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Introduction: Pulmonary fibrosis (PF) is a fatal pathological subtype of interstitial
lung disease, frequently manifests as a pulmonary complication of connective
tissue disease. Iguratimod (IGU) is a new class of anti-rheumatic drugs used in the
treatment of rheumatoid arthritis (RA). Studies have reported that RA patients
treated with IGU have better lung function, and IGU effectively ameliorates PF.
However, the mechanism by which IGU improves PF is still unclear. This study
aims to elucidate the therapeutic efficacy and mechanisms of IGU in PF through
in vivo and in vitro investigations, so as to provide a new treatment method for PF.

Methods: In our research, bleomycin (BLM)-induced PF of mice were used to
observe the therapeutic effect of different concentrations of IGU. And the effects
of IGU on macrophage polarization and activation pathway TLR4/NF-«B in lung
tissue were analyzed. In addition, Raw264.7 macrophages were induced to M1
and M2 polarization in vitro, and the effects of IGU on Raw264.7 macrophage
polarization and related pathways were observed.

Results: In our study, database analysis suggested that macrophage polarization-
relative genes and pathways as well as TLR4 activation played important roles in
BLM-induced PF in mice. Besides, we found that IGU effectively ameliorated
BLM-induced PF and epithelial-mesenchymal transition in mice, and inhibited
the polarization of M1/M2 macrophages at different stages of PF. Moreover, In
vitro studies further demonstrated that IGU suppressed M1 polarization of
Raw264.7 and its activation pathway TLR4/NF-«B.
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Discussion: In summary, IGU inhibits the activation of macrophages and M1
polarization through inhibiting the TLR4/NF-xB pathway, thereby improving
BLM-induced pulmonary inflammation and fibrosis in mice. It is suggested that
IGU may be a new therapeutic option for interstitial pulmonary fibrosis.

interstitial pulmonary fibrosis, inflammation, iguratimod, M1 polarization, TLR4

1 Introduction

Interstitial lung disease (ILD), a diverse group of diftuse lung
disorders that predominantly affect the lung interstitium and
alveolar spaces, is characterized by alveolar inflammation and
interstitial fibrosis as the fundamental pathological changes,
leading to the loss of the alveolar-capillary functional units (1).
Depending on the etiology, pathological characteristics and clinical
manifestations, ILD can be further classified into various types, such
as nonspecific interstitial pneumonia (NSIP), idiopathic pulmonary
fibrosis (IPF) and connective tissue disease-associated ILD (CTD-
ILD) (2). Despite variations in their underlying causes and
mechanisms, ILD often progresses to pulmonary fibrosis (PF),
which profoundly impacts patient prognosis and quality
of life (3). Nintedanib, pirfenidone, glucocorticoids and
immunosuppressants are used in the treatment of PF in clinical
practice, but are accompanied with some adverse reactions and
drug tolerance (4, 5). Therefore, the research and development of
new drugs and new treatment methods are particularly urgent.

PF is a common pathological type of advanced stage ILD.
Emerging evidence highlights the pivotal role of macrophage
polarization in the progression of PF (6). Macrophages are more
prone to M1 polarization and secrete a large amount of interleukins
and tumor necrosis factor in the early stage of fibrosis,
which promote alveolar inflammation (7). Due to long-term
inflammatory stimulation, macrophages begin to shift toward
M2-like polarization and secrete TGF-B and other factors. This
phenotypic shift contributes to aberrant tissue repair, facilitating
epithelial-mesenchymal transition (EMT) in alveolar epithelial cells
and promoting the development of myofibroblast foci. Excessive
secretion of extracellular matrix (ECM) induces the formation of
fibrous scars and honeycomb lung, and eventually leads to the
destruction of lung structure and loss of function (8).

Iguratimod (IGU) is currently mainly used in China and Japan
for the treatment of rheumatoid arthritis (RA), which is initially
developed as a cyclooxygenase inhibitor. As a conventional
synthetic disease-modifying anti-rheumatic drug, IGU has a good
safety profile and displays fewer side effects (9, 10). At present, the
specific pharmacological mechanism of IGU is still unclear.
According to prior studies, IGU effectively inhibits the release of
prostaglandins from fibroblasts in vitro, similar to selective COX-2
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inhibitors (11). In addition, IGU can inhibit the production of
immunoglobulin in B cells (12), and inhibit the production of
TNF-o and other inflammatory factors, thereby exerting
immunomodulatory and anti-inflammatory functions (13).
Furthermore, IGU has the effect of inhibiting bone resorption and
promoting bone formation (14). In recent years, the clinical
application of IGU has been expanded and is being widely
explored in other rheumatic diseases, such as ankylosing
spondylitis (15), primary Sjogren’s syndrome (16), systemic
sclerosis (17) and IgG4-related disease (18). In addition, studies
have reported that IGU has an anti-PF effect (19), but the specific
mechanism of action is still unclear. In the present study, in vivo
and in vitro experiments were undertaken to investigate the impact
of IGU on macrophage polarization, and to explore whether IGU
could improve PF by regulating macrophage polarization, so as to
further elucidate the pharmacological effect of IGU.

2 Materials and methods
2.1 Reagents and antibodies

Bleomycin (BLM) was purchased from Nippon Kayaku Co.,
Ltd. (Tokyo, Japan). IGU was purchased from Aladdin (#I124859,
China). Dimethyl sulfoxide (DMSO), Sodium carboxymethyl
cellulose (CMC-Na) and lipopolysaccharide (LPS) were purchased
from Solarbio (Beijing, China). Mouse IL-4 and mouse IL-13 were
purchased from PeproTech (Rocky Hill, USA). Antibodies anti-
TLR4 (#NB100-56566SS), and anti-CD86 (#NBP2-25208) were
purchased from Novus. Anti-B-actin (#4970S), anti-Arg-1
(#93668), anti-CD206 (#24595), anti-oi-smooth muscle actin (o-
SMA) (#19245), anti-vimentin (#5741) and anti-E-cadherin
(#3195)were purchased from Cell Signaling Technology (Boston,
USA). Anti-iNOS (#ab178945), anti-NF-xB (#ab32536), anti-
phosphorylated NF-xB (#ab131100) and anti-collagen I
(#ab34710) were purchased from Abcam (UK).

2.2 Animals and treatments

Forty C57BL/6] mice (approximately 20g, 6-8 weeks old) were
obtained from Zhuhai BesTest Bio-tech Co., Ltd. (Zhuhai, China). All
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mice were maintained at 22°C, 50% humidity, specific pathogen-free
ambient conditions, and a 12-hour light/dark cycle. The animals were
randomly allocated into four groups: (1) Control, (2) BLM, (3) BLM
+IGU 25 mg/kg, and (4) BLM+IGU 50 mg/kg. Groups 2-4 were
injected intratracheally with 3 mg/kg BLM on day 0, while the control
group was injected with an equivalent volume of saline. Thereafter,
IGU, dissolved in 0.4% CMC-Na, was administered daily by
intragastric administration. Groups 1 and 2 were given an
equivalent amount of solvent as placebo control. Five mice in each
group were euthanized in the alveolar inflammatory stage on day 7
and in the pulmonary fibrotic stage on day 28. At the end of the
animal experiment, the mice were anesthetized with 1% sodium
pentobarbital (50mg/kg). Bronchoalveolar lavage fluid (BALF) and
lung tissue were collected for subsequent experiments. After the
operation, the animals were sacrificed by cervical dislocation.

2.3 Histopathology

The left lung tissues of mice were fixed in 4% paraformaldehyde
for 6 hours, followed by an 8-hour rinse in running water. After
dehydration, lung tissue was made into wax blocks and 4pum-thick
paraffin sections for subsequent experiments. Paraffin sections were
deparaffinized with xylene and rehydrated through a graded alcohol
seriesl. HE staining was performed with hematoxylin and eosin, and
the Szapiel’s score was used to evaluate inflammation of lung tissue.
Masson staining was performed using the corresponding kit
according to the instructions (Solarbio, Beijing, China), and
pulmonary fibrosis was assessed using the Ashcroft score (20).

2.4 Immunohistochemistry
and immunofluorescence

Immunohistochemistry and immunofluorescence were used to
detect the localization and characterization of related proteins in
lung tissue of mice. After deparaffinization with xylene and
hydration with gradient alcohol, paraffin sections were antigen
repaired in sodium citrate at 100°C for 30 minutes, followed by
complete removal of peroxide and blocking, according to the
immunohistochemical kit (MXB, China) instructions. Subsequent
paraffin sections were incubated overnight at 4°C using anti-
collagen I (ab34710, 1:100). On the following day, after
incubation with secondary antibodies, protein visualization was
achieved using DAB staining, and paraffin sections were
counterstained with hematoxylin. For immunofluorescence, after
blocking with 5% BSA for 1 hour, the paraffin sections were
incubated overnight at 4°C with anti-rabbit-CD206 (1:100, CST)
and anti-mouse-CD86 (1:20, Novus) antibody. The second day,
after incubation with Alexa Fluor 488-conjugated anti-rabbit IgG
H&L (ab150077, Abcam) and Alexa Fluor-conjugated anti-mouse
IgG H&L (ab150116, Abcam) at room temperature for 1 hour.
Finally, the sections were mounted using an anti-fade mounting
medium containing DAPI for nuclear staining.
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2.5 Detection of hydroxyproline content

HYP content in lung tissue reflects the metabolism of collagen
and degree of fibrosis (21). Detection methods were performed
according to the corresponding instruction of HYP kit (BC0255,
Solarbio, Beijing, China). 0.02g of the right upper lung of each mouse
was collected for the determination of HYP content. After dissolving
and carbonizing the tissues using 6 mol/L hydrochloric acid extract,
the pH was adjusted to 6-8 using NaOH. The sample was hydrolyzed
to produce free HYP, which was further oxidized by chloramine T.
The oxidation product reacts with p-dimethylaminobenzaldehyde to
produce a red compound, which has a characteristic absorption peak
at 560 nm. The content of HYP can be calculated by measuring the
absorbance at 560 nm of the hydrolyzed sample solution.

2.6 Proteins expression levels
determination using Western blot

Proteins were extracted from lung tissues of mice and Raw264.7
cells using RIPA lysis buffer in order to detect the relative expression
levels of target genes. 20 Lig per sample of protein were subjected to
polyacrylamide gel electrophoresis and subsequently transferred onto
polyvinylidene difluoride (PVDF) membranes. The membranes were
blocked with 5% skim milk powder for one hour at room
temperature. Next, the membranes were incubated overnight at 4°C
using the anti-mouse CD86 (1:200), anti-rabbit iNOS (1:1000), anti-
rabbit CD206 (1:1000), anti-rabbit Arg-1 (1:800), anti-rabbit E-
cadherin (1:1000), anti-rabbit vimentin (1:1000), anti-rabbit o-
SMA (1:1000), anti-rabbit NF-kB (1:1000), anti-rabbit
phosphorylated NF-xB (1:500) and anti- mouse TLR4 (1:1000).
The following day, membranes were washed three times with Tris-
buffered saline containing 0.1% Tween-20 (TBST) for 10 minutes per
wash and subsequently incubated with secondary antibodies: HRP-
conjugated anti-rabbit IgG (CST, 1:3500) or HRP-conjugated anti-
mouse IgG (Proteintech, 1:5000) for one hour at room temperature.
Chemiluminescence detection was performed, and B-actin (CST,
1:1000) served as the internal control for western blot analysis.

2.7 Cytokine determination using Enzyme-
linked immunosorbent assay

BALF of mice and cell culture supernatants of Raw264.7 cells
were collected to detect the levels of related cytokines, including
TNF-a, IL-6, IL-1p and TGF-f. Detection methods were performed
according to the corresponding instruction of ELISA kit
(MEIMIAN, Jiangsu, China).

2.8 Cell culture and treatments
Raw264.7 cells were obtained from the Cell Bank of the Chinese

Academy of Sciences (Shanghai, China), and type II alveolar
epithelial cells were sourced from Procell (Wuhan, China). The
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cells were cultured separately in DMEM and F-12K media (YEASEN,
Shanghai, China), each supplemented with 10% fetal bovine serum
(FBS, YEASEN, Shanghai, China). All cultures were maintained at
37°C in a humidified atmosphere with 5% CO,. M1 macrophage
polarization was induced by treatment with lipopolysaccharide (LPS,
100 ng/mL), while M2 macrophage polarization was achieved by
exposure to interleukin-4 (IL-4, 20 ng/mL) and interleukin-13 (IL-13,
20 ng/mL) following 48 hours of serum starvation. IGU was dissolved
in DMSO and prepared as working solutions of 25 pg/mL and 50 pg/
mL in DMEM for treatment. The control group received treatment
with the corresponding solvent.

2.9 RNA expression levels determination
using quantitative real-time polymerase
chain reaction analysis

QRT-PCR was used to detect the RNA expression levels of related
genes. RNA was extracted from Raw264.7 cells by Trizol. 500ng RNA
was converted into complementary DNA according to the reverse
transcription kit (#11141ES60, YEASEN, China), followed by qRT-
PCR experiments using the SYBR Green kit (#11185ES03, YEASEN,
China). B-actin was used as an internal reference, and Ct method (2°
AACYH was used to calculated the relative expression levels of genes.
Primer sequences are presented in Table 1.

2.10 Cell proliferation and IGU toxicity
assessment using Cell counting Kit—8 assay

CCK-8 assay was employed to evaluate the proliferation of
RAW264.7 cells and assess the cytotoxicity of IGU. After the in vitro
model of 96-well plate was completed, 10ul CCK8 and 90uL
medium were added into each well and incubated for 30 minutes.
Absorbance at 450 nm was then measured using a microplate reader
to determine cell viability and analyze the results.

2.11 Detection of cellular protein markers
using flow cytometry

Following PBS rinsing, RAW264.7 cells were blocked with 10%
goat serum at room temperature for 1 hour. The cells were then

incubated with anti-CD86 (APC, 1:100, BioLegend) and anti-F4/80

TABLE 1 Primer sequences of genes for quantitative real time-PCR.

10.3389/fimmu.2025.1558903

(FITC, 1:100, BioLegend) antibodies for 15 minutes at room
temperature. After washing with PBS, the cells were permeabilized
with 0.5% Triton X-100 for 10 minutes. Subsequently, the cells were
rinsed again with PBS and incubated with anti-CD206 (PE, 1:80,
BioLegend) for 15 minutes at room temperature. Finally, the prepared
cell suspension was filtered and analyzed using flow cytometry.

2.12 Detection of Matrix
metalloproteinases levels using gelatin
zymography assay

MMPs, such as MMP2 and MMPY, in the supernatants of
Raw264.7 cells were characterized by gelatin zymography where 20
ug protein of cell supernatant from each group was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) containing gelatin (22). At the end of the electrophoresis,
the gel was washed twice with eluent for 30 minutes each to remove
SDS from the gel. Subsequently, the gels were incubated at room
temperature for 24 h to allow MMPs to break down the gelatin. Then,
the bands were stained and destained for 1 h on a shaker until clear.

2.13 Cell transfection

Overexpression of TLR4 (NM_021297.3) shRNA and negative
control (NC) - shRNA were gained from Obio Technology Corp.,
Ltd.(Shanghai, China). The GL180 plasmid was used as the vector.
Raw264.7 cells were transduced with shRNA-encoding lentivirus with
80 pfu/cell. Then, transfection efficiency was assessed by western blot.

2.14 Data collection and processing
for bioinformatics

“Pulmonary Fibrosis” and “Bleomycin” were used as a qualifier
for retrieval In the GEO database, the GSE40151 dataset was
selected for analysis. In the “affy” package of R language, the
differentially-expressed genes between the pulmonary fibrosis
group and the control group at different stages according to an
FDR<0.05 and [log2FC|>1 through the “limma” package. The
“ggplot2” package was used to draw volcano plots. The related
target pathway genes were visualized as heat maps using the
“pheatmap R” package.

Gene Forward primer Reverse primer
TNE-0. GCCCATGTTGTAGCAAACCC GGAGGTTGACCTTGGTCTGG
IL-6 GACAAAGCCAGAGTCCTTCAGA TGTGACTCCAGCTTATCTCTTGG
IL-1B TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT
MMP2 GCCCCCATGAAGCCTTGTTT TAGCGGTCTCGGGACAGAAT
MMP9 CAGCCGACTTTTGTGGTCTTC CGGTACAAGTATGCCTCTGCCA
B-actin GGCGGACTGTTACTGAGCTG CTGCGCAAGTTAGGTTTTGTCA
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2.15 KEGG and GO enrichment analysis

“Enrich KEGG” and “enrich GO” functions of the “cluster
profiler” package in R language were used to perform KEGG and
GO analysis of the screened differential genes. The “ggplot2” and
“ggpubr” packages were used to draw bar charts and bubble
charts, respectively.

2.16 Assessment of the
immune microenvironment

A signature TIICs matrix “LM22” with 1000 permutations was
set using the “CIBERSORT” package to calculate the infiltration
fraction of lymphocytes categorize into 22 different cell types, whose
constituent ratios sum to one. To evaluate the infiltration of
immune cells between mice with pulmonary fibrosis and normal
controls. Finally, the Wilcoxon test was employed to evaluate the
statistical significance of differences in immune cell infiltration
between the two groups.

10.3389/fimmu.2025.1558903

2.17 Statistical analysis

GraphPad Prism 8 and SPSS 23.0 software were used to
analyzed all data. For datasets with homogeneous variance and
normal distribution, one-way ANOVA followed by the least
significant difference (LSD) t-test was applied, with results
expressed as mean + standard deviation (mean + SD). In cases of
unequal variance, the F-test was used instead, followed by Dunnett’s
T3 test. Nonparametric tests were used for datasets that did not
meet the criteria for normal distribution. A p-value < 0.05 were
considered as statistically significant.

3 Results

3.1 IGU ameliorates BLM-induced
pulmonary inflammation and fibrosis
in vivo

IGU, a nonsteroidal anti-inflammatory drug (NSAID), is a
compound composed of a sulfonyl group, an aldehyde group, an
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imine group, a carbonyl group and an ester group (Figure 1A). Mice
were given IGU by gavage 24 hours after intratracheal injection of
BLM to induce PF, and were euthanized at the inflammatory stage
on the 7th day and at the fibrotic stage on the 28th day to observe
the effect of IGU treatment (Figure 1B). After intratracheally
injected BLM, the volume and the weight of lung tissue were
increased due to fibrosis, and the mice gained weight slowly.
After treatment with 25 mg/kg or 50 mg/kg IGU, the above
symptoms were improved (Figures 1C-E). As shown in
Figures 1F, G, lung weight indices in mice with PF were increased
(lung weight/body weight) due to inflammatory edema, collagen
deposition in lung tissue and decreased body weight, which were
also decreased after 7 and 28 days of IGU treatment (p<0.05).
Hydroxyproline (HYP) is one of the main components of
collagen, which is mostly distributed in skin, tendon, cartilage
and blood vessels. Therefore, the detection of HYP content in
lung tissue can reflect the metabolism of collagen and degree of
fibrosis (23). Lung inflammation and fibrosis of mice were jointly
evaluated by combining the scores of HE staining and Masson’s

10.3389/fimmu.2025.1558903

trichrome staining. Seven days after BLM-induced PF, lung tissue of
mice showed more inflammatory cell infiltration, and the alveolar
wall became thickened and swollen, and the alveolar structure
became disordered, with fibrotic lesions and collagen deposition
visible. Szapiel’s scores and Ashcroft scores, as well as HYP content,
were all higher than those in the control group. However, as shown
in Figure 1H-M, this phenomenon could be reversed 25 mg/kg or
50 mg/kg IGU treatment (p<0.05).

3.2 IGU inhibits BLM-induced EMT in vivo

EMT is an important phenotypic change in PF. Markers related
to EMT were characterized in order to explore the possible
mechanism of IGU in improving PF. The content of TGF-f in
BALF, secreted by immune cells such as macrophages, which could
promote the transformation of alveolar epithelial cells into
mesenchymal cells (24), was quantified by ELISA on days 7 and
28 after BLM-induced PF. Treatment with different concentrations
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IGU inhibits bleomycin-induced EMT in vivo. (A) Content of TGF-B in bronchoalveolar lavage fluid of mice in each group treated with iguratimod
after bleomycin-induced pulmonary fibrosis (n=5 per group). (B—D) Protein levels of E-cadherin, vimentin and a-SMA in lung tissue of mice in each
group, B-actin was used as an internal control (n=3 per group). (E) Immunohistochemistry was used to determine the expression of collagen | in
lung tissue of mice (n=5). *P<0.05, **P<0.01, ***P<0.001, ns, No significance.
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of IGU ameliorated BLM-induced TGF-f elevation (p<0.001,
Figure 2A). In addition, protein expression levels of epithelial
marker E-cadherin, and mesenchymal markers vimentin and o-
SMA in lung tissues were detected via western blotting. Expression
levels of EMT-related proteins, except for vimentin, did not change
after 7 days of BLM induction. However, by day 28, BLM induction
resulted in decreased E-cadherin expression, accompanied by
increased levels of vimentin and o-SMA. Notably, treatment with
IGU reversed these changes in a dose-dependent manner (p<0.05,
Figures 2B-D). Immunohistochemical analysis revealed that 7 days
after BLM-induced PF, a small amount of collagen I deposition and
disrupted tissue structure were evident in the lungs of the BLM
group. These changes were attenuated in the BLM+IGU25 and
BLM+IGU50 treatment groups. By day 28, extensive fibrotic lesions
and significant collagen I deposition were observed in the BLM
group, whereas these pathological changes were markedly reduced
in the BLM+IGU25 and BLM+IGU50 groups (Figure 2E).

10.3389/fimmu.2025.1558903

3.3 IGU inhibits macrophage polarization in
BLM-induced PF

Macrophages play a pivotal role in BLM-induced PF, exhibiting
different types at different stages of PF. GSE40151 dataset analysis
showed that M1 macrophage-associated genes, such as CD86, IL-13
and IL-6 were increased in BLM mice during the inflammatory
phase within 14 days (Figure 3A). KEGG and GO enrichment
analyses indicated that differentially expressed genes in this phase
were predominantly involved in pathways such as the “IL-17

» o«

signaling pathway”, “Cytokine and cytokine receptor interaction”,
“INF signaling pathway”, “receptor ligand activity”, “cytokine
activity”, “cytokine receptor binding” and other signaling
pathways related to inflammation. In addition. In the PF stage,
after 14 days of BLM induction, KEGG and GO enrichment
analyses demonstrated that differentially expressed genes were

increasingly associated with pathways related to cell proliferation,

A Day1 Day 2 Day 14 Day 21 Day 28
8 o 3 ol 15 . . o X
“ oo A - N "
B Bl 5 10 S v < it
I & g |, ad P
£ R g 2 ..
d o T ik :‘i AR "
o A o o i 1 &
0 o 01 0 0

Control D1 BLMD1 BLMD2 BLM D14

BLMD7

BLM D21 BLMD28

FIGURE 3

Analysis of macrophage polarization at different stages of BLM-induced PF in mice. (A) Volcano map of differentially-expressed genes. (B) KEGG and
(C) GO functional enrichment analysis of differentially-expressed genes. (D) Heat map of M1 macrophage polarization-related gene expression.
(E) Heat map of TGF-B pathway gene expression associated with M2 macrophage polarization.
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tissue repair, and extracellular matrix formation, including “Cell

» o«
>

cycle”, “ECM receptor interaction”, “extracellular matrix structural
components” (Figures 3B, C). Heat map visualization further
highlighted the temporal dynamics of gene expression. M1
macrophage polarization-related genes, such as IL-1f3, TNF and
IL-6, showed an early increase on days 1-2 post-induction, with
most markers, including CD86 and iNOS, peaking during days 7-4
(Figure 3D). M2 macrophages can secrete a large amount of TGF-f3
and other anti-inflammatory cytokines, and activate the TGF-3
signaling pathway to promote pulmonary fibrosis. The expression
levels of TGFPR1, TGFBR2, TGF-B1, TGF-B2, TGF-B3, Smad2 and
Smad3 gradually increased from the 7th to the 28th day of BLM
induction, while the expression levels of Smad6 and Smad7
decreased (Figure 3E). These results suggest that there are
different dominant polarization types of macrophages at different
disease stages of BLM-induced PF in mice. M1 macrophages were
the dominant macrophages in the inflammatory stage, while M2
macrophages were the dominant macrophages in the fibrotic stage.

Immunofluorescence staining of CD86- and CD206-positive
macrophages was conducted to elucidate the relationship between
IGU treatment and macrophage polarization in BLM-induced PF.

10.3389/fimmu.2025.1558903

Following 7 days of BLM administration, CD86-positive
macrophages in lung tissue of BLM mice were increased, but were
reduced in BLM+IGU25 and BLM+IGUS50 mice in a dose-dependent
manner. The number of CD206-positive macrophages, which
predominated after 28 days of BLM treatment, was also reduced by
IGU treatment (Figure 4D). Western blot analysis further supported
these findings, showing that the protein expression levels of M1
macrophage markers, CD86 and iNOS, and M2 macrophage
markers, CD206 and Arg-1, were modulated in accordance with
IGU treatment (p<0.05, Figures 4A-C). Additionally, ELISA
measurements revealed the cytokine profiles associated with
macrophage polarization in BALF. Levels of pro-inflammatory
cytokines, including TNF-o, IL-1B, and IL-6, were significantly
elevated in BALF of mice with BLM-induced PF at both 7 days
and 28 days post-treatment. However, these cytokine levels were
substantially reduced in the IGU-treated groups compared to the
BLM group (p<0.05, Figures 4E-G). In short, these results highlight
the presence of distinct macrophage polarization states during
different stages of BLM-induced PF. Moreover, IGU effectively
mitigates macrophage polarization in lung tissues, suggesting its
potential therapeutic role in modulating macrophage-driven PF.
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FIGURE 4

IGU inhibits macrophage polarization in BLM-induced PF in vivo. Representative western blots (A), western blot quantitation (B, C), and
immunofluorescence (D) for the protein levels of M1 macrophage-related genes CD86 and iNOS, and M2 macrophage-related genes CD206 and
Arg-1in lung tissues of mice at different stages of BLM-induced PF, B-actin was used as an internal control (n=3). (E=G) Levels of M1 macrophage-
associated inflammatory cytokines TNF-o., IL-6 and IL-1f in bronchoalveolar lavage fluid were quantified by ELISA (n=5). *P<0.05, **P<0.01,

***P<0.001, ns, No significance.

Frontiers in Immunology

08

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1558903
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

Control

10.3389/fimmu.2025.1558903

LPS + IGU50

A C
5
208 R
i ol
~Q o ry
[ X3 2 =
2= 3 CD86 3
S =
E s 0.4 s
s Control DMSO 1L4+1L13 1L4+IL13 +1GU25  IL4+IL13 + IGUS0 o
5 02 o o - 2
o prs 8
0.0 mg/mL 3 b
S E PSS S - A 3
& Q“\OQQ \<:»°\ SO b
€D206
E G 2.5+
0.04 =3 Control i Control .
*rk ° * 4 omso
=1 BLM F & e
0.03 * = S DMSO + + + + 3 209 % ipsuouzs
E ° o o 1ps + + + E LPS+GUSO
§ 002 . - 1GU (pg/mL) 25 50 kD 8 1.5 e
o 4
o ° ° cox2 | D e | 74 2
0.01 ns o ° 8 £ 1.0
= 5 2
- :L ° B-actin | S —— — -| a2 3
0. T T T T T T O 054
Day1 Day2 Day7 Day14 Day21 Day28
CIBERSORT Macrophages M1 o
- T T T T
oh 12h 24h 36h
H Control LPS LPS +IGU 25

DMSO

FIGURE 5

LPS +IGU 50

Effect of IGU on M1/M2 polarization of Raw264.7 macrophages. (A) CCK8 assay for toxicity of different concentrations of IGU on Raw264.7 cells. (B—
D) Flow cytometry of the effect of IGU on M1/M2 polarization of Raw264.7 cells (n=3). (E) CIBERSORT scores for M1 macrophages in the GSE40151
dataset (n=8). (F) Representative western blot for the protein levels of COX-2 in Raw264.7 cells. B-actin was used as an internal control (n=3). (G)
CCK8 assay for the effect of IGU on the proliferative capacity of M1 macrophage-differentiated Raw264.7 cells (n=3). (H) Morphological effects of
IGU on M1 macrophages under light microscopy. *P<0.05, **P<0.01, ***P<0.001, ns, No significance.

3.4 IGU alleviates type Il alveolar epithelial
cell inflammation caused by
M1 macrophages

To further investigate the impact of IGU on macrophage
polarization, Raw264.7 cells were used to assess the in vitro effects
of IGU. CCK8 was used to detect the cytotoxicity of IGU on Raw264.7
cells to determine the appropriate concentration. Combined with the
reported doses of IGU, 25 ug/mL and 50 pg/mL IGU were used as the
treatment concentration for subsequent in vitro studies (p<0.01,
Figure 5A). Flow cytometry was used to observe the effect of IGU
on different types of macrophages. IGU inhibited the polarization of
M1 macrophages, but had no significant effect on M2 macrophages
(Figures 5B-D). CIBERSORT analysis of the GSE40151 dataset
showed the important role of M1 macrophage polarization in PF
(p<0.05, Figure 5E). Consequently, we explored whether IGU could
modulate M1 macrophage polarization, as this may underlie its
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therapeutic effects on PF. IGU, at 25ug/mL and 50pg/mL, inhibited
the expression of Cox-2 in LPS-stimulated Raw264.7 cells (p<0.001,
Figure 5F), as well as attenuated the morphological changes
(Figure 5H) and proliferation (Figure 5G).

Subsequently, M1 macrophage-associated markers were
examined by western blotting, ELISA and qRT-PCR. Both 25 ug/
mL and 50 pug/mL IGU inhibited the increase of CD86 and iNOS
protein levels induced by LPS (p<0.01, Figures 6A-C). In addition,
the RNA expression level of inflammatory cytokines, such as TNF-
o, IL-1B and IL-6, and the amounts of inflammatory cytokines
secreted into the cell supernatant were inhibited by IGU in a
concentration-dependent manner (p<0.05, Figures 6D-F). When
macrophages are polarized to M1, they secrete a large amount of
matrix metalloproteinases, such as MMP2 and MMP9, which
promote the degradation of extracellular matrix and facilitate the
infiltration of inflammatory cells into damaged tissues to expand
the inflammatory response. The expression levels of MMP2 and
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IGU alleviates the inflammation of type Il alveolar epithelial cells caused by M1 macrophages. (A—C) Representative western blot and quantitation for

iINOS and CD86 in Raw264.7 cells. B-actin was used as an internal control

. (D) QRT-PCR for the mRNA levels of M1 macrophage polarization-related

inflammatory cytokines TNF-a, IL-6 and IL-1 in Raw264.7 cells. (E, F) ELISA was used to measure the level of TNF-o and IL-6 in Raw264.7 cell

culture supernatant. (G, H) QRT-PCR for the mRNA levels of MMP2 and M
culture supernatants. (J) Schematic representation of Raw264.7 cells co-c

MP9. (I) Representative gelatin zymogram of MMPs in Raw264.7 cell
ultured with type Il alveolar epithelial cells. (K-M) QRT-PCR for the mRNA

levels of TNF-a, IL-6 and IL-1B in type Il alveolar epithelial cells (n=3). *P<0.05, **P<0.01, ***P<0.001, ns, No significance.

MMP9 were detected by qRT-PCR and gelatin zymography, which
confirmed the above results (p<0.05, Figures 6G-I).

Finally, the conditioned medium of each group was collected
and added to mouse type II alveolar epithelial cells in culture
(Figure 6]J). The conditioned medium of IGU-treated
macrophages reduced the expression of TNF-o., IL-1B and IL-6 in
type II alveolar epithelial cells compared with the LPS group
(p<0.05, Figures 6K-M). Thus, IGU inhibited M1 macrophage
polarization and ameliorated the inflammation of type II alveolar
epithelial cells.

3.5 IGU inhibits M1 macrophage
polarization through the TLR4/NF-«B
signaling pathway

TLR4, a key membrane protein that activates the NF-xB pathway
to induce macrophage M1 polarization. The results of the GSE40151
dataset showed that expression of TLR4 in lung tissues was increased at
different time points of BLM induction, which was consistent with the

Frontiers in Immunology

expression of M1 macrophage markers CD86 and iNOS (p<0.01,
Figures 7A-C). Therefore, in vivo experiments were used for further
validation. The protein level of TLR4 was increased and its downstream
NEF-kB pathway was activated in BLM-induced PF mice on days 7 and
28. However, activation of the TLR4/NF-«B pathway, induced by BLM,
was attenuated by IGU treatment (p<0.05, Figures 7D-F). Similar
results were acquired in the Raw264.7 in vitro (p<0.05, Figures 7G-I).

Subsequently, Raw264.7 cells with high TLR4 expression were
engineered by lentivirus transduction to construct an in vitro rescue
experiment. Treatment with IGU resulted in a reduction of TLR4
protein expression in Raw264.7 cells overexpressing TLR4 (p<0.001,
Figures 8A, B). In the TLR4 rescue model, western blotting and qRT-
PCR analyses revealed that TLR4 overexpression counteracted the
inhibitory effect of IGU on the NF-xB signaling pathway.
Correspondingly, the expression levels of the M1 macrophage
markers iNOS and CD86, as well as the pro-inflammatory
cytokines TNF-q, IL-6, and IL-1f, mirrored this response (p<0.05,
Figures 8C-J). In conclusion, these findings suggest that IGU inhibits
M1 macrophage polarization through the TLR4/NF-xB pathway,
which may be a significant mechanism by which IGU ameliorates PF.
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IGU inhibits M1 macrophage polarization through the TLR4/NF-«B signaling pathway. (A—C) Expression levels of TLR4, CD86 and iNOS in the
GSE40151 of BLM-induced PF in mice (n=8). Representative western blots for the protein levels of TLR4 and NF-xB in lung tissues of mice at
different stages of BLM-induced PF (D—F) and M1-polarized Raw264.7 cells (G-1) B-actin was used as an internal control. (n=3). *P<0.05, **P<0.01,
***P<0.001, ns, No significance.

4 Discussion of patients are dramatically increased (25). IGU is a commonly used
new disease-modifying anti-rheumatic drug for the management of

ILD is a common complication of many rheumatic immune  RA and other rheumatic diseases. Treatment with IGU has been
diseases, such as RA, whose treatment is difficult and the effect is not ~ shown to improve key pulmonary function parameters, including
ideal. If ILD involves or develops into PF, the disability and mortality ~ forced vital capacity percent predicted, 6-minute walk distance and
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diffusion capacity for carbon monoxide percent predicted. These
findings suggest that IGU not only attenuates systemic inflammation
and disease activity but also enhances pulmonary function in patients
with RA-ILD, underscoring its dual anti-inflammatory and
pulmonary-protective effects (26). In addition, an increasing
number of researchers are finding that IGU has anti-organ fibrosis
functions, such as countering skin fibrosis in systemic sclerosis (27)
and kidney fibrosis in SLE mice (28), as well as anti-pulmonary
fibrosis. As in previous studies, we induced pulmonary fibrosis in
mice by intratumoral injection of bleomycin (21, 29). After
intragastric administration of IGU, we observed the growth and
pathology of the mice and found therapeutic effects on lung
inflammation on day 7, and on lung fibrosis on day 28. Treatment
with IGU showed a lower lung weight index, less pulmonary
inflammation and collagen deposition, and less HYP formation in
mice. Although the anti-fibrotic effect of IGU was known, the specific
mechanism of action was not clear, so the aim of this study was to
explore the pharmacological mechanism of IGU in reversing
pulmonary fibrosis.

Previous studies have shown that PF is inseparably linked to EMT.
Under long-term stimulation of lung inflammation, the body will
secrete anti-inflammatory factors, such as TGF-f3, to promote tissue
regeneration and repair (30). However, the continuous activation of this
process will result in excessive tissue repair whereby lung epithelial cells
will differentiate into collagen-secreting mesenchymal cells, resulting in
lung tissue collagen deposition, and eventually fibrosis (31). In the
present study, we found that IGU-treated PF mice had reduced TGF-f3
secretion increased expression of E-cadherin, down-regulated
expression of mesenchymal markers vimentin and o-SMA, and less
collagen I deposition. These results indicate that IGU can improve lung
tissue fibrosis by preventing EMT, which is consistent with the results
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of Liu et al (21). We focused on the factors that affect EMT in
pulmonary fibrosis, including macrophage polarization. At the same
time, we found in the database that in the early stage of BLM-induced
PF in mice, lung inflammation was active, and indicators related to M1
macrophages, such as CD86, iNOS, TNF-0,, and IL-6, were increased.
Long-term inflammatory stimulation leads to excessive activation of
TGF-f signaling pathway in the late stage, leading to the formation of
PF. These results are also consistent with the disease progression of PF.
In the present study, we found that IGU treatment reduces the number
of M1 macrophages and the secretion of related pro-inflammatory
factors, thereby reducing inflammatory stimuli in the lung, so as to
reduce the activation of large number of macrophages and the
formation of M2 macrophages in the advanced stage of PF in vivo.
More and more studies have shown that macrophage polarization
is a continuous process. M1 and M2 macrophages can adjust their
polarization according to the changes of the environment, and can
transform into each other or depolarize (32, 33). However, there are
many influencing factors and the process is complex. Therefore, it is
important to pay attention to the dominant population of macrophages
during disease progression. Our in vivo study shows that IGU inhibits
the dominant M1 macrophages in the early stage of pulmonary fibrosis
and the dominant M2 macrophages in the late stage of pulmonary
fibrosis. To further determine the effect of IGU on the polarization of
different types of macrophages, we further validated the effect in vitro.
The results suggested that IGU had a significant inhibitory effect on the
polarization of M1 macrophages, but had no significant effect on the
M2 macrophage polarization. IGU inhibits the expression of CD86, the
synthesis of iNOS and the secretion of TNF-o, IL-6 and IL-1f in
Raw264.7 cells, which is similar to the finding by Hang et al. that
treatment with IGU inhibits M1 macrophage formation and thus
ameliorates injury after renal transplantation (34). Matrix
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metalloproteinases (MMPs) are proteases that degrade all components
of the extracellular matrix (35). Studies have shown that MMPs have
pro-fibrotic effects whose levels are elevated in blood and/or lung
samples of pulmonary fibrosis (36, 37). In addition, we note that Zhao
et al. showed that one of the important mechanisms by which IGU
reduces PF is to inhibit MMP9 expression in lung tissue (38). When
stimulated by inflammation, macrophages secrete MMP2 and MMP9
to promote degradation of the surrounding matrix, thereby expanding
the inflammatory response, which may be one of the reasons why the
expression of MMPs is positively correlated with pulmonary fibrosis
(39). Our study found that IGU reduces secretion of MMPs by
Raw264.7 macrophages in response to inflammatory stimulation.
Combined with other studies, our results also provide a basis for
IGU to reduce pulmonary fibrosis.

TLR4, a pattern recognition receptor, is predominantly located on
the cell membrane of immune cells, including macrophages, dendritic
cells, and monocytes (40). It is well known that TLR4 is a highly specific
recognition molecule for LPS. A growing number of studies have
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shown that TLR4 can also be activated by endogenous molecules, such
as glycoproteins, intracellular peptides, and phospholipids, in patients
with PF (41). TLR4 deficiency ameliorates BLM-induced PF in mice,
suggesting TLR4 activation is closely related to the pathogenesis of
pulmonary fibrosis (42). In addition, TLR4 is also a key molecule for
inducing the M1 polarization of macrophages (43). External
inflammatory stimulation leads to the activation of TLR4, which
induces the phosphorylation of NF-«B and the release of IL-1f, IL-6,
TNF-o. to induce the immune response and inflammation, which may
also be an important mechanism by which TLR4 is involved in the
pathogenesis of PF (44, 45). In the present study, we found that IGU
reduces the expression of TLR4 and its downstream NF-kB pathway in
PF mice. Further validation was performed in vitro where we found
that IGU also reduces LPS-induced activation of the TLR4/NF-xB
pathway in macrophages. Thus, M1 macrophage polarization is
reduced. TLR4 rescue experiments also showed similar results.
Moreover, previous work by Liu et al. demonstrated that IGU also
reduces NLRP3 inflammasome expression in PF mice (21). NLRP3
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Schematic representation of the mechanism by which IGU ameliorates BLM-induced pulmonary infammation and fibrosis in mice. IGU ameliorates
BLM-induced pulmonary inflammation in mice by blocking the TLR4/NFkB pathway and inhibiting macrophage activation as well as M1 macrophage
polarization, thereby reducing PF caused by the polarization of M2 macrophages and EMT in the advanced stage of the disease.
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inflammasome formation is closely linked to TLR4/NF-kB pathway
activation and M1 macrophage polarization, these findings further
substantiate our hypothesis.

In conclusion, IGU ameliorates BLM-induced pulmonary
inflammation in mice by blocking the TLR4/NFkB pathway,
suppressing macrophage activation, and preventing M1 macrophage
polarization, thereby reducing PF caused by the polarization of M2
macrophages and EMT in the advanced stage (Figure 9). However,
there are some limitations in this study. Clinical validation and
translation are the difficulties of this study. Evidence suggests that
CTD patients treated with IGU have better therapeutic efficacy and
lower incidence of interstitial lung disease (46), suggesting that IGU
may become a new treatment option for interstitial pulmonary fibrosis.
Clinical validation would be the next step in this study, such as the
incidence of PF in RA patients after taking iguratimod, and the
improvement of RA-ILD patients or PF patients after taking IGU, so
as to achieve the purpose of clinical transformation.

Ethics approval and consent
to participate

The experiment was mainly completed in the Laboratory of
Molecular Cardiology, First Affiliated Hospital of Shantou
University Medical College. All experimental procedures in vivo
were approved by the Animal Ethics Committee of Shantou
University Medical College (approval number SUMC2024-001).

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/supplementary material.

Ethics statement

The animal study was approved by Animal Ethics Committee of
Shantou University Medical College. The study was conducted in
accordance with the local legislation and institutional requirements.

References

1. Wijsenbeek M, Suzuki A, Maher TM. Interstitial lung diseases. Lancet. (2022)
400:769-86. doi: 10.1016/S0140-6736(22)01052-2

2. Althobiani MA, Russell AM, Jacob J, Ranjan Y, Folarin AA, Hurst JR, et al.
Interstitial lung disease: a review of classification, etiology, epidemiology, clinical
diagnosis, pharmacological and non-pharmacological treatment. Front Med. (2024)
11:1296890. doi: 10.3389/fmed.2024.1296890

3. Ercen Diken O, Gungor O, Akkaya H. Evaluation of progressive pulmonary
fibrosis in non-idiopathic pulmonary fibrosis-interstitial lung diseases: a cross-sectional
study. BMC Pulm Med. (2024) 24:403. doi: 10.1186/s12890-024-03226-z

4. Alsomali H, Palmer E, Aujayeb A, Funston W. Early diagnosis and treatment of
idiopathic pulmonary fibrosis: A narrative review. Pulm Ther. (2023) 9:177-93.
doi: 10.1007/s41030-023-00216-0

Frontiers in Immunology

10.3389/fimmu.2025.1558903

Author contributions

HX: Conceptualization, Formal Analysis, Methodology,
Software, Writing — original draft, Writing — review & editing.
KM: Investigation, Validation, Writing - original draft. ZM:
Software, Validation, Writing - original draft. TZ: Validation,
Writing - original draft. LL: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing - review
& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by grants from the Guangdong Basic and Applied Basic Research
Foundation (2024A1515012910), and the Science and Technology
Planning Project of Shantou City (No. 2024-124).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

5. Mathai SC, Danoff SK. Management of interstitial lung disease associated with
connective tissue disease. Bmj. (2016) 352:h6189. doi: 10.1136/bmj.h6819

6. Zhang L, Wang Y, Wu G, Xiong W, Gu W, Wang CY. Macrophages: friend or foe
in idiopathic pulmonary fibrosis? Respir Res. (2018) 19:170. doi: 10.1186/s12931-018-
0864-2

7. Li C, Feng X, Li S, He X, Luo Z, Cheng X, et al. Tetrahedral DNA loaded siCCR2
restrains M1 macrophage polarization to ameliorate pulmonary fibrosis in
chemoradiation-induced murine model. Mol Ther. (2024) 32:766-82. doi: 10.1016/
jymthe 2024.01.022

8. Cheng P, Li S, Chen H. Macrophages in lung injury, repair, and fibrosis. Cells.
(2021) 10:436. doi: 10.3390/cells10020436

frontiersin.org


https://doi.org/10.1016/S0140-6736(22)01052-2
https://doi.org/10.3389/fmed.2024.1296890
https://doi.org/10.1186/s12890-024-03226-z
https://doi.org/10.1007/s41030-023-00216-0
https://doi.org/10.1136/bmj.h6819
https://doi.org/10.1186/s12931-018-0864-2
https://doi.org/10.1186/s12931-018-0864-2
https://doi.org/10.1016/j.ymthe.2024.01.022
https://doi.org/10.1016/j.ymthe.2024.01.022
https://doi.org/10.3390/cells10020436
https://doi.org/10.3389/fimmu.2025.1558903
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

9. Nozaki Y. Iguratimod: novel molecular insights and a new csDMARD for
rheumatoid arthritis, from Japan to the world. Life (Basel). (2021) 11:457.
doi: 10.3390/1ife11050457

10. Xie S, Li S, Tian J, Li F. Iguratimod as a new drug for rheumatoid arthritis:
current landscape. Front Pharmacol. (2020) 11:73. doi: 10.3389/fphar.2020.00073

11. Zhang M, Lei YS, Meng XW, Liu HY, Li LG, Zhang J, et al. Iguratimod alleviates
myocardial ischemia/reperfusion injury through inhibiting inflammatory response
induced by cardiac fibroblast pyroptosis via COX2/NLRP3 signaling pathway. Front
Cell Dev Biol. (2021) 9:746317. doi: 10.3389/fcell.2021.746317

12. Han Q, Zheng Z, Liang Q, Fu X, Yang F, Xie R, et al. Iguratimod reduces B-cell
secretion of immunoglobulin to play a protective role in interstitial lung disease. Int
Immunopharmacol. (2021) 97:107596. doi: 10.1016/j.intimp.2021.107596

13. Long Z, Zeng L, He Q, Yang K, Xiang W, Ren X, et al. Research progress on the
clinical application and mechanism of iguratimod in the treatment of autoimmune
diseases and rheumatic diseases. Front Immunol. (2023) 14:1150661. doi: 10.3389/
fimmu.2023.1150661

14. Li CH, Ma ZZ, Jian LL, Wang XY, Sun L, Liu XY, et al. Iguratimod inhibits
osteoclastogenesis by modulating the RANKL and TNF-alpha signaling pathways. Int
Immunopharmacol. (2021) 90:107219. doi: 10.1016/j.intimp.2020.107219

15. Long Z, Deng Y, He Q, Yang K, Zeng L, Hao W, et al. Efficacy and safety of
Iguratimod in the treatment of Ankylosing Spondylitis: A systematic review and meta-
analysis of randomized controlled trials. Front Immunol. (2023) 14:993860.
doi: 10.3389/fimmu.2023.993860

16. PuJ, Wang X, Riaz F, Zhang T, Gao R, Pan §, et al. Effectiveness and safety of
iguratimod in treating primary Sjogren’s syndrome: A systematic review and meta-
analysis. Front Pharmacol. (2021) 12:621208. doi: 10.3389/fphar.2021.621208

17. Shen L, Yin H, Sun L, Zhang Z, Jin Y, Cao S, et al. Iguratimod attenuated fibrosis
in systemic sclerosis via targeting early growth response 1 expression. Arthritis Res
Ther. (2023) 25:151. doi: 10.1186/s13075-023-03135-2

18. Liu Y, Zhang Y, Bian W, Fu J, Sun X, Chen D, et al. Efficacy and safety of
iguratimod on patients with relapsed or refractory IgG4-related disease. Clin
Rheumatol. (2020) 39:491-7. doi: 10.1007/s10067-019-04880-z

19. Lin H, Wu C, Zhu F, Zhang G, Xie Y, Cui Y, et al. Anti-fibrotic effect of
iguratimod on pulmonary fibrosis by inhibiting the fibroblast-to-myofibroblast
transition. Adv Med Sci. (2020) 65:338-47. doi: 10.1016/j.advms.2020.05.006

20. Szapiel SV, Elson NA, Fulmer JD, Hunninghake GW, Crystal RG. Bleomycin-
Induced interstitial pulmonary disease in the nude, athymic mouse. Am Rev Respir Dis.
(1979) 120:893-9. doi: 10.1164/arrd.1979.120.4.893

21. Liu W, Han X, Li Q, Sun L, Wang J. Iguratimod ameliorates bleomycin-induced
pulmonary fibrosis by inhibiting the EMT process and NLRP3 inflammasome activation.
BioMed Pharmacother. (2022) 153:113460. doi: 10.1016/j.biopha.2022.113460

22. Nascimento GC, De Paula BB, Gerlach RF, Leite-Panissi CRA.
Temporomandibular inflammation regulates the matrix metalloproteinases MMP-2
and MMP-9 in limbic structures. J Cell Physiol. (2021) 236:6571-80. doi: 10.1002/
jcp.v236.9

23. Song S, Fu Z, Guan R, Zhao J, Yang P, Li Y, et al. Intracellular hydroxyproline
imprinting following resolution of bleomycin-induced pulmonary fibrosis. Eur Respir J.
(2022) 59:2100864. doi: 10.1183/13993003.00864-2021

24. WangL,LiS, Yao Y, Yin W, Ye T. The role of natural products in the prevention
and treatment of pulmonary fibrosis: a review. Food Funct. (2021) 12:990-1007.
doi: 10.1039/DOFO03001E

25. Wong AW, Ryerson CJ, Guler SA. Progression of fibrosing interstitial lung
disease. Respir Res. (2020) 21:32. doi: 10.1186/s12931-020-1296-3

26. Shu. P, Shao. S-Q, Cai. X-N, Ma. H, Lu. L, Yin. H-Q, et al. Iguratimod attenuates
general disease activity and improves lung function in rheumatoid arthritis-associated
interstitial lung disease patients. Eur Rev Med Pharmacol Sci. (2021) 25:4687-92.
doi: 10.26355/eurrev_202107_26379

27. Xie X, Gan H, Tian J, Li F, Chen ], Wang J, et al. Iguratimod inhibits skin fibrosis
by regulating TGF-B1/Smad signalling pathway in systemic sclerosis. Eur ] Clin Invest.
(2022) 52:13791. doi: 10.1111/eci.13791

Frontiers in Immunology

15

10.3389/fimmu.2025.1558903

28. Xue L, Xu J, Lu W, Fu J, Liu Z. Iguratimod alleviates tubulo-interstitial injury in
mice with lupus. Ren Fail. (2022) 44:636-47. doi: 10.1080/0886022X.2022.2058962

29. Shao S, Qu Z, Liang Y, Xu Y, Zhou D, Li D, et al. Iguratimod decreases
bleomycin-induced pulmonary fibrosis in association with inhibition of TNF-alpha in
mice. Int Immunopharmacol. (2021) 99:107936. doi: 10.1016/j.intimp.2021.107936

30. Su J, Morgani SM, David CJ, Wang Q, Er EE, Huang YH, et al. TGF-beta
orchestrates fibrogenic and developmental EMTs via the RAS effector RREB1. Nature.
(2020) 577:566-71. doi: 10.1038/s41586-019-1897-5

31. QiuC, Zhao Z, Xu C, Yuan R, Ha Y, Tu Q, et al. Nebulized milk exosomes loaded
with siTGF-betal ameliorate pulmonary fibrosis by inhibiting EMT pathway and
enhancing collagen permeability. J Nanobiotechnol. (2024) 22:434. doi: 10.1186/
§12951-024-02721-z

32. Deng L, Jian Z, Xu T, Li F, Deng H, Zhou Y, et al. Macrophage polarization: an
important candidate regulator for lung diseases. Molecules. (2023) 28:2379.
doi: 10.3390/molecules28052379

33. Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor
microenvironment. Int ] Mol Sci. (2021) 22:6995. doi: 10.3390/ijms22136995

34. Hang Z, Wei ], Zheng M, Gui Z, Chen H, Sun L, et al. Iguratimod attenuates
macrophage polarization and antibody-mediated rejection after renal transplant by
regulating KLF4. Front Pharmacol. (2022) 13:865363. doi: 10.3389/fphar.2022.865363

35. Chulia-Peris L, Carreres-Rey C, Gabasa M, Alcaraz ], Carretero ], Pereda J.
Matrix metalloproteinases and their inhibitors in pulmonary fibrosis: EMMPRIN/
CD147 comes into play. Int ] Mol Sci. (2022) 23:6894. doi: 10.3390/ijms23136894

36. Yue L, Shi Y, Su X, Ouyang L, Wang G, Ye T. Matrix metalloproteinases
inhibitors in idiopathic pulmonary fibrosis: Medicinal chemistry perspectives. Eur |
Med Chem. (2021) 224:113714. doi: 10.1016/j.ejmech.2021.113714

37. Mahalanobish S, Saha S, Dutta S, Sil PC. Matrix metalloproteinase: An upcoming
therapeutic approach for idiopathic pulmonary fibrosis. Pharmacol Res. (2020)
152:104591. doi: 10.1016/j.phrs.2019.104591

38. Zhao L, Mu B, Zhou R, Cheng Y, Huang C. Iguratimod ameliorates bleomycin-
induced alveolar inflammation and pulmonary fibrosis in mice by suppressing
expression of matrix metalloproteinase-9. Int J Rheum Dis. (2019) 22:686-94.
doi: 10.1111/apl.2019.22.issue-4

39. Robert S, Gicquel T, Victoni T, Valenca S, Barreto E, Bailly-Maitre B, et al.
Involvement of matrix metalloproteinases (MMPs) and inflammasome pathway in
molecular mechanisms of fibrosis. Biosci Rep. (2016) 36:€00360. doi: 10.1042/BSR20160107

40. Zhang Y, Liang X, Bao X, Xiao W, Chen G. Toll-like receptor 4 (TLR4)
inhibitors: Current research and prospective. Eur ] Med Chem. (2022) 235:114291.
doi: 10.1016/j.ejmech.2022.114291

41. Bolourani S, Brenner M, Wang P. The interplay of DAMPs, TLR4, and
proinflammatory cytokines in pulmonary fibrosis. ] Mol Med (Berl). (2021) 99:1373—
84. doi: 10.1007/500109-021-02113-y

42. Bhattacharyya S, Wang W, Qin W, Cheng K, Coulup S, Chavez S, et al. TLR4-
dependent fibroblast activation drives persistent organ fibrosis in skin and lung. JCI
Insight. (2018) 3:¢98850. doi: 10.1172/jci.insight.98850

43. Chen XS, Wang SH, Liu CY, Gao YL, Meng XL, Wei W, et al. Losartan
attenuates sepsis-induced cardiomyopathy by regulating macrophage polarization via
TLR4-mediated NF-kappaB and MAPK signaling. Pharmacol Res. (2022) 185:106473.
doi: 10.1016/j.phrs.2022.106473

44. Jang H-M, Kang G-D, Van Le TK, Lim S-M, Jang D-S, Kim D-H. 4-
Methoxylonchocarpin attenuates inflammation by inhibiting lipopolysaccharide
binding to Toll-like receptor of macrophages and M1 macrophage polarization. Int
Immunopharmacol. (2017) 45:90-7. doi: 10.1016/j.intimp.2017.02.003

45. Tao H, Zhao H, Mo A, Shao L, Ge D, Liu J, et al. VX-765 attenuates silica-induced
lung inflammatory injury and fibrosis by modulating alveolar macrophages pyroptosis in
mice. Ecotoxicol Environ Saf. (2023) 249:114359. doi: 10.1016/j.ecoenv.2022.114359

46. Zeng L, He Q, Deng Y, Li Y, Chen J, Yang K, et al. Efficacy and safety of
iguratimod in the treatment of rheumatic and autoimmune diseases: a meta-analysis
and systematic review of 84 randomized controlled trials. Front Pharmacol. (2023)
14:1189142. doi: 10.3389/fphar.2023.1189142

frontiersin.org


https://doi.org/10.3390/life11050457
https://doi.org/10.3389/fphar.2020.00073
https://doi.org/10.3389/fcell.2021.746317
https://doi.org/10.1016/j.intimp.2021.107596
https://doi.org/10.3389/fimmu.2023.1150661
https://doi.org/10.3389/fimmu.2023.1150661
https://doi.org/10.1016/j.intimp.2020.107219
https://doi.org/10.3389/fimmu.2023.993860
https://doi.org/10.3389/fphar.2021.621208
https://doi.org/10.1186/s13075-023-03135-2
https://doi.org/10.1007/s10067-019-04880-z
https://doi.org/10.1016/j.advms.2020.05.006
https://doi.org/10.1164/arrd.1979.120.4.893
https://doi.org/10.1016/j.biopha.2022.113460
https://doi.org/10.1002/jcp.v236.9
https://doi.org/10.1002/jcp.v236.9
https://doi.org/10.1183/13993003.00864-2021
https://doi.org/10.1039/D0FO03001E
https://doi.org/10.1186/s12931-020-1296-3
https://doi.org/10.26355/eurrev_202107_26379
https://doi.org/10.1111/eci.13791
https://doi.org/10.1080/0886022X.2022.2058962
https://doi.org/10.1016/j.intimp.2021.107936
https://doi.org/10.1038/s41586-019-1897-5
https://doi.org/10.1186/s12951-024-02721-z
https://doi.org/10.1186/s12951-024-02721-z
https://doi.org/10.3390/molecules28052379
https://doi.org/10.3390/ijms22136995
https://doi.org/10.3389/fphar.2022.865363
https://doi.org/10.3390/ijms23136894
https://doi.org/10.1016/j.ejmech.2021.113714
https://doi.org/10.1016/j.phrs.2019.104591
https://doi.org/10.1111/apl.2019.22.issue-4
https://doi.org/10.1042/BSR20160107
https://doi.org/10.1016/j.ejmech.2022.114291
https://doi.org/10.1007/s00109-021-02113-y
https://doi.org/10.1172/jci.insight.98850
https://doi.org/10.1016/j.phrs.2022.106473
https://doi.org/10.1016/j.intimp.2017.02.003
https://doi.org/10.1016/j.ecoenv.2022.114359
https://doi.org/10.3389/fphar.2023.1189142
https://doi.org/10.3389/fimmu.2025.1558903
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Iguratimod improves bleomycin-induced pulmonary inflammation and fibrosis by regulating macrophage polarization through inhibiting the TLR4/NF-κB pathway
	1 Introduction
	2 Materials and methods
	2.1 Reagents and antibodies
	2.2 Animals and treatments
	2.3 Histopathology
	2.4 Immunohistochemistry and immunofluorescence
	2.5 Detection of hydroxyproline content
	2.6 Proteins expression levels determination using Western blot
	2.7 Cytokine determination using Enzyme-linked immunosorbent assay
	2.8 Cell culture and treatments
	2.9 RNA expression levels determination using quantitative real-time polymerase chain reaction analysis
	2.10 Cell proliferation and IGU toxicity assessment using Cell counting Kit&minus;8 assay
	2.11 Detection of cellular protein markers using flow cytometry
	2.12 Detection of Matrix metalloproteinases levels using gelatin zymography assay
	2.13 Cell transfection
	2.14 Data collection and processing for bioinformatics
	2.15 KEGG and GO enrichment analysis
	2.16 Assessment of the immune microenvironment
	2.17 Statistical analysis

	3 Results
	3.1 IGU ameliorates BLM-induced pulmonary inflammation and fibrosis in vivo
	3.2 IGU inhibits BLM-induced EMT in vivo
	3.3 IGU inhibits macrophage polarization in BLM-induced PF
	3.4 IGU alleviates type II alveolar epithelial cell inflammation caused by M1 macrophages
	3.5 IGU inhibits M1 macrophage polarization through the TLR4/NF-κB signaling pathway

	4 Discussion
	Ethics approval and consent to participate
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


