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Idiopathic pulmonary fibrosis (IPF) is an age-related disease with an unclear pathogenesis. The 
senescence and insufficient regeneration of alveolar epithelial cells are significant factors in the 
development and progression of IPF. Currently, effective treatment methods are lacking. The aim 
of this study is to explore the mechanism of action of uridine in delaying the aging of AECs and 
intervening in IPF. In vitro, Western blot and qRT-PCR analyzed uridine’s effects on bleomycin-
induced senescence, EMT, cell viability, and cell cycle. In vivo, uridine’s impact on lung aging and 
fibrosis in BLM-induced mice was assessed by weight, staining, Ashcroft scoring, and Western blot. 
Uridine reduced senescence markers in A549 cells, suppressed epithelial-mesenchymal transition, 
improved antioxidant capacity, and delayed pulmonary fibrosis and lung aging in mice. The effects 
of uridine were mediated through the NRF2 signaling pathway, which regulates antioxidant 
defense and autophagy. Uridine enhanced autophagic degradation of Keap1, possibly through p62/
SQSTM1-mediated autophagy. These findings suggest that uridine inhibits AEC senescence via the 
NRF2 pathway, mitigating IPF progression and offering a potential strategy for treating age-related 
pulmonary fibrosis by targeting oxidative stress.
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Idiopathic Pulmonary Fibrosis (IPF) is a chronic, progressive lung disease, with an increasing incidence, 
particularly among individuals over 65 years old. The global prevalence ranges from 3 to 45 cases per 100,000 
people1, with a median survival time of approximately 3–5 years. The exact cause of IPF remains unknown, but 
alveolar epithelial cells (AECs) senescence is considered a crucial factor in its progression2,3.

In IPF, senescent cells accumulate in aging tissues and contribute to the development of age-related diseases4. 
These cells not only lose their normal function but also secrete a variety of pro-inflammatory cytokines, 
chemokines, and growth factors, collectively known as the senescence-associated secretory phenotype (SASP)4,5. 
SASP factors such as interleukin-6 (IL-6), interleukin-8 (IL-8), matrix metalloproteinases (MMPs), and others 
can activate and recruit lung fibroblasts, promoting collagen deposition and exacerbating inflammation6. 
Furthermore, SASP factors disrupt normal tissue repair mechanisms, leading to chronic inflammation and 
accelerating the fibrotic process7.

The existing treatments for IPF include rehabilitation treatment, oxygen therapy, lung transplantation, and 
immunomodulatory therapy8. Currently, the main treatment is nintedanib, which has been shown to have 
gastrointestinal toxicity, hepatotoxicity, nephrotoxicity, and increased bleeding risk in some patients9. Moreover, 
nintedanib typically only slows disease progression and does not cure IPF10. Notably, recent studies suggest 
that targeting and clearing senescent epithelial cells in lung tissue can effectively alleviate the progression of 
pulmonary fibrosis11. Therefore, investigating a drug that can effectively improve AECs senescence is a potential 
target for treating pulmonary fibrosis.

For senescent epithelial cell clearance, (nuclear factor E2-related factor 2) Nrf2 signaling pathway is a 
key regulator of intracellular antioxidant responses, playing a critical role in the development of IPF12. Nrf2 
combats oxidative stress by inducing the transcription of genes encoding antioxidant enzymes. Its regulation is 
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tightly controlled by Kelch ECH-associated protein 1 (Keap1), which normally promotes Nrf2 ubiquitination 
and degradation13. Interestingly, the selective autophagy receptor p62/SQSTM1 enhances Nrf2 activation by 
promoting Keap1 degradation through autophagy14. Phosphorylated p62 binds to Keap1 with higher affinity, 
facilitating its sequestration into autophagosomes and subsequent degradation, thereby lifting the inhibition of 
Nrf2 and maintaining the continuous activation of the Nrf2 signaling pathway, which strengthens the cell’s anti-
oxidative and anti-aging capabilities15,16.

In view of this, this study focused on the small molecule compound Uridine, which, with its unique anti-
inflammatory, anti-aging and tissue regeneration properties, is a potential effective candidate for intervention 
in IPF17–19. Previous studies have shown that uridine can effectively improve the aging state of mesenchymal 
stem cells and intestinal epithelial cells, and has shown potential to reduce lung inflammatory response in 
mouse models20–22. However, it remains to be determined whether and how uridine inhibits the IPF process 
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by regulating Nrf2 signaling to reduce oxidative stress-induced AECs senescence. Therefore, this study aims to 
reveal the effect of uridine on AECs aging and epithelial-mesenchymal transition (EMT) through in vivo and 
in vitro experiments, and explore the molecular mechanism of uridine protecting alveolar structure through 
activation of Nrf2-p62 axis-mediated autophagy pathway, thus inhibiting the pulmonary fibrosis process. It 
provides new insights into the pathophysiology of IPF and opens new avenues for the clinical development of 
targeted anti-oxidative stress therapies, especially for the treatment of age-related pulmonary fibrosis.

Results
Uridine inhibits bleomycin (BLM)- induced senescence and Epithelial-Mesenchymal 
transition (EMT) in A549 cells
We established the BLM model with reference to the Jeengar, M.K., et al. and Della Latta, V., et al. study23,24 
and selected the concentration according to the experimental results of the effects of BLM and uridine on the 
activity of A549 cells (Supplementary Fig. 1), so as to ensure that the activity of cells was in a state suitable for 
the experiment.

Cell cycle-assays and cell proliferation assays were used to assess cell senescence25. Uridine treatment 
alleviated BLM-induced S phase cell cycle arrest (Fig. 1a). We then measured SA-β-gal activity in A549 cells, 
a widely used senescence marker. BLM treatment significantly increased the number of positive cells, while 
uridine treatment significantly reduced the number of SA-β-gal positive cells in a concentration-dependent 
manner (Fig. 1b). Similarly, uridine treatment effectively reduced the expression levels of senescence markers 
p16, p21, and p53 compared to the BLM group (Fig. 1c). Moreover, RT-qPCR showed that uridine treatment 
significantly reduced the expression of SASP-related genes IL-6, IL-1β, TNF-α, Mmp12, TGF-β1, and Wisp1 in 
BLM-treated A549 cells (Fig. 1d).

Due to the important role of EMT in IPF, we detected EMT related characterization. We found that uridine 
treatment significantly reduced the gene and protein expression of key EMT markers Collagen1a1, Collagen5a3, 
and Fibronectin (Fig.  1e-f). Additionally, the gene and protein expression of alveolar epithelial cell markers 
Sftpc, Sftpa1, and T1α significantly increased compared to the untreated group (Fig. 1g-h).

Uridine improves BLM-Induced pulmonary fibrosis in mice
Given the significant effects of uridine on improving A549 cell senescence in vitro, our next step was to test 
whether uridine could improve BLM-induced pulmonary fibrosis in vivo. We used intratracheal instillation of 
BLM to create a mouse model of pulmonary fibrosis. Considering that the inflammation phase occurs 7 days 
after BLM instillation (2 mg/kg) and the fibrosis phase occurs from days 8–1026, we started oral administration of 
nintedanib (100 mg/kg) and uridine (20, 40 mg/kg) on the 10 th day post-operation, maintaining the treatment 
for 10 days. Lung tissues were collected for further analysis on the 20 th day post-operation. Initial observations 
of the collected lung tissues revealed hemorrhagic necrosis and focal scarring in BLM-treated mice, which were 
improved to varying degrees in the nintedanib and uridine treatment groups (Fig. 2a).

By measuring lung weight and body weight and calculating the lung-to-body weight ratio, we found that 
uridine reduced the lung-to-body weight ratio in a concentration-dependent manner in mice with pulmonary 
fibrosis (Fig. 2b), indicating that uridine effectively ameliorated lung consolidation. Additionally, HE staining 
and Ashcroft scoring showed that uridine treatment effectively improved BLM-induced alveolar structural 
damage and inflammatory infiltration in mice (Fig. 2c-d).

Next, we examined the effect of uridine on improving pulmonary fibrosis in mice. Masson’s trichrome staining 
and Sirius red staining revealed that uridine significantly reversed BLM-induced pulmonary fibrotic connective 
tissue formation and reduced the levels of type I and type III collagen in lung tissue compared to the PBS group 
(Fig. 2e). Similarly, uridine treatment reduced hydroxyproline levels in lung tissue, an important indicator of 
early pulmonary fibrosis (Fig. 2f). By observing alveolar epithelial cell proliferation markers E-cadherin and 
Ki67, we found that uridine treatment effectively improved the reduction in alveolar epithelial cell regeneration 
induced by BLM (Fig. 2g-h).

Furthermore, uridine treatment significantly decreased the deposition of fibrosis markers α-SMA and 
Collagen1a1 in the lungs (Fig. 2i-j). Given that the occurrence of IPF is closely related to insufficient regeneration 
of alveolar epithelial cells and the progression of EMT, our study found that uridine treatment effectively reduced 
BLM-induced loss of alveolar epithelial phenotype and mesenchymal transition, preventing the progression of 
EMT and significantly improving lung tissue structural remodeling and fibrosis development.

Fig. 1. Uridine Inhibits Bleomycin (BLM)- Induced Senescence and Epithelial-Mesenchymal Transition 
(EMT) in A549 Cells. (a) Cell cycle analysis of A549 cells treated with uridine and BLM. (b) Representative 
images and quantification of SA-β-gal staining in A549 cells treated with uridine and BLM. (c) Western blot 
analysis of senescence markers p16, p21, and p53 expression levels in A549 cells treated with uridine and BLM. 
(d) qRT-PCR analysis of SASP (senescence-associated secretory phenotype) markers IL-6, IL-1β, TNF-α, 
Mmp12, TGF-β1, and Wisp1 mRNA expression in A549 cells treated with uridine and BLM. (e) qRT-PCR 
analysis of fibrotic markers Collagen1a1, Collagen5a3, and Fibronectin mRNA expression in A549 cells treated 
with uridine and BLM. (f) Western blot analysis of fibrotic markers Collagen1a1, Collagen5a3, and Fibronectin 
expression levels in A549 cells treated with uridine and BLM. (g) qRT-PCR analysis of lung epithelial markers 
Sftpc, Sftpa1, and T1α mRNA expression in A549 cells treated with uridine and BLM. (h) Western blot analysis 
of lung epithelial markers Sftpc, Sftpa1, and T1α expression levels in A549 cells treated with uridine and BLM. 
Bars in (b) represent 100 μm. Data in (a, b, d, e, g) are presented as mean ± SD (n = 3, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001; ns indicates no significance; student’s t-test).

◂
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Uridine alleviates pulmonary senescence in mice
p21 and p53 are significant marker of cellular senescence27. Uridine treatment reduced the levels of the cellular 
aging markers p21 and p53 in the lung tissue of mice with pulmonary fibrosis (Fig. 3a-b). Similarly, uridine 
treatment effectively decreased the expression of genes related to SASP in mouse lung tissue (Fig. 3c).

These results suggest that uridine treatment mitigates BLM-induced damage and senescence of alveolar 
epithelial cells, reduces SASP levels, and influences the EMT process induced by alveolar epithelial cell 
senescence, thereby treating pulmonary fibrosis. Overall, uridine treatment can effectively reverse BLM-induced 
alveolar epithelial cell senescence. This outcome is consistent with the antifibrotic effects observed in previous 
experiments. Therefore, we believe that the therapeutic effect of uridine on IPF is achieved by ameliorating 
alveolar epithelial cell senescence.
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Uridine activates the Nrf2 signaling pathway
In order to verify the specific mechanisms involved in aging in vivo and in vitro, we used ROS level detection 
methods for verification, and the results showed that uridine treatment can reduce the ROS level of A549 cells 
(Fig. 4a).

Our next experiment explored whether the protective effect of uridine against cellular senescence depends 
on the Nrf2 signaling pathway. Immunofluorescence and Western blot results showed that uridine treatment 
increases Nrf2 accumulation in A549 cells (Fig. 4b, Supplementary Fig. 2). Additionally, Western blot results 

Fig. 2. Uridine Improves BLM-Induced Pulmonary Fibrosis in Mice. (a) Macroscopic view of lung tissues 
from mice treated with uridine and nintedanib following intratracheal instillation of 2 mg/kg BLM for 10 days, 
followed by 10 days of oral gavage treatment with uridine (20, 40 mg/kg) and nintedanib (100 mg/kg). (b) 
Lung weight/body weight ratio in mice treated with uridine and nintedanib. (c) Representative images of lung 
tissues stained with H&E from mice treated with uridine and nintedanib. (d) Ashcroft score of lung fibrosis in 
histopathological sections from mice. (e) Representative images of lung tissues stained with Masson’s trichrome 
and Sirius Red from mice treated with uridine and nintedanib. (f) Hydroxyproline levels in lung tissues from 
mice treated with uridine and nintedanib. (g) Representative images of immunofluorescence staining for 
epithelial markers Ki67 and E-cadherin in lung tissues from mice treated with uridine and nintedanib. (h) 
Western blot analysis of epithelial markers Ki67 and E-cadherin expression levels in lung tissues from mice 
treated with uridine and nintedanib. (i) Representative images of immunofluorescence staining for fibrotic 
markers α-SMA and Collagen1a1 in lung tissues from mice treated with uridine and nintedanib. (j) Western 
blot analysis of fibrotic markers α-SMA and Collagen1a1 expression levels in lung tissues from mice treated 
with uridine and nintedanib. Bars in (c, e, g, i) represent 100 μm. Data in (b, d, f) are presented as mean ± SD 
(n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns indicates no significance; student’s t-test).

◂

Fig. 3. Uridine Alleviates Pulmonary Senescence in Mice. (a) Representative immunofluorescence images of 
p21 and p53 in lung tissues from uridine-treated mice with lung fibrosis. (b) Western blot analysis of p21 and 
p53 expression in lung tissues from uridine-treated mice with lung fibrosis. (d) qRT-PCR analysis of mRNA 
expression levels of SASPs (IL-6, IL-1β, TNF-α, Mmp12, TGF-β1, and Wisp1) in lung tissues from uridine-
treated mice. Bars in (a) represent 100 μm. Data in (c) are presented as mean ± SD (n = 3, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001; ns indicates no significance; student’s t-test).

 

Scientific Reports |        (2025) 15:22952 5| https://doi.org/10.1038/s41598-025-04053-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


indicated that uridine treatment significantly increases Nrf2 protein expression in A549 cells (Fig. 4d), although 
no increase in Nrf2 mRNA transcription was observed (Fig. 4c).

Next, we evaluated the transcription levels of major downstream target genes of activated Nrf2, such as NQO1, 
HO-1, GCLM, and GCLC, using qRT-PCR. We found that the expression levels of Nrf2 downstream regulatory 
genes were significantly elevated in uridine-treated A549 cells compared to the control group. Similarly, the 
protein levels of NQO1, HO-1, GCLM, and GCLC also increased markedly after uridine treatment (Fig. 4e-f).

Fig. 4. Uridine Activates the Nrf2 Signaling Pathway. (a) Representative images of ROS fluorescence in A549 
cells induced by BLM with uridine treatment. (b) Representative immunofluorescence images of Nrf2 in 
uridine-treated A549 cells. (c) qRT-PCR analysis of Nrf2 gene expression levels in uridine-treated A549 cells. 
(d) Western blot analysis of Nrf2 protein expression levels in uridine-treated A549 cells. (e) Western blot 
analysis of downstream genes of Nrf2 (NQO1, HO-1, GCLM, GCLC) expression levels in uridine-treated A549 
cells. (f) qRT-PCR analysis of downstream gene expression levels of Nrf2 in uridine-treated A549 cells. (g) 
Treatment of A549 cells with CHX (300 µM) followed by Western blot analysis of Nrf2 protein levels at 0, 8, 
16, and 24 h. (h) Treatment of A549 cells with CHX (300 µM) and MG132 (10 µM) followed by Western blot 
analysis of Nrf2 protein levels at 0, 8, 16, and 24 h. (i) Treatment of A549 cells with CHX (300 µM) and uridine 
(300 µM) followed by Western blot analysis of Nrf2 protein levels at 0, 8, 16, and 24 h. Bars in (a) represent 200 
μm, and in (b) represent 50 μm. Data in (c) and (f) are presented as mean ± SD (n = 3, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001; ns indicates no significance; student’s t-test).
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Then we treated A549 cells with the protein synthesis inhibitor cycloheximide (CHX, 300 µM), the proteasome 
inhibitor MG132 (10 µM), and uridine, and measured Nrf2 protein levels at different time points. The results 
showed that the degradation level of Nrf2 can be significantly decreased by MG132 (Fig. 4g-h), and uridine 
treatment can markedly extend the half-life of intracellular Nrf2 (Fig. 4i).

Based on these results, we hypothesize that the increased intracellular levels of Nrf2 protein may not be due to 
changes in DNA transcription but rather through enhanced stability of the Nrf2 protein. Therefore, we conclude 
that uridine treatment reduces the ubiquitination of Nrf2, thereby enhancing its stability.

Uridine exerts Anti-aging and EMT-suppressing effects depend on the Nrf2 signaling 
pathway
To further demonstrate that uridine protects against alveolar epithelial cell senescence and improves pulmonary 
fibrosis via the Nrf2 signaling pathway, we conducted additional in vitro and in vivo experiments using the 
Nrf2 signaling pathway inhibitor ML38528. The experimental results confirmed that pretreatment with the Nrf2 
inhibitor ML385 (5 µM) resulted in a significant limitation of uridine-induced reduction in ROS levels in A549 
cells (Fig. 5a).

Correspondingly, A549 cells treated with the Nrf2 inhibitor showed a pronounced increase in levels of 
senescence marker proteins p16, p21, p53, and SA-β gal-positive cells (Fig. 5b-c). Given that uridine treatment 
improves the transcription levels of SASP-related genes in A549 cells, this effect was significantly reversed upon 
addition of the Nrf2 inhibitor (Fig. 5d). Furthermore, we assessed the impact of ML385 on EMT levels in A549 
cells. The results indicated a significant increase in mRNA and protein levels of fibrotic markers Collagen1a1, 
Collagen5a3, and Fibronectin in the ML385-treated cell group (Fig. 5e, g). Similarly, the upward trend in gene 
transcription levels of alveolar epithelial cell markers Sftpc, Sftpa1, and T1α was reversed (Fig. 5f, h).

In vivo experiments also confirmed that ML385 treatment (5 mg/kg) significantly reversed the therapeutic 
effects of uridine treatment on pulmonary fibrosis in mice. HE staining showed that lung structural improvements 
observed in the uridine treatment group were significantly reversed with ML385 treatment (Fig. 5i), accompanied 
by a significant increase in Ashcroft scores (Supplementary Fig. 3a). Mice treated with ML385 also exhibited 
more severe fibrotic characteristics, as pathological staining indicated marked proliferation of fibrotic tissue and 
increased collagen positivity in lung tissues (Supplementary Fig. 3b).

Moreover, we found that ML385 effectively countered uridine’s anti-EMT and anti-DNA damage function, 
with the ML385 group showing higher levels of fibrotic markers Collagen1a1, α-SMA and DNA damage marker 
γ-H2 AX (Fig. 5j-k).

Previous results indicated that uridine could elevate levels of lung epithelial cell markers in the pulmonary 
fibrosis mouse model, a trend that was attenuated by the Nrf2 inhibitor ML385 (Supplementary Fig. 3c). 
Collectively, these findings suggest that uridine’s protective effect against alveolar epithelial cell senescence is 
mediated through the Nrf2 signaling pathway.

Uridine promotes p62-Mediated Keap1 autophagy
We determined the regulatory effect of uridine on Nrf2 by detecting Keap1 levels, and the results showed that 
uridine treatment effectively reduces Keap1 protein levels (Fig. 6a). Similar conclusions were drawn from in vivo 
experiments (Supplementary Fig. 4).

To further confirm the induction of autophagy by uridine, we performed transmission electron microscopy 
(TEM) on A549 cells treated with BLM alone, uridine alone, and a combination of both BLM and uridine. TEM 
images revealed a significant increase in the number of autophagic vesicles in uridine-treated cells compared to 
the control group (Fig. 6c). Next, we observed dual fluorescence autophagy in A549 cells infected with lentivirus. 
Based on the co-localization of red/green fluorescence, we found that the addition of uridine significantly 
increased the yellow fluorescence dots, indicating that uridine can induce an increase in intracellular autophagy 
levels (Fig. 6d).

In order to further verify the influence of autophagy on the Keap1-Nrf2 mechanism, we conducted a western-
blot experiment, and the results showed that uridine treatment could significantly increase the level of Nrf2 
and decrease the level of Keap1, but this phenomenon disappeared when the autophagy process was inhibited 
(Fig. 6b). We further found that uridine’s reduction of Keap1 and increase in Nrf2 levels correlated with the 
degradation of autophagic substrate p62 and the upregulation of autophagy markers LC3 and Beclin1. Similarly, 
this process was inhibited by 3-MA (Fig. 6e).

To further validate the role of p62 in uridine-mediated improvement of senescence and EMT in A549 cells, 
we transfected A549 cells with p62-siRNA to silence p62 expression (Fig. 6f). Following uridine treatment, cells 
transfected with p62-siRNA exhibited higher expression levels of senescence markers p16, p21, p53, and EMT 
markers Collagen1a1, Collagen5a3, and Fibronectin compared to cells transfected with negative control siRNA 
(Fig. 6g-h).

To confirm the connection between uridine-induced Keap1 reduction and p62, we added a p62 inhibitor, 
XRK3 F2. Co-immunoprecipitation experiments showed that uridine enhanced the interaction between p62 
and Keap1, promoting Keap1 degradation. Adding XRK3 F2 reversed this trend, resulting in low p62 levels and 
high Keap1 levels (Fig. 6i).

These results show that uridine-induced autophagy leads to selective degradation of Keap1 via p62, which 
correlates with promoted Nrf2 activation and improvements in cellular senescence and EMT in A549 cells.

Discussion
Despite the ongoing deepening of our understanding of the pathogenesis of IPF, traditional drugs primarily 
function to slow down disease progression rather than achieve complete cure29.This limitation arises largely 
because current therapies for IPF focus on improving lung inflammation and inhibiting fibrotic pathways30. 
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However, recent research suggests that a subset of lung epithelial stem cells, primarily composed of type II 
alveolar epithelial cells, plays a significant role in the progression of IPF through cellular senescence. Therefore, 
traditional drug treatments for IPF are inherently limited.

In this study, we demonstrated that uridine mitigates oxidative stress-induced damage to alveolar epithelial 
cells through the Nrf2 signaling pathway, effectively reducing cellular senescence and EMT processes, thus 
improving IPF. Specifically, the observed reduction in senescence markers and EMT markers in A549 cells 
treated with uridine suggests that uridine may play a role in restoring the regenerative capacity of damaged 
AECs. This finding aligns with previous studies demonstrating uridine’s ability to rejuvenate aged human stem 
cells and promote tissue regeneration20. Our study demonstrated that uridine can reduce the levels of aging and 
EMT markers in A549 cells. Uridine has been shown in previous studies to rejuvenate aged human stem cells 
and promote regeneration of various tissues in vivo20. However, the effect of uridine has not been reported in 
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BLM-Induced Pulmonary Fibrosis Animal Model and IPF. We have demonstrated for the first time that uridine 
inhibits BLM-induced senescence and EMT in A549 cells, and this effect is not limited to in vitro cell models but 
is also observed in an in vivo mouse model.

The mechanism underlying the anti-aging and anti-fibrotic effects of uridine involves the activation of the Nrf2 
signaling pathway, a key player in cellular defense against oxidative stress and inflammation31,32. By promoting 
the degradation of Keap1 through autophagy, uridine enhances the stabilization and nuclear translocation of 
Nrf2, leading to the induction of antioxidant and cytoprotective genes33. We demonstrate that uridine could 
improve BLM-induced pulmonary senescence and fibrosis in vivo. The therapeutic effect of uridine on IPF 
is achieved by ameliorating alveolar epithelial cell senescence. Uridine could alleviate chondrocyte and MSCs 
senescence in vitro by evaluating a series of aging markers and furthermore, uridine could also relieve OA in 
vivo21. We demonstrate for the first time that uridine inhibits IPF in vivo and that this effect is caused by delaying 
senescence of lung epithelial cells.

For the first time, we propose a novel mechanism by which uridine treats IPF: uridine-induced autophagy 
selectively degrades Keap1 via p62, thereby promoting Nrf2 activation and improving cellular senescence and 
EMT in A549 cells. (Nrf2 activation is a core event in attenuating oxidative stress-associated aging34. Under 
normal conditions, Nrf2 is sequestered in the cytoplasm by its repressor protein, Keap1, which promotes Nrf2 
ubiquitination and degradation35. However, when cells are exposed to oxidative stress or treated with uridine, 
Keap1 is selectively degraded via autophagy, a process that is mediated by p6236. Phosphorylated p62 increases 
its binding affinity for Keap1 and competes with Nrf2 to bind Keap1, thereby preventing Keap1-mediated Nrf2 
ubiquitination and promoting the sustained activation of Nrf237. The degradation of Keap1 by p62-mediated 
autophagy leads to the stabilization and nuclear translocation of Nrf2, which then binds to antioxidant response 
elements (AREs) in the promoter regions of genes encoding antioxidant enzymes and other cytoprotective 
proteins38. Importantly, the selective degradation of Keap1 by p62-mediated autophagy is a novel mechanism 
that has not been previously reported in the context of IPF36. This mechanism represents a significant 
advancement in understanding how uridine can mitigate the oxidative stress and senescence associated with 
IPF39. Moreover, the role of p62 in this process is indispensable. p62 acts as an adaptor protein that binds both 
Keap1 and LC3, facilitating the sequestration of Keap1 into autophagosomes and its subsequent degradation. The 
downregulation of p62 expression by siRNA negates the beneficial effects of uridine, supporting the hypothesis 
that p62 is essential for the protective effects of uridine in A549 cells.

Our findings not only support the known mechanism of Nrf2 activation but also introduce new therapeutic 
targets and avenues for the treatment of IPF. The strong correlation between uridine treatment and improved 
cellular senescence and EMT markers highlights the potential of uridine as a therapeutic agent for IPF. However, 
additional research is required to explore uridine’s protective effects on alveolar epithelial cells in lung fibrosis: 
Experimental evidence indicates that uridine supplementation enhances p62-mediated Keap1 autophagy. Future 
experiments will focus on the interaction between uridine and p62, as well as the direct impact on the p62-Keap1 
interaction; Our research demonstrates that uridine upregulates the autophagic receptor protein p62 to exert 
anti-senescence effects. Further investigation is warranted to understand the upstream regulatory mechanisms 
of autophagy, including HIF-1α, Rubicon, mTOR, AMPK, TFEB, and ATG740[,41; while we have evaluated cell 
viability in vitro, the potential in vivo toxicities of uridine remain uncertain. Future experiments will include 
comprehensive assessments of uridine’s safety, including peripheral blood counts, organ function tests, and 
histopathological analyses.

Conclusion
In conclusion, our study demonstrates that uridine effectively alleviates senescence and EMT in pulmonary 
epithelial cells, both in vitro and in vivo, through the modulation of the Nrf2 signaling pathway. Uridine 
enhances p62-mediated Keap1 autophagy, leading to sustained Nrf2 activation and upregulation of downstream 
antioxidant genes. These findings suggest that uridine may serve as a promising therapeutic agent for IPF by 
inhibiting alveolar epithelial cell senescence and deficiency. Further research is warranted to explore the full 
therapeutic potential of uridine and to evaluate its safety profile in vivo.

Fig. 5. Uridine Exerts Anti-aging and EMT-suppressing Effects Depend on the Nrf2 Signaling Pathway. (a) 
Representative images of ROS fluorescence in A549 cells. (b) Western blot analysis of the expression levels of 
aging marker proteins p16, p21, and p53 in A549 cells. (c) Representative images of SA-β gal staining in A549 
cells. (d) qRT-PCR analysis of SASP (IL-6, IL-1β, TNF-α, Mmp12, TGF-β1, and Wisp1) gene expression levels 
in lung tissues of mice treated with ML385 and uridine. (e) qRT-PCR analysis of fibrosis markers (Collagen1a1, 
Collagen5a3, and Fibronectin) DNA expression levels in lung tissues of mice. (f) qRT-PCR analysis of 
epithelial markers (Sftpc, Sftpa1, and T1α) gene expression levels in lung tissues of mice. (g) Western blot 
analysis of fibrosis markers (Collagen1a1, Collagen5a3, Fibronectin) expression levels in lung tissues of mice. 
(h) Western blot analysis of epithelial markers (Sftpc, Sftpa1, and T1α) expression levels in lung tissues of mice. 
(i) Representative images of HE staining in lung tissues of mice. (j) Representative immunofluorescence images 
of γ-H2 AX, α-SMA and Collagen1a1 in lung tissues of mice. (k) Western blot analysis of γ-H2 AX, α-SMA 
and Collagen1a1 expression levels in lung tissues of mice. Bars in (a) represent 200 μm, and in (c), (i) and (j) 
represent 100 μm. Data in (c), (d), (e) and (f) are presented as mean ± SD (n = 3, *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001; ns indicates no significance; student’s t-test).
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Materials and methods
Cell culture
Alveolar epithelial cells (A549) were obtained from ATCC and maintained in DMEM high glucose medium 
(C7076-500 ml, Bioss) supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin. The cells 

Fig. 6. Uridine Promotes p62-Mediated Keap1 Autophagy. (a) Western blot analysis of Keap1 levels in 
uridine-treated A549 cells. (b) Western blot analysis of Nrf2 and Keap1 levels in A549 cells treated with uridine 
and 3-MA. (c) Transmission electron microscopy observation of autophagy in uridine-treated A549 cells. (d) 
Representative immunofluorescence images of LC3 and Keap1 in A549 cells treated with uridine and BLM. (e) 
Western blot analysis of LC3, Beclin1, and p62 levels in A549 cells treated with uridine and 3-MA. (f) Western 
blot analysis of p62 protein expression in A549 cells transfected with control and p62 siRNA after 72 h. (g) 
Western blot analysis of p16, p21, and p53 expression levels in uridine-treated A549 cells transfected with 
control and p62 siRNA. (h) Western blot analysis of Collagen1a1, Collagen5a3, and Fibronectin expression 
levels in uridine-treated A549 cells transfected with control and p62 siRNA. (i) Co-immunoprecipitation 
(co-IP) analysis of the interaction levels between Keap1 and p62 in A549 cells treated with uridine and the p62 
inhibitor XRK3 F2 (5 µM). Bars represent 20 μm in (d).
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were cultured at 37 °C in a 5% CO2 atmosphere. Cells were seeded at a density of 2.5 × 10^4 cells and regularly 
passaged. Bleomycin (11-B608166, Boer) was dissolved in PBS, and uridine (11-B612407, Boer) was dissolved 
in PBS for cell treatment and stored at −20 °C before use.

Cell viability assay
The Cell Counting Kit-8 (CCK-8) assay (AKCE001-1, BOXBIO) was used to evaluate the effect of uridine on 
A549 cell proliferation. Briefly, A549 cells were seeded at an initial density of 5 × 10^3 cells/well in 96-well plates 
and cultured with different concentrations of uridine (100, 200, 300, and 400 µM) for 24, 48, and 72 h. At each 
time point, 10 µl of CCK-8 solution and 90 µl of culture medium were added to each well and incubated at 37 °C 
for 2 h. Absorbance was measured at 450 nm.

SA-β-Galactosidase staining
Cells were seeded in six-well plates and treated with 100, 200, 300, and 400 µM uridine for 24 h. Then, the cells 
were further treated with BLM for 72 h. SA-β-gal staining was performed using a staining kit (G1580-100 T, 
Solarbio) according to the manufacturer’s instructions. The staining working solution was prepared accordingly. 
The six-well plates were sealed with plastic wrap to prevent evaporation and incubated overnight at 37 °C. 
Senescence-positive cells were identified as blue-stained cells under a light microscope.

ROS analysis
Cells were seeded in 24-well plates and treated with uridine and BLM. DCFH-DA (50101ES01, Yeasen) was 
diluted 1:1000 in serum-free medium and added to the cells. The cells were incubated in the dark at 37 °C 
for 30 min. After washing three times with serum-free medium, the cells were observed under a fluorescence 
microscope.

Cell cycle detection
Cells were treated with uridine and BLM, trypsinized with EDTA at 37 °C, and the reaction was stopped with 
FBS-containing DMEM. Following centrifugation and PBS washes, cells were fixed in 70% cold ethanol, then 
stained with propidium iodide and assessed using a flow cytometer (Beckman CytoFlex).

Quantitative Real-Time PCR analysis
Total RNA was extracted from A549 cells and lung tissues using TRIzol reagent (YZ-15596018, Acmec). RNA 
concentration was measured with a NanoDrop One spectrophotometer (Thermo). cDNA was synthesized using 
Hifair® II Reverse Transcriptase (11110ES92*, Yeasen) under the following conditions: 25 °C for 5 min, 42 °C 
for 40 min, and 85 °C for 5 min. Amplification was performed using Hieff® qPCR SYBR Green Master Mix 
(11203ES08, Yeasen) with the following cycling conditions: 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 
s, 60 °C for 20 s, and 72 °C for 20 s. β-Actin was used as the internal control, and all data were normalized to the 
control. Primer sequences are listed in Supplementary Table 1.

Western blot analysis
Total protein was extracted using cold RIPA buffer with protease inhibitors. Protein concentration was measured 
using a BCA kit (BX-2142728, Pierce). Proteins were separated on 8–15% Tris-glycine SDS-PAGE gels at 80 V, 
then 120 V, and transferred to PVDF membranes (bsp0161, PALL). Membranes were blocked with 5% non-
fat milk and probed with primary antibodies overnight at 4  °C. After washing, membranes were incubated 
with secondary antibodies for 90 min at room temperature. Bands were visualized using a chemiluminescence 
imaging system (Biorad). Primary antibodies used included P16, P21, P53, γ-H2 AX, Ki67, E-cadherin, α-SMA, 
Collagen1a1, Collagen5a3, Fibronectin, Sftpc, Sftpa 1, T1α, Nrf2, NQO1, HO-1, GCLM, GCLC, Keap1, Beclin1, 
p62, and LC3 (1:2000, Proteintech).

BLM-Induced pulmonary fibrosis animal model
Pulmonary fibrosis was induced in male C57BL/6 mice (6 weeks old). The mice were obtained from Xiamen 
University Laboratory Animal Center and housed under specific pathogen-free (SPF) conditions with a 12-
hour light/dark cycle and free access to food and water. All procedures involving animals were approved by 
the Institutional Animal Care and Use Committee (IACUC) of Xiamen University (ethics approval number: 
XMULAC20240137). The animals used in this study were handled following the ARRIVE guidelines. All 
methods were carried out in accordance with relevant guidelines and regulations.

Briefly, mice were anesthetized with 1% sodium pentobarbital (60 mg/kg), and bleomycin (2 mg/kg in 40 µl 
sterile saline) was administered intratracheally. Control mice received the same volume of sterile saline. Starting 
on day 10 post-BLM injection, nintedanib (11-B618731, Boer) and uridine (11-B612407, Boer) dissolved in 
saline were administered by gavage daily to anesthetized mice. Mice were sacrificed by cervical dislocation on 
day 20 post-BLM injection, and lung tissue samples were collected. On day 28 of uridine administration, mice 
were sacrificed after anesthesia. Body weight (BW) was recorded, and the whole lung was excised and weighed 
(lung weight, PW). The lung weight index was calculated as PI = PW/BW × 100.

Immunofluorescence staining
Cell Immunofluorescence: A549 cells were cultured on glass coverslips, pretreated with BLM (25 µM) for 24 h, 
and then treated with uridine (300 µM) for 72 h. After washing, the cells were fixed with 4% paraformaldehyde 
for 15 min and permeabilized with 0.5% Triton X-100 in PBS for 20 min at room temperature. After blocking 
with normal goat serum, primary antibodies diluted 1:60 were added and incubated in a humidified chamber at 
4 °C for 12 h. After washing, the cells were incubated with fluorescent secondary antibodies (1:400) for 1 h and 
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counterstained with DAPI for 5 min. The slides were mounted with anti-fade mounting medium and observed 
using a high-sensitivity laser confocal microscope (Zeiss LSM980).

Tissue Immunofluorescence: Fresh lung tissues were cryosectioned and fixed with acetone. After blocking 
with goat serum for 20 min, primary antibodies diluted 1:60 were added and incubated in a humidified chamber 
at 4 °C for 12 h. After warming to room temperature for 45 min, the sections were incubated with fluorescent 
secondary antibodies (1:400) for 1 h, counterstained with DAPI, and mounted with anti-fade mounting medium. 
Images were captured using a high-sensitivity laser confocal microscope (Zeiss LSM980). Primary antibodies 
used included γ-H2 AX, Ki67, E-cadherin, α-SMA, Collagen1a1, Nrf2, LC3 and Keap1, with Alexa Fluor® 594 
(red) or 488 (green)-conjugated secondary antibodies (1:400, Invitrogen).

HE stain, Masson’s trichrome stain and modified Sirius red stain
Lung tissues were collected from male C57BL/6 mice (6 weeks old) on day 28 after BLM or PBS administration. 
The lungs were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5  μm. Sections were 
stained with Hematoxylin-Eosin (HE) Stain Kit (G1120, Solarbio), Masson’s Trichrome Stain Kit (G1340, 
Solarbio), and Modified Sirius Red Stain Kit (G1472, Solarbio). The degree of lung fibrosis was assessed using 
the Ashcroft scoring system: grade 0, normal lung tissue; grade 1, mild fibrosis with minimal thickening of 
alveolar or bronchiolar walls; grades 2–3, moderate thickening of alveolar walls without obvious damage to 
lung architecture; grades 4–5, increased fibrosis with significant lung structure damage, forming fibrous bands 
or small fibrous masses; grades 6–7, severe lung structure destruction with large fibrous areas, potentially 
accompanied by honeycomb lung formation; grade 8, total fibrosis with all lung tissue occluded and necrotic.

Hydroxyproline content measurement
Hydroxyproline levels in the lungs were measured using a hydroxyproline assay kit (Nanjing Jiancheng 
Bioengineering Institute, China) at 550 nm, with results expressed as micrograms of hydroxyproline per 
milligram of lung tissue.

Transfection
p62 and control siRNA were purchased from Cell Signaling Technology (Danvers, MA, USA). The RFP-GFP-
LC3 adenovirus vector, ATG5 siRNA, and control siRNA were designed and synthesized by Jikai (Guangzhou, 
China). Transfection of THP-1 cells was performed according to the manufacturer’s protocol (The primer 
sequences for transfection are provided in Supplementary Table 2). Autophagic flux was observed using a 
fluorescence microscope (Olympus).

Transmission Electron microscopy
Cells treated with 300 µM uridine were harvested and immediately fixed in 2.5% glutaraldehyde overnight at 
4 °C, followed by post-fixation with 2% osmium tetroxide for 1 h at 37 °C. Cells were then embedded, stained 
with uranyl acetate/lead citrate, and imaged using a transmission electron microscope (TEM) (ThermoFisher 
Helios 5 UC).

Co-immunoprecipitation analysis
For co-immunoprecipitation (Co-IP), 500 µg of total protein was extracted from each cell group and incubated 
with an anti-P62 antibody. Protein A + G agarose beads were used to remove nonspecific binding. The antibody-
antigen complex was allowed to react overnight, and then protein A + G agarose beads were added to capture 
the complex. After washing and centrifugation, the pellet was resuspended, boiled, and used for Western blot 
analysis.

Statistical analysis
Statistical analysis was performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). Data are presented as 
mean ± SD. Statistical significance was determined using the Student’s t-test and one-way analysis of variance. 
Asterisks indicate statistical significance (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns indicates no 
significance).

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable 
request.
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