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Nerandomilast (BI 1015550) attenuating pulmonary fibrosis in a 
mouse model of rheumatoid arthritis-associated interstitial lung 
disease by modulating the TGF-β1/PI3K/Akt signaling pathway
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Background: Rheumatoid arthritis-associated interstitial lung disease (RA-ILD) is a severe extra-articular 
manifestation of rheumatoid arthritis, leading to increased mortality and impaired quality of life. However, 
effective therapeutic strategies remain limited, highlighting the need to explore novel treatments for RA-
ILD. This study aimed to evaluate the ability of nerandomilast (BI 1015550) to attenuate joint inflammation 
and pulmonary fibrosis in a murine model of RA-ILD, with particular emphasis on the potential involvement 
of the transforming growth factor-β1 (TGF-β1)/phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) 
signaling pathway in mediating its antifibrotic effects.
Methods: A total of 20 male DBA/1 mice (a classic collagen-induced arthritis-susceptible strain) aged  
8 weeks were randomly assigned to four groups: control (n=3), RA-ILD (n=5), nerandomilast (BI 1015550) 
(n=6), and nintedanib (n=6). RA-ILD was induced in all mice except those in the control group using bovine 
type II collagen (bCII). Nerandomilast and nintedanib were orally administered to the respective treatment 
groups on alternate days for 12 weeks. Serum tumor necrosis factor-alpha (TNF-α) levels were measured 
using enzyme-linked immunosorbent assay (ELISA), while immunohistochemistry was performed to 
evaluate TNF-α and matrix metalloproteinase-3 (MMP3) expression in knee joint tissues. In addition, the 
expression levels of Col-IV, fibronectin, MMP3, TNF-α, TGF-β1, total and phosphorylated PI3K, and total 
and phosphorylated Akt in lung tissues were quantified by Western blot analysis.
Results: Nerandomilast significantly reduced serum TNF-α levels in RA-ILD mice (P<0.05). Treatment with 
nerandomilast alleviated pulmonary inflammatory cell infiltration and collagen deposition, while significantly 
reducing alveolar inflammation and Ashcroft scores (P<0.05). Compared with the RA-ILD group, the 
nerandomilast-treated group exhibited markedly lower protein expression levels of Col-IV, fibronectin, MMP3, 
TGF-β1, and TNF-α in lung tissues (P<0.05). Furthermore, the nerandomilast group showed significantly 
decreased p-PI3K/PI3K and p-Akt/Akt expression ratios compared with the RA-ILD group (P<0.05).
Conclusions: Nerandomilast exerts significant protective effects against pulmonary inflammation and 
fibrosis in RA-ILD mice, potentially through the downregulation of TNF-α expression and modulation of 
the TGF-β1/PI3K/Akt signaling pathway.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune 
disease  character ized by  synovia l  inf lammation, 
synoviocyte hyperplasia, bone and cartilage destruction, 
and progressive joint deformity (1). RA has a relatively 
high global prevalence, affecting approximately 0.25–1% 
of the population (2). Extra-articular manifestations are 
common in RA, among which interstitial lung disease 
(ILD) is the most prevalent, with an estimated prevalence 
of approximately 18.7%. Patients with RA-associated ILD 
(RA-ILD) exhibit a mortality rate nearly three times higher 
than that of patients with RA alone (3,4), with a median 
survival ranging from 2 to 14 years (5). In addition to 
its high mortality, RA-ILD is associated with substantial 
functional impairment, diminished quality of life, and 
increased healthcare burden (6). Although glucocorticoids, 
immunosuppressive agents, and antifibrotic therapies are 
widely used in clinical practice, a standardized therapeutic 
strategy for RA-ILD is yet to be established (7).

The pathogenesis of RA-ILD is multifactorial and 
involves genetic susceptibility, environmental factors, 

immune dysregulation, and chronic inflammation (8). 
Activation of fibroblasts and their subsequent differentiation 
into myofibroblasts promote the synthesis and deposition 
of extracellular matrix (ECM) components, while also 
enhancing matrix metalloproteinase (MMP) activity, 
ultimately contributing to the progression of pulmonary 
fibrosis (9,10). Tumor necrosis factor-alpha (TNF-α), 
a pro-inflammatory and pro-fibrotic cytokine, induces 
the expression of transforming growth factor-beta 
(TGF-β), thereby promoting fibroblast proliferation (11).  
Persistent activation of TGF-β is considered a key 
mechanism underlying fibroblast activation and fibrotic 
remodeling (12). Although the pro-fibrotic role of the 
transforming growth factor-β (TGF-β)/Smad signaling 
pathway has been extensively investigated, increasing 
evidence has demonstrated that non-Smad signaling 
pathways, particularly the phosphoinositide 3-kinase 
(PI3K)/protein kinase B (Akt) pathway, also play synergistic 
roles in the pathogenesis of pulmonary fibrosis (13). 
The PI3K/Akt signaling pathway regulates cell survival, 
proliferation, and differentiation and is critically involved 
in numerous physiological and pathological processes 
(14,15). Furthermore, aberrant activation of the PI3K/Akt 
pathway has been shown to accelerate ILD progression (16), 
suggesting that inhibition of this pathway may represent a 
promising therapeutic strategy for pulmonary fibrosis.

Phosphodiesterase 4 (PDE4) hydrolyzes cycl ic 
adenosine monophosphate (cAMP) and is implicated in 
regulating various pathophysiological processes including 
cell proliferation, differentiation, and inflammation (17). 
PDE4 is highly expressed in immune and inflammatory 
cells associated with pulmonary inflammatory diseases (18). 
Previous studies have revealed the significant anti-
in f l ammatory  and  an t i f ib ro t i c  e f f ec t s  o f  PDE4 
inhibitors (19-22). Nerandomilast (BI 1015550) is a novel 
PDE4 inhibitor that has been shown to suppress TGF-
β1-induced transdifferentiation of lung fibroblasts into 
myofibroblasts while reducing ECM protein expression (23). 
Concurrently, it also improves forced vital capacity (FVC) 
while attenuating bleomycin-induced pulmonary fibrosis in 
mouse models (23). Owing to its dual anti-inflammatory and 
antifibrotic activities, nerandomilast has been positioned 
as a promising therapeutic candidate for ILD (18,23). In 
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addition, apremilast, another PDE4 inhibitor, has been 
reported to ameliorate autoimmune uveitis in mice by 
inhibiting the PI3K/Akt signaling pathway (24). However, 
whether nerandomilast alleviates pulmonary fibrosis in RA-
ILD through the TGF-β1/PI3K/Akt signaling pathway 
remains to be further clarified. Thus, using bovine type 
II collagen (bCII), an RA-ILD mouse model was hereby 
established in male DBA/1 mice to investigate whether 
nerandomilast mitigates pulmonary fibrosis through 
inhibition of the TGF-β1/PI3K/Akt pathway. We present 
this article in accordance with the ARRIVE reporting 
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-2026-1131/rc).

Methods

Experimental animals

A total of 20 male DBA/1 mice (8 weeks old, 18–25 g) 
were sourced from Beijing Charles River Co., Ltd. Animal 
License Number: SYXK (Yu) 2023-0005. Mice were kept 
under standardized housing conditions (22±2 °C, 12 h 
light/dark cycle), with free access to food and water. All 
animals were acclimatized to the rearing environment for 
7 days prior to the experiment. All animal experiments 
were performed under a project license (No. IAC-
B2019011-P-01) granted by the Ethics Committee of 
Greentech, in compliance with institutional guidelines for 
the care and use of animals.

Materials

Nerandomilast (BI 1015550) and nintedanib were 
purchased from Adooq Bioscience (Boston, MA, USA), 
both dissolved in 0.5% carboxymethylcellulose sodium 
(CMCNa) for suspension preparation. Primary antibodies 
against TGF-β1 (Cat. No. AF1027), collagen IV (Col-IV; 
Cat. No. AF0510), phosphorylated Akt (p-Akt; Cat. No. 
AF0016), and total Akt (Cat. No. AF6261) were obtained 
from Affinity Biosciences (Cincinnati, OH, USA). 
Antibodies targeting TNF-α (Cat. No. 26162-1-AP), 
fibronectin (Cat. No. 15613-1-AP), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Cat. No. 10494-1-
AP) were from Proteintech (Wuhan, China), while TNF-α 
(Cat. No. GB115702) and MMP3 (Cat. No. GB11131) 
antibodies were acquired from Servicebio (Wuhan, 
China). Besides, antibodies against phosphorylated PI3K 
(p-PI3K; Cat. No. 4228) and total PI3K (Cat. No. 4257) 

were acquired from Cell Signaling Technology (CST; 
Danvers, MA, USA). The horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG secondary antibody (Cat. 
No. 021042) was purchased from EarthOx (Millbrae, CA, 
USA).

Animal grouping and model establishment

A total of 20 male DBA/1 mice were used in this study. 
The DBA/1 mouse strain is widely used to establish the 
collagen-induced arthritis (CIA) model. Among them, 3 
served as controls, while the remaining 17 were employed 
to establish the RA-ILD model. Model mice received initial 
immunization via subcutaneous multipoint injection at the 
tail base. Each mouse was injected with 100 μL emulsion, 
which was prepared on ice by mixing equal volumes of 
complete Freund’s adjuvant (CFA) and bCII (2 mg/mL). 
The initial injection day was designated as Week 0 (0 w). 
Three weeks later, a booster injection was administered 
using an emulsion prepared on ice with equal volumes 
of incomplete Freund’s adjuvant (IFA) and bCII, applied 
at the identical dosage and injection sites. Following 
immunization, all 17 mice developed varying degrees of 
joint swelling and erythema. According to comparable mean 
arthritis scores, these 17 model mice were allocated into 
the following three groups: the RA-ILD group (n=5), the 
nerandomilast (BI 1015550) group (n=6), and the nintedanib 
group (n=6). Following that, nerandomilast (BI 1015550) 
(12.5 mg/kg) and nintedanib (100 mg/kg) were administered 
to the respective treatment groups via oral gavage every 
other day for 12 weeks, whereas the control and RA-ILD 
groups received an equivalent volume of 0.5% CMCNa. 
At Week 19, all mice were anesthetized with propofol and 
euthanized, and their tissues were collected for subsequent 
analyses. Figure 1 presents the detailed schedule of model 
induction, drug administration, and sample collection. 

Sample collection and storage

Upon anesthesia, blood samples were collected via orbital 
puncture to determine TNF-α levels. The right lung 
tissues were promptly snap-frozen and stored at −80 °C 
for subsequent Western blot analysis. The left lungs were 
excised for histological evaluation using hematoxylin and 
eosin (H&E) staining and Masson’s trichrome staining, 
whereas right knee joints were collected and processed for 
H&E staining and immunohistochemical analysis.

https://jtd.amegroups.com/article/view/10.21037/jtd-2026-1131/rc
https://jtd.amegroups.com/article/view/10.21037/jtd-2026-1131/rc
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Body weight measurement and arthritis scoring

Body weight and visual arthritis scores of the mice 
were documented weekly from modeling initiation to  
euthanasia (25). Joint inflammation was assessed and scored 
by three independent observers blinded to the experimental 
grouping.

Enzyme-linked immunosorbent assay (ELISA)

Serum TNF-α concentrations were quantified using a 
commercially available Mouse TNF-α ELISA kit (Multi 
Sciences Biotech Co., Ltd., Hangzhou, China; Cat. No. 
EK282) following the manufacturer’s protocol. Standards 
and serum samples (5 μL/well) were incubated with a biotin-
conjugate solution (50 μL/well) in antibody-precoated plates 
for 2 h at room temperature (25±3 ℃) on a shaker (100– 
300 rpm). After washing, streptavidin-HRP was added and 
incubated for 45 min protected from light. Following color 
development with 3,3',5,5'-tetramethylbenzidine (TMB) 
substrate and subsequent reaction termination, absorbance 
was measured at 450 nm with reference correction at  
570 nm. Absolute TNF-α concentrations were calculated 
based on the standard curve.

Pulmonary and joint histopathology

Left lung tissues were collected, fixed in an appropriate 
fixative, embedded in paraffin, and sectioned for histological 
analysis. Sections were subjected to H&E staining for 
assessing tissue morphological features and Masson’s 
trichrome staining to evaluate collagen deposition. 
Alveolar inflammation was quantified using the Szapiel 
scoring method (25), and pulmonary fibrosis was evaluated 
according to the modified Ashcroft scoring system (26). 
Besides, right knee joints were carefully excised, and the 
surrounding muscle tissue was removed, followed by 
fixation, decalcification, paraffin embedding, and sectioning. 
Moreover, synovitis was assessed on H&E-stained sections, 

whereas cartilage damage was assessed on Safranin O-Fast 
Green-stained sections (27). Immunohistochemical 
staining was further conducted to assess the expression 
levels of TNF-α and MMP3 in the right knee joints. For 
each sample, three representative images were randomly 
captured using CaseViewer software, and ImageJ software 
was utilized for the quantitative analysis of positive staining 
area proportions.

Western blot

Total proteins were extracted from the right lung tissues 
using RIPA lysis buffer, and their concentrations were 
quantified using a BCA Protein Assay Kit. Equal amounts of 
protein (30 μg per lane) were subjected to sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and subsequently transferred onto polyvinylidene fluoride 
(PVDF) membranes. The membranes were blocked with 
QuickBlock™ Western Blocking Buffer for 15 min at room 
temperature.

Subsequently, the membranes were incubated overnight 
at 4 °C with the following primary antibodies: rabbit anti-
TGF-β1 (1:1,000; Cat. No. AF1027, Affinity Biosciences), 
rabbit anti-Col-IV (1:1,000; Cat. No. AF0510, Affinity 
Biosciences), rabbit anti-p-Akt (1:1,000; Cat. No. AF0016, 
Affinity Biosciences), rabbit anti-Akt (1:1,000; Cat. No. 
AF6261, Affinity Biosciences), rabbit anti-TNF-α (1:500; 
Cat. No. 26162-1-AP, Proteintech), rabbit anti-fibronectin 
(1:2,000; Cat. No. 15613-1-AP, Proteintech), rabbit anti-
GAPDH (1:5,000; Cat. No. 10494-1-AP, Proteintech), 
rabbit anti-p-PI3K (1:1,000; Cat. No. 4228, CST), and 
rabbit anti-PI3K (1:1,000; Cat. No. 4257, CST). After 
washing three times with Tris-buffered saline with Tween 
20 (TBST), the membranes were incubated with an HRP-
conjugated goat anti-rabbit IgG secondary antibody 
(1:5,000; Cat. No. 021042, EarthOx) for 1 h at room 
temperature. Finally, protein bands were visualized using 
an enhanced chemiluminescence (ECL) system, and their 

Weeks

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

BI 1015550 or nintedanib
Sacrifice

bCII and IFA
injection

bCII and CFA
injection

Figure 1 Schematic representation of RA-ILD model induction and subsequent drug treatment. bCII, bovine type II collagen; CFA, 
complete Freund’s adjuvant; RA-ILD, rheumatoid arthritis-associated interstitial lung disease.
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intensities were quantified utilizing ImageJ software. 
GAPDH served as an internal control to normalize the 
relative expression of target proteins.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 
software, with data presented as the mean ± standard error 
of the mean (SEM). One-way analysis of variance (ANOVA) 
was performed for multi-group comparisons, while unpaired 
t-tests were applied for pairwise analysis. Data lacking 
normal distribution were analyzed using the nonparametric 
Kruskal-Wallis tests. A P<0.05 was considered statistically 
significant.

Results

Body weight and arthritis scores in experimental groups

From Weeks 0 to 19, body weight and visual arthritis 
scores were measured in all mice (Figure 2). Mice in the 
RA-ILD model, nerandomilast and nintedanib groups 
exhibited lower body weight than those in the control 

group, with no significant differences observed among the 
treatment and model groups (Figure 2A). Joint swelling 
was evidently noticed in RA-ILD model mice by Week 5, 
involving varying degrees of arthritis developing by Week 7. 
Treatment with either nerandomilast or nintedanib resulted 
in reduced visual arthritis scores compared to the RA-
ILD model group, yet the differences were not statistically 
significant (Figure 2B). Besides, mice in the RA-ILD model 
group demonstrated noticeable swelling and redness in the 
ankle and toe joints (Figure 2C).

Nerandomilast reducing serum TNF-α levels in RA-ILD 
mice

Compared to the control group, serum TNF-α levels 
were significantly elevated in RA-ILD mice (P<0.05). 
Administration with nerandomilast or nintedanib 
considerably reduced serum TNF-α levels compared to the 
RA-ILD group (P<0.05; Figure 3).

Histopathological changes in lung tissue across groups

Lung tissue H&E staining demonstrated intact alveolar 
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septa without congestion, edema, or thickening in the 
control group, whereas the RA-ILD group exhibited 
pronounced alveolar septal edema, capillary congestion, 
thickening of the alveolar walls, and extensive infiltration 
of inflammatory cells. These pathological variations were 
markedly attenuated in the nerandomilast and nintedanib 
groups, as evidenced by reduced inflammatory cell 
infiltration and improved alveolar architecture. Further 
analysis uncovered that the pulmonary Szapiel scores were 
markedly lower in the nerandomilast and nintedanib groups 
than in the RA-ILD model group (P<0.05; Figure 4A,4B). 
Moreover, Masson’s staining revealed only minimal blue-
stained collagen deposition in the alveolar septa of the 
control group. In contrast, extensive blue-stained collagen 
deposition in the alveolar septa and alveolar collapse were 
detected in the RA-ILD group. These fibrotic changes were 
obviously reduced in the nerandomilast and nintedanib 
groups. Consistently, the modified Ashcroft scores of the 
two treatment groups were notably decreased compared to 
the RA-ILD group (P<0.05; Figure 4A,4C).

Histopathological evaluation of knee joint tissues

H&E staining revealed synovial hyperplasia and extensive 
inflammatory cell infiltration in the knee joints of RA-
ILD mice (Figure 5A). These pathological alterations 
were attenuated in both the nerandomilast and nintedanib 
treatment groups. Notably, the synovitis score was 
remarkably reduced in the nerandomilast group compared 
to the RA-ILD group (P<0.05; Figure 5B). Moreover, 
Safranin O-Fast Green staining of knee joints in control 

mice demonstrated intact cartilage with bright red staining 
across the full thickness and well-preserved structural 
morphology, along with blue-green staining of subchondral 
bone. In contrast, cartilage from RA-ILD mice appeared 
weakly stained or unstained, indicating severe matrix 
degradation, structural disruption, and partial bone erosion. 
Degenerative lesions were effectively alleviated in both the 
nerandomilast and nintedanib groups. Cartilage damage 
scores were reduced in the treatment groups relative to the 
RA-ILD group, yet no statistical significance was observed 
(Figure 5A,5C). Additionally, immunohistochemical staining 
revealed evidently increased expression of TNF-α and 
MMP3 in the synovial tissues of RA-ILD mice compared to 
control mice. Treatment with nerandomilast or nintedanib 
distinctly decreased the positive staining areas of TNF-α 
and MMP3 relative to the RA-ILD group (P<0.05; Figure 6).

Effects of nerandomilast on pulmonary TNF-α, TGF-β1, 
and the PI3K/Akt signaling pathway

To further investigate the mechanisms underlying the 
attenuation of pulmonary fibrosis by nerandomilast and 
nintedanib in RA-ILD mice, Western blot analysis was 
conducted to evaluate the expression levels of TNF-α, 
TGF-β1, p-PI3K, total PI3K, p-Akt, and total Akt in lung 
tissues. The RA-ILD group exhibited significantly elevated 
levels of TNF-α, TGF-β1, p-PI3K, and p-Akt, whereas 
treatment with nerandomilast or nintedanib markedly 
reduced the expression of TNF-α and TGF-β1 (Figure 7). 
Additionally, the phosphorylation ratios of PI3K and Akt 
were markedly reduced in both treatment groups relative to 
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Figure 4 Nerandomilast (BI 1015550) and nintedanib alleviate lung inflammation and fibrosis in a collagen-induced RA-ILD mouse model. 
(A) H&E and Masson’s staining of lung tissues from each group of mice; (B) pulmonary Szapiel scores; (C) modified Ashcroft scores of the 
lungs. n≥3. *, P<0.05. BI 1015550 is the former investigational name for nerandomilast. H&E, hematoxylin and eosin; RA-ILD, rheumatoid 
arthritis-associated interstitial lung disease.

the RA-ILD model group (Figure 8).

Effects of nerandomilast on ECM-related proteins and 
MMP3 expression in the lung

To evaluate the effects of nerandomilast and nintedanib 
on fibrosis-associated proteins, Western blotting was 
performed to detect the expression levels of ECM-related 
proteins, including collagen type IV (ColIV), fibronectin, 
and MMP3, in lung tissues from RA-ILD mice. The RA-
ILD group exhibited significantly increased expression of 
MMP3, Col-IV, and fibronectin. In contrast, treatment 
with nerandomilast or nintedanib remarkably reduced the 
expression levels of these proteins (Figure 9).

Discussion

Pulmonary dysfunction resulting from RA-ILD remains 
a major cause of mortality among patients with RA (28). 
Despite the notable improvement in joint symptoms 
following biologic therapies, the mortality rate associated 
with RA-ILD continues to rise (29). Current studies have 
demonstrated immune-mediated pulmonary inflammation 
followed by fibrosis a key pathological process (30), 
rendering it necessarily important to further explore 
the therapeutic potential and underlying mechanisms of 
antifibrotic agents in RA-ILD.

In this study, CIA mice exhibited marked joint swelling. 
Histopathological examination of the knee joints revealed 
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Figure 5 Effects of nerandomilast (BI 1015550) on histopathological changes in knee joints of RA-ILD mice. (A) H&E and SafO staining of knee 
joints from each group of mice. (B) Synovitis scores of knee joints, with the nerandomilast (BI 1015550) group showing lower scores than the RA-
ILD group (n=3; *, P<0.05; ns, not significant). (C) Cartilage damage scores of knee joints. BI 1015550 is the former investigational name for 
nerandomilast. H&E, hematoxylin and eosin; RA-ILD, rheumatoid arthritis-associated interstitial lung disease; SafO, Safranin O-Fast Green.

prominent synovial hyperplasia and inflammatory cell 
infiltration, along with varying degrees of cartilage damage 
and bone erosion. Additionally, lung tissue analysis 
demonstrated alveolar wall thickening, inflammatory 
infiltration, and collagen deposition, which verified the 
successful establishment of the RA-ILD mouse model.

As a PDE4 inhibitor, nerandomilast exhibited a clear 
trend toward alleviating synovial inflammation and 
cartilage damage in the knee joints of RA mice. Apremilast, 
another PDE4 inhibitor, has been previously reported 
to improve arthritis scores and reduce bone erosion in 
RA mouse models, alongside the suppression of TNF-α 
production in human synovial cells (31). Consistent with 
these findings, nerandomilast markedly downregulated the 
expression of TNF-α and MMP3 in the knee joints of RA 
mice. Collectively, these results suggest that nerandomilast 
may alleviate arthritis by inhibiting TNF-α production in 

synovial tissue and reducing MMP3 secretion within the 
joints. Nevertheless, no significant intergroup differences 
were observed in either macroscopic arthritis scores or 
histological cartilage damage scores (P>0.05), which may be 
partially attributable to the limited sample size. Given the 
relatively slow progression of cartilage erosion, molecular 
improvements may precede detectable histological 
recovery during the course of joint lesion development. 
Furthermore, the microanatomical characteristics of the 
mouse knee joint precluded the isolation of pure synovial 
tissue for quantitative analyses by Western blotting or 
reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). Therefore, future studies incorporating larger 
cohorts and longer observation periods are required to 
further elucidate the therapeutic efficacy of nerandomilast 
in peripheral joint inflammation.

The present study prioritized the effects of nerandomilast 
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Figure 6 Nerandomilast (BI 1015550) suppresses TNF-α and MMP3 expression in synovial tissues of collagen-induced RA-ILD mice. (A) 
TNF-α immunohistochemical staining in mouse knee synovial tissue. (B) MMP3 immunohistochemical staining in mouse knee synovial tissue. (C) 
Percentage of TNF-α and MMP3 positive expression areas (n=3, *, P<0.05; **, P<0.01; ns, not significant). BI 1015550 is the former investigational 
name for nerandomilast. MMP3, matrix metalloproteinase-3; RA-ILD, rheumatoid arthritis-associated interstitial lung disease; TNF-α, tumor 
necrosis factor-alpha.

on the lungs of RA-ILD mice. Actually, the development 
of pulmonary fibrosis in RA-ILD involves a complex 
cytokine network (11), with TNF-α serving as a key pro-
inflammatory mediator implicated in the pathogenesis of 
ILD (28). TNF-α plays a pivotal role in the pathogenesis 
of RA (32), and TNF-α inhibitors are also extensively 
used in RA treatment (33). Additionally, elevated TNF-α 
expression has been observed in the lungs and serum of RA-
ILD rat model (34), as well as in the lungs of patients with 
idiopathic pulmonary fibrosis (IPF) (35). Notably, TNF-α 
inhibitors have been confirmed to attenuate bleomycin-
induced pulmonary fibrosis in mice (36). As demonstrated 
previously, the PDE4 inhibitor rolipram suppresses TNF-α 
release from peripheral blood mononuclear cells (PBMCs) 
in RA-ILD patients (37), and nerandomilast inhibits 
lipopolysaccharide-induced TNF-α synthesis in human 
PBMCs (23). Herein, nerandomilast reduced TNF-α levels 
in both serum and lung tissue, while mitigating alveolar 

inflammation and fibrosis in RA-ILD mice. Collectively, 
these findings confirm that nerandomilast exerts potent 
anti-inflammatory effects by suppressing TNF-α release, 
thereby alleviating alveolitis and pulmonary fibrosis.

Current research indicates TGF-β as a key factor in 
the development of fibrosis across a wide range of tissues. 
TGF-β1 promotes the differentiation of human lung 
fibroblasts into myofibroblasts, resulting in excessive 
accumulation of ECM components, particularly collagen 
and fibronectin (38). TGF-β1 overexpression in rodent 
lungs has been demonstrated to induce severe pulmonary 
fibrosis (39). Besides, the profibrotic signaling of TGF-β is 
mediated through several intracellular pathways, including 
the PI3K/Akt pathway, enhancing fibrotic responses 
in lung tissues (40). The PI3K/Akt signaling pathway 
regulates multiple biological processes such as cell survival, 
proliferation, and metabolism (41). Mechanistically, 
this upstream signaling axis is mediated through direct 
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Figure 7 Effects of nerandomilast (BI 1015550) and nintedanib on pulmonary TNF-α and TGF-β1. (A) Western blot analysis of TNF-α and 
TGF-β1 protein expression in lung tissue. Both nerandomilast (BI 1015550) and nintedanib downregulated TNF-α levels and suppressed 
the TGF-β1 signaling pathway. (B) Relative expression levels of TNF-α and TGF-β1. *, P<0.05; ****, P<0.00001; n=3. BI 1015550 is the 
former investigational name for nerandomilast. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RA-ILD, rheumatoid arthritis-
associated interstitial lung disease; TGF-β1, transforming growth factor-β1; TNF-α, tumor necrosis factor-alpha.

molecular interactions between TGF-β receptors and 
the PI3K complex. The regulatory subunit of PI3K, p85, 
constitutively associates with TGF-β receptor type II 
(TβRII), whereas its recruitment to TGF-β receptor type I 
(TβRI) is dynamically induced upon TGF-β1 stimulation. 
This ligand-dependent receptor assembly requires the 
intrinsic serine/threonine kinase activity of TβRI, thereby 
mediating non-canonical activation of the PI3K/Akt 
pathway (13,41). Activated Akt subsequently modulates 
downstream glycogen synthase kinase 3β (GSK-3β), 
mammalian target of rapamycin (mTOR), and forkhead 
box O3a (FOXO3a) signaling, collectively promoting 
fibroblast proliferation, apoptosis resistance, myofibroblast 
differentiation, and excessive ECM deposition. In parallel, 
activation of this signaling axis facilitates epithelial-
mesenchymal transition (EMT), accelerates alveolar 
epithelial cell senescence, and promotes pro-fibrotic M2 
macrophage polarization, thereby establishing a self-
perpetuating feed-forward loop that drives the initiation 

and progression of pulmonary fibrosis (41-43). Inhibition 
of PI3K activity not only blocks Akt phosphorylation 
but also suppresses fibroblast proliferation, α-smooth 
muscle actin expression, and collagen production in the  
lungs (44). Notably, Akt2-deficient mice are protected 
against bleomycin-induced pulmonary fibrosis and 
inflammation (45). Moreover, upregulation of the PI3K/
Akt pathway has been observed in RA-ILD (46). Herein, 
the expression levels of TGF-β1, p-PI3K, and p-Akt were 
observed to be remarkably elevated in the lung tissues 
of RA-ILD mice, whereas treatment with nerandomilast 
markedly reduced the expression of these proteins. 
Furthermore, nerandomilast significantly decreased 
the levels of ECM-related proteins, including Col IV 
and fibronectin. Collectively, these findings support the 
conclusion that nerandomilast mitigates pulmonary fibrosis 
in RA-ILD mice via regulation of the TGF-β1/PI3K/Akt 
signaling pathway.

Nintedanib, which is approved by the U.S. Food 
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Figure 8 Effects of nerandomilast (BI 1015550) and nintedanib on the PI3K/Akt signaling pathway in the lung. (A) Western blot analysis of 
p-PI3K, total PI3K, p-Akt, and total Akt protein expression in lung tissue. (B) Relative expression levels of p-PI3K, PI3K, p-Akt, and Akt. 
*, P<0.01; **, P<0.001; ***, P<0.0001; n=3. BI 1015550 is the former investigational name for nerandomilast. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; p-Akt, phospho-Akt; p-PI3K, phospho-PI3K; PI3K/Akt, phosphoinositide 3-kinase/protein kinase B; RA-ILD, 
rheumatoid arthritis-associated interstitial lung disease.

and Drug Administration (FDA) for treating IPF and 
progressive pulmonary fibrosis (PPF), is extensively used in 
clinical settings (47). Preclinical studies have demonstrated 
that nintedanib significantly attenuates pulmonary fibrosis 
in RA-ILD mouse models, while reducing joint swelling and 
arthritis scores (48,49). Furthermore, by downregulating 
the PI3K/Akt/mTOR signaling pathway, nintedanib 
mitigates bleomycin-induced pulmonary fibrosis (50).  
In the present study, nerandomilast exhibited anti-
inflammatory and anti-fibrotic effects comparable to those 
of nintedanib. While both compounds demonstrate robust 
efficacy in halting fibrotic progression, they operate through 
distinct molecular mechanisms. Unlike nintedanib, which 
non-selectively blocks multi-tyrosine kinase receptors, 
nerandomilast is a novel, preferential phosphodiesterase 
4B (PDE4B) inhibitor. This targeted inhibition precisely 
elevates intracellular cAMP levels, offering a distinct dual-

action mechanism that simultaneously quenches upstream 
inflammatory cascades and suppresses downstream fibrotic 
remodeling (23,51).

Recent definitive evidence from global Phase III 
clinical trials—the FIBRONEER-IPF and FIBRONEER-
ILD studies—has firmly established the clinical efficacy 
and superiority of nerandomilast in preventing lung 
function decline in patients with ILD, demonstrating a 
statistically significant stabilization of FVC over 52 weeks 
(52,53). Crucially, a dedicated subgroup analysis from the 
FIBRONEER-ILD trial specifically demonstrated that 
nerandomilast exhibits robust efficacy and favorable safety in 
patients with autoimmune disease-related PPF (54). Notably, 
nerandomilast provides a comparable preservation of lung 
function, whether administered as a standalone therapy or 
when added to background nintedanib (50,52). Furthermore, 
a major clinical advantage of nerandomilast lies in its 
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favorable gastrointestinal tolerability; unlike nintedanib, 
which is heavily limited by severe diarrhea, nerandomilast 
exhibits a significantly lower adverse-event-related 
discontinuation rate (55-57). This profile underscores its 
potential for flexible combination regimens as a prospective 
next-generation strategy. Collectively, these recent clinical 
and mechanistic milestones demonstrate that nerandomilast 
possesses both robust efficacy and an encouraging safety 
profile, suggesting substantial therapeutic value for the long-
term management of RA-ILD.

The effects of nerandomilast on collagen-induced RA-
ILD in the lungs and joints of mice were hereby investigated. 
As demonstrated by the results, nerandomilast attenuated 
pulmonary fibrosis by modulating the TGF-β1/PI3K/
Akt signaling pathway, elucidating its potential anti-fibrotic 
mechanism. However, this study still has several limitations: (I) 
the sample size per experimental group was relatively small and 

unbalanced. To account for potential animal mortality during 
RA-ILD model establishment and gavage administration, the 
model and intervention groups were initially allocated more 
animals than the blank control group. Although key parameters 
demonstrated statistical significance, this limited and uneven 
sample size may have constrained statistical power. Future 
studies with larger, well-balanced cohorts are warranted to 
validate these findings; (II) it was conducted exclusively in 
vivo using a mouse model, involving no complementary in 
vitro cellular experiments; and (III) the therapeutic effects of 
nerandomilast on the lungs and joints of RA-ILD patients 
were not evaluated. Future studies should incorporate clinical 
samples to further validate these preclinical findings.

Conclusions

In conclusion, nerandomilast alleviates pulmonary 

Figure 9 Effects of nerandomilast (BI 1015550) and nintedanib on ECM-related proteins in the lung. (A) Western blot analysis of Col-IV, 
fibronectin, and MMP3 protein expression in lung tissue. Both treatments downregulated Col-IV, fibronectin, and MMP3 levels. (B) Relative 
expression levels of Col-IV, fibronectin, and MMP3. *, P<0.01; **, P<0.001; ****, P<0.00001; n=3. BI 1015550 is the former investigational 
name for nerandomilast. Col-IV, collagen IV; ECM, extracellular matrix; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MMP3, 
matrix metalloproteinase-3; RA-ILD, rheumatoid arthritis-associated interstitial lung disease.
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inflammation and fibrosis in RA-ILD mice by suppressing 
TNF-α release and downregulating the TGF-β1/PI3K/
Akt signaling pathway. Overall, this study offers novel 
perspectives and potential therapeutic targets for the 
clinical application of nerandomilast in treating RA and its 
associated ILDs.
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