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Abstract
Idiopathic pulmonary fibrosis (IPF) poses significant challenges due to limited treatment options despite its complex patho-
genesis involving cellular and molecular mechanisms. This study investigated the role of transient receptor potential ankyrin 
1 (TRPA1) channels in regulating M2 macrophage polarization in IPF progression, potentially offering novel therapeutic 
targets. Using a bleomycin-induced pulmonary fibrosis model in C57BL/6J mice, we assessed the therapeutic potential of the 
TRPA1 inhibitor HC-030031. TRPA1 upregulation was observed in fibrotic lungs, correlating with worsened lung function 
and reduced survival. TRPA1 inhibition mitigated fibrosis severity, evidenced by decreased collagen deposition and restored 
lung tissue stiffness. Furthermore, TRPA1 blockade reversed aberrant M2 macrophage polarization induced by bleomycin, 
associated with reduced Smad2 phosphorylation in the TGF-β1-Smad2 pathway. In vitro studies with THP-1 cells treated 
with bleomycin and HC-030031 corroborated these findings, highlighting TRPA1's involvement in fibrotic modulation and 
macrophage polarization control. Overall, targeting TRPA1 channels presents promising therapeutic potential in managing 
pulmonary fibrosis by reducing pro-fibrotic marker expression, inhibiting M2 macrophage polarization, and diminishing 
collagen deposition. This study sheds light on a novel avenue for therapeutic intervention in IPF, addressing a critical need 
in the management of this challenging disease.
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Abbreviations
TRPA1  Transient receptor potential ankyrin 1
IPF  Idiopathic pulmonary fibrosis
TGF  Transforming growth factor
Smad2  Suppressor of mothers against decapentaple-

gic 2
CT  Computed tomography
TRP  Transient receptor potential
HE  Hematoxylin and Eosin
AFM  Atomic force microscopy
IL  Interleukin
ELISA  Enzyme-linked immunosorbent assay
CD  Cluster of differentiation
BV  Brilliant Violet™
FITC  Fluorescein isothiocyanate
PCR  Polymerase chain reaction
RT-qPCR  Real-time quantitative PCR
SDS  Sodium dodecyl-sulfate
RT  Room temperature
BSA  Bovine serum albumin
SMA  Smooth muscle actin
Ig  Immunoglobulin
H + L  Heavy chain + light chain
EEP  End-expiratory pause
EIP  End-inspiratory pause

TE  Expiration time
PENH  Enhanced pauses
MV  Minute volume
pO2  Partial pressure of oxygen
pCO2  Partial pressure of carbon dioxide
sO2  Oxygen saturation
ctO2  Total oxygen content
FO2Hb  Oxyhemoglobin
FHHb  Deoxyhemoglobin
EMT  Epithelial-mesenchymal transition
CaMK  Ca2+/calmodulin-dependent protein kinase
PMA  Phorbol 12-myristate 13-acetate

Introduction

Idiopathic pulmonary fibrosis (IPF) is a challenging and 
enigmatic disorder characterized by progressive fibrosis 
of the lung parenchyma that ultimately leads to respiratory 
failure [1]. Despite ongoing research, the exact cause of IPF 
remains unknown, which poses a significant global health 
threat. The development of IPF is the result of a multifaceted 
interplay that includes genetic predisposition, environmen-
tal factors, and aberrant wound-healing responses. Common 
symptoms include shortness of breath, chronic cough, and 
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fatigue. The prevalence of IPF has been steadily increas-
ing worldwide, requiring global efforts to comprehensively 
understand and treat this incapacitating ailment [2, 3]. There 
are two approved drugs, nintedanib and pirfenidone, which 
offer potential for managing of this challenging condition 
[4, 5]. Unfortunately, a cure for IPF is not yet known, cur-
rent treatments mainly focus on symptom management and 
slowing disease progression [6]. Thus, our research aimed 
to investigate the underlying mechanisms of this disorder.

Macrophages play a significant role in the regulation 
of pulmonary fibrosis by differentiating into distinct func-
tional phenotypes. M1-polarized macrophages, known for 
their pro-inflammatory activity, contribute to the initial 
stages of fibrosis by releasing inflammatory cytokines [7]. 
The M2 phenotype of macrophages, primarily involved in 
tissue remodeling and repair, play a crucial role in IPF [8, 
9]. These M2 macrophages facilitate collagen deposition 
by secreting anti-inflammatory cytokines and growth fac-
tors, contributing significantly to the fibrotic process. The 
transforming growth factor (TGF)-β1-mediated suppressor 
of mothers against decapentaplegic 2 (Smad2) signaling 
pathway, which has been shown to modulate macrophage 
polarization, is critical in this process [10, 11]. This pathway 
is recognized for its pro-fibrotic activities such as regulat-
ing myofibroblast differentiation and extracellular matrix 
production.

Transient receptor potential (TRP) channels are integral 
membrane proteins that act as ion channels and play a cru-
cial role in various physiological processes [12–14]. One 
particular TRP channel, known as transient receptor poten-
tial ankyrin 1 (TRPA1), can be activated by various physical 
or chemical stimuli[15, 16]. Activation of TRPA1 leads to 
the influx of calcium ions and subsequently triggers signal-
ing pathways that can potentially modify the function and 
phenotype of macrophages [17]. In a study on scleroderma 
dermal fibrosis, markers of M2-type macrophage activa-
tion, which are crucial for tissue fibrosis, were reduced in 
TRPA1-deficient mice treated with bleomycin [18]. A study 
on cardiac hypertrophy and fibrosis discovered that TRPA1 
inhibition protected against cardiac hypertrophy and sup-
pressed cardiac dysfunction through  Ca2+-dependent sign-
aling pathways and inhibition of M2 macrophage transition 
[19]. Additionally, TRPA1 was found to be involved in TGF-
β1 signaling, and the absence of TRPA1 in cultured ocular 
fibroblasts decreased the expression of TGF-β1 and related 
pro-inflammatory and pro-fibrotic markers [20].

In summary, the regulation of TRPA1 channels by TGF-
β1 suggests that TRPA1 may play a key role in macrophage 
polarization, which can affect the balance between the M1 
and M2 phenotypes and influence the progression of pul-
monary fibrosis. Understanding the intricate mechanisms 
underlying macrophage polarization and the role of TRPA1 
channels are important for developing novel therapeutic 

strategies for IPF. This study demonstrated that inhibiting 
TRPA1 channels can decrease pulmonary fibrosis in mice. 
TRPA1 has an impact on M2-type macrophage polarization 
and the activation of the TGF-β1-Smad2 pathway, which is 
crucial for fibrosis development. Therefore, TRPA1 inhi-
bition may provide a novel therapeutic strategy for IPF 
by influencing macrophage dynamics and fibrosis-related 
pathways.

Materials and methods

Reagents

Bleomycin (Cat# HY-17565, ≥ 98.53% purity) and TRPA1 
antagonist HC-030031 (Cat# HY-15064,  ≥ 95.91% purity) 
were purchased from MedChemExpress (Monmouth Junc-
tion, NJ, USA).

Animals

Experiments involving animals were conducted in accord-
ance with national legislation and approved by the Institu-
tional Animal Care and Use Committee (IACUC number: 
IACUC-DWZX- 2023-579, Laboratory Animal Center of 
the Academy of Military Medical Science, Beijing, China).

Male C57BL/6J mice, aged 8–10 weeks and weighing 
20.5–23.5 g, were acquired from SPF Biotechnoloy Co., 
Ltd., Beijing, China. The animals were maintained in a con-
trolled environment with regulated temperature and humid-
ity. The mice were housed in a room set at 23 ± 2 ℃ with a 
12-h light/dark cycle and had ad libitum access to food and 
water.

Cell culture

THP-1 cells were obtained from the Peking Union Medical 
College Hospital Cell Bank and cultured in Roswell Park 
Memorial Institute 1640 medium supplemented with 10% 
heat-inactivated fetal bovine serum (Gibco, Carlsbad, CA, 
United States) at 37 °C in a 5%  CO2 atmosphere. For experi-
ments involving whole protein or mRNA extraction and sub-
sequent fluorescence analysis, cells were seeded in 6-well or 
24-well glass plates (Cellvis, Mountain View, CA, USA). 
The THP-1 cells were divided into four groups: Control 
group, cultured in standard complete medium; HC-030031 
control group, cultured with medium containing 10 μM 
HC-030031; Bleomycin group, cultured with medium con-
taining 10 μg/mL bleomycin; and Bleomycin + HC-030031 
group, cultured with medium containing both 10 μg/mL 
bleomycin and 10 μM HC-030031 (n = 3 for each group).
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IPF mouse model and treatment

The animals were divided into saline control group, 
HC-030031 control group, bleomycin-treated group and 
bleomycin +HC-030031 treated- group. We allocated a 
portion of the animals in each group for behavioral assess-
ments and histopathological examinations, while others 
were designated for the collection of samples for molecu-
lar analysis.

Bleomycin-treated mice received aerosolized bleomycin 
(3 mg/kg) on the first day, and the bleomycin + HC-030031 
group received an intraperitoneal injection of HC-030031 
(10 mg/kg) one hour earlier and were intraperitoneally 
injected once a week during the modeling period [21, 22]. 
Throughout the experiment, the mouse body weights were 
recorded daily, and their survival was monitored. Lung 
function was assessed every seven days using Whole-
Body Plethysmography (EMKA Technologies, Paris, 
France). On the 21st day, lung computed tomography 
(CT) scans were performed using a Quantum  GX2 small-
animal in vivo imaging system (PerkinElmer, Waltham, 
MA, USA), and arterial blood gas indices were measured 
using an ABL800 FLEX blood gas analyzer (Radiometer, 
København, Denmark). At the endpoint, the mice were 
euthanized, and their lung tissues were collected for histo-
logical examination, collagen quantification, and molecu-
lar analyses (n = 6 per group).

Hematoxylin and eosin (HE) staining of lung tissue 
sections

The lung tissue sections were subjected to HE staining to 
reveal the histological details. The tissues were fixed in 4% 
neutral polymerization formaldehyde for 48 h, embedded in 
paraffin, and 4-μm sections were made using a microtome. 
Deparaffinization was achieved using xylene, followed by 
rehydration in descending ethanol concentrations and rinsing 
with distilled water. Hematoxylin staining was performed 
for 3 min using acid alcohol differentiation and eosin coun-
terstaining. Dehydration in ascending ethanol concentra-
tions and clearing in xylene were performed to complete 
the staining process. Microscopic examination of HE-stained 
sections involved evaluating cellular architecture, identify-
ing inflammatory infiltrates, and assessing overall tissue 
integrity. Digital images capturing representative fields were 
acquired using a Nikon Eclipse Ci (Tokyo, Japan), and a 
3DHistech Case Viewer (Budapest, Hungary) was used for 
panoramic tissue scanning. The methodology adhered to 
standardized protocols to ensure consistency. This system-
atic approach provided comprehensive insights into pulmo-
nary histopathology through HE staining, forming the basis 
for subsequent analyses (n = 6 per group).

Masson's trichrome staining of lung tissue sections

Lung tissue sections were subjected to Masson's trichrome 
staining to assess the collagen distribution and fibrotic 
changes. The staining protocol involved immersion in 
Weigert's iron hematoxylin and differentiation in Biebrich 
scarlet acid fuchsin. Aniline blue staining was performed, 
and the sections were differentiated in a phosphomolyb-
dic–phosphotungstic acid solution. Subsequently, the sec-
tions were immersed in an aniline blue solution, followed by 
acetic acid treatment. The staining process was completed 
by dehydration in ethanol, clearing in xylene, and mounting. 
Microscopic examination focused on collagen fibers, high-
lighting connective tissue and fibrotic areas. Digital images 
of representative fields were captured using a Nikon Eclipse 
Ci, and 3DHistech Case Viewer was used for panoramic tis-
sue scanning. Blue collagen in Masson staining was quanti-
fied using the HALO Digital pathology image Analysis tool 
(lndica Labs, USA, n = 6 per group).

Sirius red staining of lung tissue sections

This study used Sirius Red staining and polarized light 
microscopy to observe and analyze lung tissue samples. 
The staining process involved immersing the samples in 
Sirius Red for a specified duration, followed by differentia-
tion in acidified water. Counterstaining was performed with 
hematoxylin and the sections were dehydrated and cleared 
in xylene. Microscopic examination focused on the collagen 
fibers enhanced by Sirius Red staining. Digital images of 
representative fields were acquired using a Nikon Eclipse 
Ci microscope, and panoramic tissue scans were performed 
using a 3DHistech Case Viewer. Red collagen in Sirius Red 
staining was quantified using the HALO Digital pathology 
image Analysis tool (lndica Labs, USA). The stained sec-
tions were observed under a polarized light microscope. This 
method enabled specific visualization of collagen fibers, 
which appeared bright red and were distinctly highlighted 
against a pale-yellow background. The birefringence of col-
lagen facilitated the use of polarized light to analyze the 
architecture and collagen distribution (n = 6 per group).

Atomic force microscope detection

We utilized atomic force microscopy (AFM) to explore the 
nanoscale morphology and mechanical attributes of biologi-
cal specimens. Tissues were thinly sectioned and affixed to 
mica substrates with biocompatible glue, followed by air 
drying prior to analysis. AFM scanning was executed in tap-
ping mode using a silicon nitride probe (spring constant: 
0.01 N/m) to preserve sample integrity, with parameters 
optimized for high-resolution imaging and minimal tip-sam-
ple interaction. Analysis of AFM outputs provided insights 



Role of transient receptor potential ankyrin 1 in idiopathic pulmonary fibrosis: modulation… Page 5 of 21   187 

into surface roughness, particle dimensions, and other struc-
tural characteristics. Mechanical properties, including stiff-
ness and elasticity, were evaluated through force-distance 
curve analysis, with the effective Young's modulus gauging 
cellular rigidity linked to cytoskeletal and membrane firm-
ness. Force spectrum analysis was performed at 10 points 
in three randomly selected tissue sections to compare the 
elastic modulus of lung tissue in each group.

Enzyme‑linked immunosorbent assay (ELISA)

ELISA kits (Meimian, Jiangsu Meimian Industrial Co., Ltd., 
Jiangsu, China) were used to detect serum interleukin (IL)-
4, IL-10, and IL-13 protein levels in mice (n = 6 per group). 
Standard and serum samples were added to pre-coated sam-
ples with traces of specific antibodies. After incubation and 
washing to remove the unbound material, biotinylated anti-
bodies against the target proteins were added. After incuba-
tion and washing, the streptavidin–horseradish peroxidase 
conjugate was added. The reaction used the 3,3′,5,5′-tetra-
methylbenzidine substrate and was stopped with sulfu-
ric acid. The absorbance was measured at 450 nm using 
a microplate reader (RT-6100, Rayto Life and Analytical 
Sciences Co., Ltd., Shenzhen, China). Data were analyzed 
using a standard curve for quantitative protein concentration.

Flow cytometry analysis

Lung tissues were harvested, minced, and enzymati-
cally digested in collagenase solution (BS165, Biosharp, 
Hefei city, China) at 37 °C for 30 min. The tissues were 
processed through a 70-μm cell strainer post-digestion to 
achieve a single-cell suspension. The resulting cells were 
washed and resuspended in phosphate-buffered saline. 
Alveolar macrophages were differentiated using Brilliant 
Violet™ (BV)421 anti-mouse F4/80 (565411; BioLegend, 
San Diego, CA, USA), BV605 anti-mouse cluster of dif-
ferentiation (CD)11b; 101257; BioLegend), and fluorescein 
isothiocyanate (FITC) anti-mouse major histocompatibility 
complex II (107605; BioLegend). M1 and M2 macrophages 
were differentiated using allophycocyanin anti-mouse CD86 
(105012, BioLegend) and phycoerythrin anti-mouse CD206 
(141706, BioLegend) antibodies, respectively. Cells were 

incubated with fluorescently conjugated antibodies target-
ing specific cell surface markers for 30 min at 4 °C in dark-
ness for immunofluorescent staining. After staining, the 
cells were washed, fixed, and subjected to flow cytometric 
analysis using a BD LSRFortessa™ flow cytometer (Becton, 
Dickinson and Company, Franklin, NJ, USA) (n = 3–5 mice 
per group).

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR)

Total RNA was extracted from the lung tissue or cells using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Using 
PrimeScript ™ RT Reagent Kit with genomic DNA Eraser 
reverse transcription (Takara, Osaka, Japan) in accord-
ance with the specification. TB Green®Premix Ex Taq™II 
(Takara, Osaka, Japan) and Bio-Rad CFX96 real-time poly-
merase chain reaction (PCR) assay System (BioRad Labo-
ratories Ltd., Hercules, CA, USA) were used for real-time 
quantitative PCR analysis. Amplification was performed as 
follows: 40 cycles of 95 °C for 30 s, 95 °C for 15 s, 60 °C 
for 30 s, and 72 °C for 30 s. Primer sequences for the target 
genes are listed in Table 1.

Western blot

To extract proteins, mouse lung tissues or cultured cells 
were homogenized using lysis buffer (KeyGEN, Nanjing, 
China) containing protease and phosphatase inhibitors. The 
mixture was then lysed on ice for 30 min, and centrifuged 
at 12,000 rpm for 10 min at 4 °C. The supernatant was col-
lected and quantified using a Bicinchoninic Acid Protein 
Quantification kit (KeyGEN, Nanjing, China), mixed with 
5 × sodium dodecyl-sulfate (SDS) loading buffer, and heated 
at 100 °C for 15 min. Whole proteins were extracted and 
separated using 10% SDS-polyacrylamide gel electropho-
resis, and then transferred to a 0.22-μm polyvinylidene 
fluoride membrane. After blocking with 5% bovine serum 
albumin (BSA) for 2 h at room temperature (RT), the mem-
branes were incubated with primary antibodies overnight at 
4 °C, washed with Tris-buffered saline with 0.1% Tween® 
20 Detergent, and incubated with appropriate horseradish 
peroxidase-coupled secondary antibodies (TianGen Biotech, 

Table 1  Oligo nucleotide 
sequences of the primers used 
for quantitative (qPCR)

TRPA1 transient receptor potential ankyrin 1, CD cluster of differentiation, GAPDH glyceraldehyde 
3-phosphate dehydrogenase

Gene Forward (5' to 3') Reverse (5' to 3')

TRPA1 AGT ATA TTT GGG TAT TGC AAA GAA GC ATG CCC GTC GTG TAG ATA ATCC 
CD206 TCC GGG TGC TGT TCT CCT A CCA GTC TGT TTT TGA TGG CACT 
CD163 TTT GTC AAC TTG AGT CCC TTCAC TCC CGC TAC ACT TGT TTT CAC 
GAPDH AAC GGA TTT GGT CGT ATT G GCT CCT GGA AGA TGG TGA T



 Y. Yang et al.  187  Page 6 of 21



Role of transient receptor potential ankyrin 1 in idiopathic pulmonary fibrosis: modulation… Page 7 of 21   187 

Beijing, China) for 2 h at RT. The primary antibodies used 
in this study were anti-β-actin (1:1000, ab8226, Abcam, 
Cambridge, UK), anti-α-smooth muscle actin (SMA) 
(1:1000, ab7817, Abcam), anti-vimentin (1:1000, ab92547, 
Abcam), anti-E-cadherin (1:1000, ab40772, Abcam), anti-
collagen I(1:1000, ab34710, Abcam), anti-Smad2 (1:1000, 
ab33875, Abcam), anti-phospho-Smad2 (1:1000, ab216482, 
Abcam), anti-TGF-β1 (1:1000, ab215715, Abcam), anti-
TRPA1 (1:1000, PA1-46159, Thermo Fisher Scientific Inc., 
Waltham, MA, USA), anti-IL-4 (1:1000, AF5142, Affinity 
Biosciences, Cincinnati, OH, USA), anti-IL-13 (1:1000, 
DF6813, Affinity Biosciences), and anti-CD206 (1:1000, 
DF4149, Affinity Biosciences). Protein bands were visu-
alized using a Bio-Rad GelDoc  XR+ chemiluminescence 
system, and optical density analysis was performed using 
Image Lab software (Bio-Rad).

Immunohistochemical staining

The tissue sections were deparaffinized in a gradient, dehy-
drated in ethanol, and microwaxed in citrate buffer (Beijing 
Zhongshan Jinqiao Biological Technology Co., Ltd., Bei-
jing, China) for 30 min for antigen repair. The sections were 
then cooled to RT and incubated in 3% hydrogen peroxide 
to quench the endogenous peroxidase activity. Nonspecific 
binding was blocked with 5% BSA for 1 h. Primary anti-
bodies were applied overnight at 4 °C using: anti-α-SMA 
(1:200), anti-vimentin (1:200), anti-E-cadherin (1:200), 
anti-CD206 (1:300), anti-IL-10 (1:200), anti-IL-4 (1:200), 
and anti-IL-13 (1:200). After washing, biotinylated sec-
ondary antibodies were added for 1 h at RT. Visualization 
was achieved using 3,3′-diamino-benzidine substrate, and 
sections were counterstained with hematoxylin. Digital 
images with representative fields were obtained for tissue 
sections using a Nikon Eclipse Ci, and the cells were pho-
tographed using an Image Xpress Micro Confocal system 
(United States). The immune signal intensity was quanti-
fied semi-automatic using Image-Pro Plus software, and ran-
dom six images were counted for each mouse, as described 
previously.

Immunofluorescence staining

After dewaxing and dehydration, the mouse lung tissue 
sections were permeabilized with 0.3% Triton X-100 and 
blocked with 5% BSA for 1 h at RT. Sections were incu-
bated overnight with specific primary antibodies: anti-E-
cadherin (1:200), anti-TRPA1 (1:200), anti-fibronectin 
(1:200, ab2413, Abcam), anti-CD206 (1:200), and anti-
CD86 (1:200). The slides were then treated with appropri-
ate secondary antibodies: Alex Fluor™647 goat anti-mouse 
immunoglobulin (Ig)G heavy chain + light chain (H + L) 
(1:1000, ab150115, Abcam); Alex Fluor™488 goat anti-
rabbit IgG (H + L) (1:1000, ab150077, Abcam); and Alex 
Fluor™594 goat anti-rat IgG (H + L) (1:1000, ab150167, 
Abcam) for 1 h. After incubation with 5 μg 4′,6-diamidino-
2-phenylindole, tissue sections were washed, mounted, and 
dried before imaging. The cells were fixed with 4% para-
formaldehyde for immunofluorescence detection using the 
procedure described above. Digital images with representa-
tive fields were obtained for tissue sections using a Nikon 
Eclipse Ci, and the cells were photographed using an Image 
Xpress Micro Confocal system. The immune signal inten-
sity was quantified semi-automatically using Image-Pro 
Plus software, and six random images were counted for each 
mouse, as described previously.

Statistical analysis

Results are expressed as means ± standard deviation (SD). 
The Student's t-test was used for statistical analysis. One-
way analysis of variance and Tukey's post hoc test were used 
for comparisons among multiple groups, and P < 0.05 was 
considered as statistically significant.

Results

Inhibition of TRPA1 attenuated bleomycin‑induced 
lung dysfunction in mice.

To elucidate TRPA1’s involvement in IPF, we analyzed its 
expression in lung tissues from mice subjected to bleomycin-
induced fibrosis. Western blot analysis revealed a significant 
upregulation of TRPA1 protein levels in bleomycin-exposed 
mice compared with that in controls (Figure S1A). Consist-
ently, RT-qPCR demonstrated a marked increase in TRPA1 
mRNA levels in the lungs of bleomycin-treated mice (Fig-
ure S1B). These results indicate a potential contributory 
role of TRPA1 in the pathogenesis of bleomycin-induced 
pulmonary fibrosis.

We used aerosolized bleomycin to ensure uniform lung 
distribution and accurate dosing to establish a pulmonary 
fibrosis model (Fig. 1A). To further elucidate the role of 

Fig. 1  Inhibition of TRPA1 alleviates bleomycin-induced lung 
injury in mice. A Schematic diagram of the establishment of a 
mouse pulmonary fibrosis model induced by bleomycin. B Liv-
ing status of bleomycin-treated mice. C Survival curves of mice. D 
Weight change curve of mice. E Lung function test of mice. F End-
expiratory pressure (EEP), End-inspiratory pressure (EIP), Expira-
tion Time (TE), Enhanced Pause (PENH), Minute volume (MV), and 
index time change chart. G The changed blood gas values of mice. 
H Morphological and anatomical images of mouse lung tissue. Sta-
tistical significance was denoted as *P (Bleomycin group vs. Control 
group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) and #P 
(Bleomycin + HC-030031 group vs. Bleomycin group, #P < 0.05, 
##P < 0.01, ###P < 0.001, ####P < 0.0001)

◂
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TRPA1 in bleomycin-induced pulmonary fibrosis, the 
TRPA1-specific inhibitor, HC-030031, was employed in 
an intervention experiment. Mice treated with bleomycin 
showed reduced activity, clustering behavior, and audi-
ble breathing, indicating potential respiratory distress or 
obstruction (Fig.  1B). Additionally, the mice exhibited 
considerable weight loss, reduced appetite (Fig. 1C), and 
decreased survival rates (Fig. 1D). However, these behav-
ioral changes, weight loss, and mortality were attenuated 
by the administration of HC-030031 in mice treated with 
bleomycin. Lung function was evaluated every seven days. 
Notable alterations in end-expiratory pause (EEP) and end-
inspiratory pause (EIP) were observed, suggesting changes 
in lung compliance and resistance. Both EEP and EIP were 
significantly elevated in bleomycin-treated mice compared 
with those in the control group. However, TRPA1 inhibi-
tion significantly attenuated the increases in EEP and EIP. 
Changes in expiration time (TE) indicate variations in respir-
atory mechanics, whereas enhanced pauses (PENH), an indi-
cator of airway resistance and airflow limitation, reflect res-
piratory distress. The experiment showed that TE and PENH 
were significantly higher in the bleomycin-treated mice than 
that in the control group, but these increases were reduced 
after TRPA1 inhibition. Minute volume (MV) changes indi-
cate alterations in the overall lung ventilation capacity. MV 
in the bleomycin group was significantly lower than that 
in the control group, but this reduction was alleviated by 
TRPA1 inhibition (Fig. 1E). These trends, which were moni-
tored every seven days, highlighted impairments in respira-
tory mechanics and gas exchange following fibrosis. Lung 
function was severely impaired in bleomycin-treated mice 
but was ameliorated by treatment with HC-030031 (Fig. 1F). 
Significant changes were also observed in the blood gas indi-
ces. Compared with those of the control mice, bleomycin-
treated mice exhibited a significant decrease in the partial 
pressure of oxygen  (pO2), increased partial pressure of 
carbon dioxide  (pCO2), reduced oxygen saturation  (sO2), 
and a marked decrease in total oxygen content  (ctO2), sug-
gesting impaired blood oxygen-carrying capacity. However, 
mice treated with HC-030031 showed significant improve-
ments in  pO2,  pCO2,  sO2, and  ctO2 after exposure to bleo-
mycin. Meanwhile, oxyhemoglobin  (FO2Hb) decreased and 

deoxyhemoglobin (FHHb) increased in bleomycin-treated 
mice, indicating compromised oxygen transport and utili-
zation. However, these trends were reversed by HC-030031 
(Fig. 1G). Anatomical examination revealed significant 
morphological alterations in the lung tissues of bleomycin-
treated mice. The previously smooth surfaces of the lungs 
became red and swollen following bleomycin-induced fibro-
sis, indicating an inflammatory response and tissue remod-
eling that characterizes the fibrotic process (Fig. 1H). In 
brief, this study indicated that mice subjected to bleomycin 
exposure exhibited increased severity of lung injury and 
fibrotic lesions, which could be substantially ameliorated 
by the TRPA1-specific inhibitor, HC-030031.

TRPA1 inhibition mitigated bleomycin‑induced 
pathological lung injury in mice

CT imaging showed that the apex of the lung was blurred 
in the bleomycin group, and there were reticular lesions in 
the lung, while no obvious lesions were found in the con-
trol group. Simultaneously, the lesions in the apex of the 
lung were alleviated after inhibition of TRPA1 (Fig. 2A). 
HE staining revealed that normal mice displayed thin-
walled, well-defined alveoli optimal for gas exchange, 
whereas bleomycin-treated mice exhibited thickened 
alveolar walls, disrupted lung structure. Increased stro-
mal cells, and infiltration of fibroblasts and inflammatory 
cells were observed at the red arrows. Notably, the TRPA1 
inhibitor HC-030031 mitigated the structural lung damage 
and fibrotic tissue replacement (Fig. 2B). Masson stain-
ing indicated extensive blue-stained collagen deposits in 
the bleomycin-treated mice, which surrounded and oblit-
erated the thin alveolar walls. However, as indicated by 
the arrow, the TRPA1 inhibitor HC-030031 significantly 
reduced the area of collagen deposition, and normal pink 
myofibers and cytoplasm were restored in most areas of 
the lung tissue, with only a small amount of blue fiber 
deposition visible around the airways (Figs. 2C, S2). Sir-
ius Red staining showed dark red-stained collagen fiber 
areas in the bleomycin-treated mice, contrasting sharply 
with the surrounding tissue and disrupted the normal lung 
structure. Visible at the arrow mark, the TRPA1 inhibitor 
HC-030031 attenuated alveolar and bronchiolar damage 
and obstruction caused by collagen deposition (Figs. 2D, 
S3). Using polarized light microscopy on the Sirius Red-
stained sections of the apical region, alveolar region, tra-
chea region, and collagen deposition region, we found that 
the bleomycin-treated mice infected through their trachea, 
exhibited strong yellow refraction in the collagen deposi-
tion region. This indicates a high concentration of type I 
collagen, which may provide valuable insights for subse-
quent molecular tests (Fig. 2E).

Fig. 2  TRPA1 inhibition mitigates bleomycin-induced pulmonary 
fibrosis in mice. A CT images of mouse lung tissue. B HE staining: 
Nuclei are stained dark blue or purple with hematoxylin, whereas 
eosin imparts various shades of pink and red to the cytoplasm and 
extracellular matrix. C Masson staining: collagen deposition, a 
hallmark of fibrosis, is indicated by blue staining. D, E Sirius Red 
staining: collagen fibers, the primary constituents of fibrotic tissue, 
are vividly stained in bright red, contrasting distinctly with the sur-
rounding tissue. Figure B, C, and D each include a left column with 
2 × magnification for a panoramic view of the lung tissue, and a right 
column depicting a 40 × magnification for detailed area imaging
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Inhibition of TRPA1 significantly alleviated 
the enhanced Young’s modulus in lung tissue 
following fibrosis

The inhibition of TRPA1 significantly mitigated the increase 
in lung tissue Young’s modulus, a hallmark of fibrotic stiff-
ening. Changes in alveolar tissue shape after fibrosis were 
observed in images captured and analyzed using AFM, and 
HC-030031 mitigated this effect (Fig. 3A, B). Following 
treatment with a TRPA1 inhibitor, AFM revealed a marked 
reduction in the elastic modulus of lung tissues from mice 
subjected to bleomycin-induced fibrosis, compared with that 
of untreated controls (Fig. 3C). This reduction in stiffness 
indicates a lessened fibrotic burden, suggesting that TRPA1 
plays a crucial role in the fibrogenic process that leads to the 
hardening of lung tissue. Therefore, TRPA1 inhibition can 
effectively alleviate the mechanical alterations associated 
with pulmonary fibrosis.

TRPA1 inhibition attenuated pro‑fibrotic 
marker expression and collagen deposition 
in bleomycin‑induced pulmonary fibrosis in mice

Western blot analysis was conducted to assess the expres-
sion of the fibrosis-associated proteins. The results showed 
that α-SMA and collagen I, markers of myofibroblast activa-
tion and collagen deposition, respectively, were significantly 
elevated in the pulmonary tissue of bleomycin-treated mice 
compared with those in the control group. In contrast, mice 
treated with HC-030031, a TRPA1 inhibitor, exhibited a 
significant decrease in the levels of α-SMA and collagen 
I compared with those in bleomycin-treated mice. Further-
more, bleomycin-treated mice showed decreased expres-
sion of E-cadherin, an indicator of epithelial integrity, 
suggesting epithelial-mesenchymal transition (EMT) had 
occurred. However, TRPA1 inhibition resulted in increased 
E-cadherin expression. Vimentin, a mesenchymal marker, 
was also upregulated in bleomycin-treated mice, support-
ing the occurrence of EMT; however, its expression was 
decreased after HC-030031 treatment. Concurrently, TRPA1 
expression was significantly increased in bleomycin-treated 
mice compared with that in untreated mice, indicating its 

potential involvement in fibrosis pathogenesis (Fig. 4A). 
Immunofluorescence analysis also confirmed a significant 
increase in TRPA1 (FITC, green) and fibronectin (Cy5, red) 
expression, as well as decreased E-cadherin (Cy3, yellow) 
expression in the pulmonary tissue of bleomycin-treated 
mice, indicating enhanced extracellular matrix deposition 
and decreased epithelial integrity, however, this profibrotic 
process was alleviated when TRPA1 was inhibited (Fig. 4B). 
Immunohistochemical staining also revealed significant 
alterations in α-SMA, vimentin, and E-cadherin. The locali-
zation and quantity of α-SMA and vimentin were increased 
in the fibrotic regions of bleomycin-treated mice compared 
with those in the control group. However, HC-030031 treat-
ment significantly decreased the expression of α-SMA and 
vimentin compared with that in bleomycin-treated mice. 
Meanwhile, E-cadherin was also significantly reduced in 
bleomycin-treated mice due to EMT, and its expression was 
restored upon TRPA1 inhibition (Fig. 4C, D and E). These 
findings suggest that TRPA1 is involved in lung tissue fibro-
sis and cellular dynamics.

Inhibition of TRPA1 reduced M2 macrophages 
polarization

The macrophage polarization in mouse lung tissue was ana-
lyzed using flow cytometry. Macrophages were labeled as 
F4/80+ and  CD11b+. In M2 polarization,  CD206+ expres-
sion increases, whereas  CD86+ expression increases in M1 
polarization. The results showed that the number of  CD206+ 
cells in the lung tissue of bleomycin-treated mice increased 
significantly compared with that in the control group, indi-
cating a shift towards M2 polarization. However, mice 
treated with HC-030031 showed a decrease in  CD206+ 
cells. Simultaneously, there was no significant difference 
in the  CD86+ cells, a marker for M1 polarization, among 
the groups (Fig. 5A). Additionally, cytokine levels in mouse 
serum were evaluated using ELISA. Bleomycin-treated mice 
showed significant increases in serum IL-4, IL-10, and 
IL-13 levels, indicating an enhanced systemic inflammatory 
response and immune regulation associated with fibrosis. 
Simultaneously, the expression of calmodulin-dependent 
protein kinase (CaMK)II, a calmodulin-dependent kinase 
representing calcium ions, increased significantly. However, 
HC-030031 decreased IL-4, IL-10, IL-13, and CaMKII 
serum levels compared with those in bleomycin-treated mice 
(Fig. 5B). These findings suggest that TRPA1 inhibition may 
disrupt macrophage polarization towards the M2 phenotype, 
given the key roles of these cytokines in immune modula-
tion and M2 macrophage polarization. Immunofluorescence 
staining revealed changes in CD206 and CD86 expression 
in lung tissue. CD206 (FITC, green) expression increased, 
particularly in fibrotic areas, but was attenuated by treatment 
with the TRPA1 inhibitor, HC-030031. However, CD86 

Fig. 3  TRPA1 inhibition significantly attenuates the increase in 
Young's modulus of lung tissue after fibrosis. A Three-dimensional 
(3D) imaging of lung tissue using atomic force microscopy (AFM). 
B Topography of lung tissue. C Three lung tissues were randomly 
selected from each group, and the mean values of 10 points in each 
lung tissue were analyzed to compare the elastic modulus of lung 
tissue of mice exposed to bleomycin. The results were expressed 
as Young's modulus (kPa). Statistical significance was denoted as 
*P (Bleomycin group vs. Control group, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001) and #P (Bleomycin + HC-030031 
group vs. Bleomycin group, #P < 0.05, ##P < 0.01, ###P < 0.001, 
####P < 0.0001)
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(Cy3, pink), marking M1-type macrophages, exhibited 
minimal variation across the groups (Fig. 5C). Colocaliza-
tion and quantitative analyses underscored the shift towards 
M2-type polarization in lung fibrosis (Fig. 5D).

Inhibition of TRPA1 attenuated M2 macrophage 
polarization by suppressing phosphorylation 
in the TGF‑β1‑Smad2 pathway

Our investigation then honed in on the link between TRPA1 
and the polarization of M2 macrophages, with a particu-
lar emphasis on the TGF-β1-Smad2 signaling pathway, 
recognized as a pivotal regulator of macrophage polariza-
tion [23–25]. Western blot analysis revealed that bleomy-
cin-exposed mice exhibited a significant increase in TGF-
β1 expression compared with that in the control group. 
Additionally, there was enhanced phosphorylation of the 
downstream Smad2/p-Smad2 pathway in these mice. Inter-
estingly, HC-030031 did not observably change the expres-
sion of TGF-β1, but significantly reduced Smad2 phospho-
rylation, suggesting that TRPA1 inhibition affects Smad2 
phosphorylation (Fig. 6A). Furthermore, we found that the 
expression levels of CD206, IL-4, IL-10, and IL-13 in ble-
omycin-treated mice were significantly increased compared 
with those in the control group, and the TGF-β1-Smad2 
pathway could regulate macrophages polarization to the 
M2 type through TRPA1 inhibitor intervention. However, 
the CD206, IL-4, IL-10, and IL-13 levels were significantly 
downregulated by HC-030031 compared with those in 
bleomycin-treated mice. In addition, immunohistochemi-
cal staining also revealed a significant increase in CD206 
expression in fibrotic areas, indicating enhanced M2-type 
macrophage activation. Similarly, elevated levels of IL-4, 
IL-10, and IL-13 were observed, which was consistent with 
M2 macrophage functions in immune regulation and tis-
sue remodeling. Notably, the TRPA1 inhibitor HC-030031 

significantly decreased the expression of CD206, IL-4, 
IL-10, and IL-13 compared with those in the bleomycin-
treated mice (Fig. 6B, C). These findings highlight an impor-
tant role of M2-phenotype macrophages and their related 
cytokines in the progression of pulmonary fibrosis, and the 
TRPA1 inhibitor prevents the transition of macrophages 
to the M2 phenotype. Meanwhile, the inhibitory effect of 
TRPA1 inhibitors on M2 polarization may be regulated by 
inhibiting the phosphorylation of Smad2 pathway down-
stream of TGF-β1.

Inhibition of TRPA1 effectively impeded 
the bleomycin‑induced M2 polarization of THP‑1 
cells

Next, THP-1 cells were used to establish an in vitro mac-
rophage polarization model. First, THP-1 cells were induced 
to differentiate into macrophages using phorbol 12-myristate 
13-acetate (PMA), and then stimulated with bleomycin to 
detect changes in their polarization indicators (Fig. 7A). 
In vitro, we found that THP-1 cells differentiated into M0 
macrophages in response to PMA (Fig. 7B). This was evi-
dent in the morphological changes observed, where the 
cells transformed from a monocyte-like appearance to a 
large adherent phenotype with distinct cytoplasmic exten-
sions. However, bleomycin + HC-030031-treated THP-1 
cells showed fewer morphological changes than bleomy-
cin-treated cells did. TRPA1, CD206, and CD163 mRNA 
levels were also detected using RT-qPCR after bleomycin 
stimulation (Fig. 7C). We found that bleomycin-treated 
cells showed increased expression of TRPA1, CD206, and 
CD163 compared with that in control cells, whereas TRPA1, 
CD206, and CD163 expression was significantly decreased 
in THP-1 cells treated with HC-030031. Immunofluores-
cence analysis demonstrated that CD206 expression was 
enhanced in bleomycin-treated cells compared with that in 
the control group; however, it was significantly decreased by 
HC-030031. The 40 × composite plot showed that CD206 
and CD86 were mostly expressed in the cell membrane. The 
co-localization analysis of the magnified region showed that 
the co-expression areas of CD206 and CD86 in the con-
trol and bleomycin-treated cells were low, the Rr value was 
low, the macrophages were polarized in a certain direction, 
and the green fluorescence of CD206 in bleomycin-treated 
cells was strong. No significant difference was observed in 
the fluorescence intensity of CD86 between the control and 
bleomycin-treated THP-1 cells. Colocalization analysis pro-
vided insights into the intracellular distribution and interac-
tion of these markers, highlighting the transition to the M2 
phenotype after bleomycin induction (Fig. 7D). Immuno-
fluorescence analysis showed that the fluorescence inten-
sity of TRPA1 in bleomycin-treated cells was significantly 
enhanced compared with that in the control group, which 

Fig. 4  Inhibition of TRPA1 attenuates bleomycin-induced collagen 
deposition and profibrotic marker expression in mouse lung tissues. 
A Western blot analysis showed significant changes in fibrosis-asso-
ciated protein (α- SMA, collagen Ι, E-cadherin, and vimentin) and 
TRPA1  expression. B Immunofluorescence staining: Nuclei were 
stained with DAPI, exhibiting blue fluorescence. TRPA1 was labeled 
with FITC, showing green fluorescence. E-cadherin in the Cy3 chan-
nel emitted yellow fluorescence, and fibronectin in the Cy5 channel 
displayed red fluorescence. Merge 10 × and Merge 40 × images rep-
resent composite views of all four channels at 10 × and 40 × magnifi-
cation, respectively. C The protein expressions of α-SMA, vimentin, 
and E-cadherin were detected using immunohistochemical staining. 
D Schematic representation of the cellular localization of TRPA1, 
E-cadherin, fibronectin, α-SMA, and vimentin. E The expression 
of α-SMA, vimentin, and E-cadherin was detected using immuno-
histochemistry. Statistical significance was denoted as *P (Bleomy-
cin group vs. Control group, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001) and #P (Bleomycin + HC-030031 group vs. Bleomy-
cin group, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001)
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was significantly reduced after intervention with HC-030031 
(Fig. 7E). Furthermore, western blot revealed that TRPA1 
expression was significantly upregulated in bleomycin-
treated cells, whereas it was significantly decreased after 
HC-030031 intervention. The expression of TGF-β1 was 
increased in bleomycin-treated cells, and the phosphoryla-
tion of the downstream Smad2/P-Smad2 pathway was also 
enhanced. However, HC-030031 didn’t obviously change 
the TGF-β1 expression in bleomycin-treated cells compared 
with that in the control group but significantly decreased the 
expression of Smad2 phosphorylation. Meanwhile, the lev-
els of CD206, IL-4, IL-10, and IL-13 in bleomycin-treated 
cells were significantly increased compared with that in the 
control group. However, HC-030031 significantly decreased 
the expression of CD206, IL-4, IL-10, and IL-13 (Fig. 7F). 
These findings suggest that TRPA1 inhibition downregu-
lates M2 macrophages polarization, potentially by interfer-
ing with the phosphorylation of the Smad2 pathway in vitro.

Discussion

IPF is a chronic fibrotic lung disease characterized by dry 
cough, fatigue, and progressive exertional dyspnea. The 
disease pathologically involves the destruction of the lung 
parenchyma and architecture, leading to loss of compliance 
and compromised gas exchange. This debilitating condi-
tion often results in respiratory failure and death within 
3–5 years of diagnosis [26]. The etiopathogenesis of IPF 
remains unclear, thereby complicating the development of 
effective treatments. The pathological features of this dis-
ease include extracellular matrix remodeling, fibroblast 
activation and proliferation, immune dysregulation, cell 
senescence, and the presence of aberrant basaloid cells [27, 
28]. Currently, the mainstay therapies for IPF include oral 
anti-fibrotic drugs such as pirfenidone and nintedanib [29, 
30]. These treatments have shown efficacy in improving 
quality of life, attenuating symptoms, and slowing disease 
progression. However, to date, unilateral or bilateral lung 
transplantation remains the only treatment option proven 

to increase the life expectancy of patients with IPF. Given 
these challenges, accelerated research into the mechanisms 
underlying IPF is urgently necessary. Understanding these 
mechanisms is crucial for developing effective therapeutics 
to increase life expectancy, alleviate symptoms, and improve 
the overall well-being of patients with IPF [26].

TRPA1 channels, part of the TRP channel superfamily, 
play crucial roles in various physiological processes, includ-
ing acting as nonselective cation channels permeable to  Ca2+ 
[31]. Several chemicals, including allyl isothiocyanate, 
activate these channels and have been implicated in fibrotic 
processes, including cardiac fibrosis [32]. Oxides and other 
chemical stimuli also activate TRPA1 [33, 34]. The activa-
tion of TRPA1 is closely associated with oxidative stress and 
the inflammatory response [35, 36] while oxidative stress 
and inflammation are the main drivers of disease progression 
[37]. The involvement of TRPA1 in pulmonary fibrosis has 
garnered significant interest. Our research marks the first to 
show a marked activation of TRPA1 in a bleomycin-induced 
mouse model of pulmonary fibrosis. Utilizing HC-030031, 
a TRPA1-specific inhibitor, we explored its effects on this 
condition. Mice treated with bleomycin displayed symp-
toms of lung damage such as reduced activity, weight loss, 
and diminished survival, alongside impaired lung func-
tion, including lowered compliance and ventilation capac-
ity, and increased airway resistance. Blood tests indicated 
decreased oxygen levels, while CT scans and lung examina-
tions revealed extensive fibrotic changes and structural dam-
age. Treatment with HC-030031 reduced these symptoms, 
as seen in lower fibroblast and inflammatory cell presence, 
reduced collagen buildup, and improved lung architecture 
on pathological staining. Western blot and immunohisto-
chemical analyses showed decreased fibrosis markers and 
partial recovery of cellular integrity, underscoring TRPA1's 
potential as a target for mitigating lung fibrosis.

In contrast, the increase of Young's modulus after lung 
tissue fibrosis represents the decrease of lung compliance 
with excessive tissue repair and collagen deposition. These 
results suggest that the tissue repair function of macrophages 
may play a key role in the regulation of pulmonary fibrosis 
[38–40]. Due to their plasticity, macrophages differenti-
ate into various phenotypes, including M1 and M2 mac-
rophages, in response to the pulmonary fibrosis microen-
vironment [41]. In the early stages of pulmonary fibrosis, 
an increase in the number of classically activated M1 mac-
rophages helps clear pathogens and promotes inflammation. 
However, during fibrosis progression, alternatively activated 
M2 macrophages, which inhibit inflammation or directly 
promote tissue fibrosis, are predominant [42]. Further 
studies have highlighted that the M1 and M2 macrophage 
phenotypes correspond to pro-inflammatory and pro-fibro-
genic genic signatures, respectively [43]. Particularly, M2 
macrophages have been shown to promote myofibroblast 

Fig. 5  Inhibition of TRPA1 reduces M2 macrophage polariza-
tion. A Flow cytometry was used to identify alveolar macrophages 
(F4/80+&CD11b+), M2-type (F4/80+&CD206+), and M1-type 
(F4/80+&CD86+) macrophages. B ELISA was performed on mouse 
serum to measure IL-4, IL-10, IL-13, and CaMKII levels. C Immu-
nofluorescence staining: DAPI stained the nuclei blue, FITC labeled 
CD206 displayed green fluorescence, and CD86 in the Cy3 chan-
nel appeared pink. Merged 10 × and 40 × images provide composite 
views at respective magnifications. D Schematic representation of 
cellular localization and quantification of CD206 and CD86. Statis-
tical significance was denoted as *P (Bleomycin group vs. Control 
group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) and 
#P (Bleomycin + HC-030031 group vs. Bleomycin group, #P < 0.05, 
##P < 0.01, ###P < 0.001, ####P < 0.0001)
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differentiation, which is a key aspect of pulmonary fibro-
genesis [44]. The blockade of pulmonary macrophage infil-
tration attenuates bleomycin-induced pulmonary fibrosis, 
underscoring the critical role of M2 macrophages in this 
disease's pathogenesis [44]. Recently, TRPA1 activation 
induced macrophage polarization to the M2 phenotype [45], 
and we further explored its role in pulmonary fibrosis. In our 
study, TRPA1 inhibition reduced macrophage polarization 
towards the M2 phenotype in a mouse model of pulmonary 
fibrosis. Flow cytometry analysis showed that TRPA1 inhi-
bition decreased  CD206+ M2 macrophages in lung tissue. 
ELISA results indicated reduced levels of M2-associated 
cytokines (IL-4, IL-10, and IL-13) in mice treated with 
HC-030031 compared with those in mice treated with bleo-
mycin, suggesting that TRPA1 inhibition disrupted M2 mac-
rophage polarization and immune modulation.

In addition, pulmonary fibrosis is a complex disease, and 
its pathological processes involve the interaction of multiple 
cell types and signaling pathways. The TGF-β1 and Smad2 
pathways play key roles in regulating pulmonary fibrosis 
[46]. TGF-β1 is a multifunctional growth factor that has 
been extensively studied and is associated with a variety 
of cellular functions and pathological processes [47, 48]. 
In pulmonary fibrosis, the expression of TGF-β1 usually 
increases, especially in the damaged lung tissue. TGF-β1 
can induce the polarization of macrophages to the M2 phe-
notype, a macrophage subtype closely associated with pul-
monary fibrosis [49, 50]. This process involves a series of 
signaling pathways, of which the Smad2 pathway is a key 
component [51, 52]. Among them, pirfenidone regulates 
macrophage polarization and improves radiation pulmonary 
fibrosis by inhibiting the TGF-β1/Smad2/3 pathway [53]. 
Given the role of TRPA1 in fibrosis, its deficiency or inhibi-
tion could have therapeutic effects on diseases such as pul-
monary fibrosis. This assumption is supported by evidence 
of reduced fibrosis in TRPA1-deficient mice in models of 
scleroderma dermal fibrosis, cardiac hypertrophy, fibrosis, 
and corneal stroma healing [18–20]. Our study demonstrated 
that inhibiting TRPA1 dampened the shift towards M2 mac-
rophage polarization in a mouse model of pulmonary fibro-
sis, primarily by blocking the TGF-β1-Smad2 pathway's 
phosphorylation process. Western blot results indicated that 

TRPA1 blockade reduced Smad2 phosphorylation, hinting 
at its regulatory role in macrophage polarization. Immuno-
histochemistry showed decreased M2 macrophage activation 
and related cytokine levels in fibrotic regions upon TRPA1 
inhibition, highlighting the significance of M2 macrophages 
and the TGF-β1-Smad2 pathway in the disease's progres-
sion. Additionally, experiments with THP-1 cells showed 
that TRPA1, along with M2 markers CD206 and CD163, 
were upregulated after bleomycin exposure but decreased 
following HC-030031 treatment. Immunofluorescence and 
Western blot analyses confirmed these findings, underscor-
ing TRPA1 inhibition's potential to mitigate M2 polarization 
and interfere with the TGF-β1-Smad2 pathway, offering a 
promising direction for pulmonary fibrosis treatment.

Exploring the connection between TRPA1 channels and 
M2 macrophage polarization in IPF progression presents a 
fascinating research frontier. The paradoxical role of TRPA1 
in fibrosis, especially its complex interactions with TGF-
β1 across various tissues and pathological conditions, is a 
critical focus of current studies. In ocular fibroblasts, the 
loss of TRPA1 attenuates TGF-β1 signaling, thereby reduc-
ing inflammatory cytokine expression and myofibroblast 
trans-differentiation, indicating an anti-fibrotic effect [20]. 
However, TRPA1 activation can counteract TGF-β1-induced 
fibrotic changes in bladder sub-urothelial myofibroblasts, 
suggesting its potential anti-fibrotic role [54]. In models of 
cardiac hypertrophy and fibrosis, increased TRPA1 expres-
sion in failing human hearts and hypertrophic mouse hearts 
suggests its involvement in cardiac hypertrophy. Suppress-
ing TRPA1 can mitigate fibrosis, shown by reduced levels 
of fibrotic markers like connective tissue growth factor and 
collagens I and III [19]. Aligning with our findings, TRPA1 
inhibition was found to decrease macrophage infiltration in 
cardiac tissue, notably curbing M2-phenotype macrophage 
polarization critical to cardiac fibrosis, thus impacting 
inflammatory and fibrotic pathways.

Furthermore, in discussing the paradoxical role of TRPA1 
in lung fibrosis and its complex relationship with TGF-β1, 
the literature presents intriguing insights. TRPA1, which 
is primarily expressed in neuronal and non-neuronal cells 
such as fibroblasts, plays diverse roles in fibrosis. In pulmo-
nary diseases, TRPA1 activation leads to increased release 
of IL-8 and matrix metalloproteinase 9 gene expression in 
lung fibroblasts, suggesting a pro-fibrotic role [55]. How-
ever, the role of TRPA1 in fibrosis is not straightforward, 
as it can also exert anti-fibrotic effects. In lung fibroblasts, 
TRPA1 expression was downregulated by TGF-β1, affect-
ing myofibroblast survival and resistance to cell death [56]. 
This is highlighted by its ability to modulate TGF-β1 sign-
aling pathways. Specifically,  Ca2+ influx through TRPA1 
channels leads to extracellular signal-regulated kinase 1/2 
phosphorylation, which induces SMAD2 phosphorylation 
[57]. This type of SMAD2 phosphorylation counteracts 

Fig. 6  Inhibition of TRPA1 diminishes macrophage polarization to 
the M2 phenotype by disrupting the phosphorylation of the TGF-
β1-suppressor of Smad2 pathway. A Western blot analysis of TGF-
β1-Smad2 pathway activation and the expression of macrophage 
polarization markers CD206, IL-4, IL-10, and IL-13. B Immunohis-
tochemical staining to detect the expression of CD206, IL-4, IL-10, 
and IL-13 proteins. C Schematic representation of cellular localiza-
tion and quantification of CD206, IL-4, IL-10, and IL-13. Statisti-
cal significance was denoted as *P (Bleomycin group vs. Control 
group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) and 
#P (Bleomycin + HC-030031 group vs. Bleomycin group, #P < 0.05, 
##P < 0.01, ###P < 0.001, ####P < 0.0001)
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pro-fibrotic TGF-β1 signaling by reducing the transcrip-
tion of profibrotic genes. Our study also found that TRPA1 
could regulate phosphorylation of TGF-β1-Smad2 pathways, 
thereby playing a key role in M2 phenotype polarization.

TRPA1 channels, as highlighted in our study, stand as 
a complex entity within the fibrotic milieu, possessing the 
dual capacity to both exacerbate and ameliorate fibrotic 
processes, contingent upon the specific pathways and con-
textual nuances at play—echoing the sentiment that “vari-
ety is the spice of life” in the realm of pulmonary fibrosis 
research [58]. To reveal the complex role of TRPA1 in pul-
monary fibrosis and macrophage differentiation, we care-
fully designed in vivo and in vitro experiments to capture 
models at different time points and dissect their pathologi-
cal changes. However, our study has several limitations that 
warrant further investigation. Notably, the absence of a 
broader range of interventional strategies limits the depth 
of our exploration into the role of TRPA1. Additionally, the 
lack of primary macrophage isolation for in vitro experi-
ments restricts our ability to provide a more detailed insight 
into the role of macrophage polarization shifts in pulmo-
nary fibrosis. Acknowledging these shortcomings, we plan 
to develop TRPA1 knockout mouse models and observe 
the effects at various time points to gain a more compre-
hensive understanding of the temporal dynamics of TRPA1 
involvement in pulmonary fibrosis. We intend to perform 
transcriptome sequencing at different stages of the disease 
to elucidate the signaling pathways associated with TRPA1 
more clearly. Furthermore, we will isolate macrophages 
for in vitro validation experiments to delve deeper into the 
molecular mechanisms of macrophage polarization and its 
role in the pathogenesis of pulmonary fibrosis.

Taken together, our findings highlight the critical role of 
TRPA1 channels in the pathogenesis of IPF by promoting 
the phosphorylation of TGF-β1-Smad2 signaling and regu-
lating the polarization of macrophages to the M2 phenotype, 

which further promotes tissue repair and collagen deposi-
tion. This foundational understanding sets the stage for 
subsequent investigations into the regulatory dynamics of 
TRPA1 in fibrotic conditions, which is anticipated to enrich 
our comprehension of pulmonary fibrosis pathogenesis and 
inspire the development of targeted therapeutic strategies in 
forthcoming research initiatives.
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