em
ai

n
in

g

0

5

10

15

20

25

0

5

10

15

20

0

0.2

0.4

0.6

0.8
Oe-NC
Oe-LINC01133
Oe-LINC01133 + sh-NC
Oe-LINC01133 + sh-ELAVL1

LINC01133 SLAMF9ELAVL1

In
pu

t

Ig
G

E
L
A
V
L
1

B
io

-N
C

B
io

-S
L
A
M
F
9
-W

T

B
io

-S
L
A
M
F
9
-M

U
T

***

***

***

***
***

***

***

**
**

**

**

*
*

*

*
*

0

1

2

3

4
Oe-NC

Oe-LINC01133

Oe-LINC01133 + sh-NC

Oe-LINC01133 + sh-ELAVL1

0

0.5

1.0

1.5

2.0
Oe-NC
Oe-LINC01133
Oe-LINC01133 + sh-NC
Oe-LINC01133 + sh-ELAVL1

0 4

t/h

8 12

β-Actin

R2 = 0.5821
P = 0.0009

R
el

at
iv

e 
S
L
A
M
F
9

level of LINC01133

ELAVL1

SLAMF9

SLAMF9ELAVL1

 
Fig.  4     LINC01133 upregulated SLAMF9 expression  through ELAVL1.  (A)  Correlation  analysis  of  the  expressions  of
LINC01133 and SLAMF9. (B) The regulatory relationship of LINC01133 and ELAVL1 was determined by RNA immunoprecip-
itation in HEK293 cells. (C) The interaction of ELAVL1 and SLAMF9 was detected by RNA pull-down in HEK293 cells. (D, E)
HUVEC were transfected with Oe-NC, Oe-LINC01133, sh-NC or sh-ELAVL1. LINC01133 and the mRNA levels of ELAVL1 and
SLAMF9 were determined by RT-qPCR (D).  ELAVL1 and SLAMF9 protein levels  were measured using western blot  (E).  (F)
HUVEC transfected with Oe-NC, Oe-LINC01133, sh-NC, or sh-ELAVL1 were treated with actinomycin D (2 mg·μL−1) for 0, 4, 8
and 12 h. SLAMF9 mRNA was then determined by RT-qPCR. Data are presented as the mean ± SD and the experiments were
repeated three times, **P < 0.01, ***P < 0.001.
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of fucosyltransferase 4 (FUT4) in multiple myeloma [44],  and
lncRNA B4GALT1-AS1 binds  to ELAVL1 to  stabilize  the
mRNA of yes-associated protein (YAP) and enhance its tran-

scriptional  activity  in  osteosarcoma [45].  Starbase  predictions
suggest that ELAVL1 is a common RBP for both LINC01133
and SLAMF9. ELAVL1 is  implicated  in  various  diabetes-re-
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Fig. 5    Overexpression of SLAMF9 overturned the effect of LINC01133 knockdown on macrophage polarization, HUVEC pro-
liferation,  migration,  and  angiogenesis.  (A−D)  Macrophages  transfected  with  sh-NC,  sh-LINC01133,  Oe-NC,  or  Oe-SLAMF9
were added with LPS. LINC01133 and SLAMF9 mRNA were detected (A). SLAMF9 protein expression was detected (B). CD86
was identified by flow cytometry (C). ELISA for measuring TNF-α and IL-6 (D). (E−G) HUVEC were co-cultured with macro-
phages,  followed by transfected with sh-NC, sh-LINC01133, Oe-NC, or Oe-SLAMF9. Then cells  were added with LPS. CCK-8
for  detecting  cell  viability  (E).  Cell  scratch  assay  for  cell  migration  (F).  The  assessment  of  angiogenesis  ability  (G).  Data  are
presented as the mean ± SD, and the experiments were repeated three times, *P < 0.05, **P < 0.01, ***P < 0.001.

YANG Yuhang, et al. / Chin J Nat Med, 2024, 22(7): 608-618

– 616 –



lated diseases, including diabetic cardiomyopathy and diabet-
ic nephropathy [25, 26]. Knockdown of ELAVL1 mimics anti-in-
flammatory  effects  and  attenuates  inflammatory  response
post-myocardial  infarction [46],  making ELAVL1 a  potential
therapeutic target for macrophage-related pathologies [47]. Our
study confirmed the direct interactions between ELAVL1 and
both LINC01133 and SLAMF9 through RNA immunoprecip-
itation  and  RNA  pull-down  assays.  Importantly,  this  is  the
first  research  to  validate  that LINC01133 interacts  with
ELAVL1 to  upregulate SLAMF9.  We  also  found  that  the
knockdown of LINC01133 inhibited M1 macrophage polariz-
ation and improved HUVEC proliferation, migration, and an-
giogenesis  through  the  downregulation  of SLAMF9.  This
finding  suggests  that  the  regulation  of  the LINC01133/
SLAMF9 axis in macrophages is a critical mechanism mediat-
ing the effects of PAE.

Our  results  demonstrated  that LINC01133 and SLAMF9
expressions decreased in diabetic anal fistula patients treated
with PAE. PAE suppressed M1 macrophage polarization and
promoted  HUVEC  proliferation,  migration,  and  angiogene-
sis  by  downregulating LINC01133/SLAMF9.  Additionally,
LINC01133 upregulated SLAMF9 through  interaction  with
ELAVL1 in macrophages. These findings provide a novel per-
spective on  the  molecular  mechanisms  underlying  the  effic-
acy of PAE in promoting wound healing in infectious diabet-
ic ulcers.
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