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Abstract
Chronic lung diseases (CLDs) include a variety of disorders of the pulmonary vasculature
and alveolar compartments, and they have become a considerable global health challenge
due to their high morbidity and limited therapeutic options. Increasing evidence shows that
cellular  senescence,  an  irreversible  cell-cycle  arrest  accompanied  by  altered  secretory
activity and resistance to apoptosis,  plays a crucial  role in the onset and progression of
CLDs.  One  of  the  major  consequences  of  senescence-associated  secretory  phenotype
activity  in  senescent  cells  is  the  further  exacerbation  of  CLD  pathogenesis  through  the
maintenance of chronic inflammation, tissue remodeling, and structural vascular changes.
Although  individual  CLDs  exhibit  distinct  pathological  features,  they  share  common
mechanisms,  including  persistent  inflammation  and  dysregulated  tissue  repair.
Experimental  models  and  new  methods  have  advanced,  demonstrating  the  promise  of
targeted approaches, such as senolytics and regulators of senescence-associated traits, for
treating  these  diseases.  This  review  evaluates  how  cell  senescence  is  involved  with
                                                                                           

https://www.oaepublish.com
https://ucenter.oaepublish.com
https://dx.doi.org/10.20517/2574-1209.2025.115
https://dx.doi.org/10.20517/2574-1209.2025.115
https://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2025.115&domain=pdf


Page 2 of 15 Liu et al. Vessel Plus. 2026;10:4

pulmonary  arterial  hypertension,  pulmonary  fibrosis  and  chronic  obstructive  pulmonary  disease,  highlights  both
shared and different pathologic routes, and discusses using seno-therapeutic methods within precision medicine
plans.

INTRODUCTION
Chronic lung diseases (CLDs) consist of a group of disorders including pulmonary arterial hypertension

(PAH), pulmonary fibrosis (PF) and chronic obstructive pulmonary disease (COPD)
[1]

. These conditions

have the characteristics of structural and functional disturbances of the pulmonary vasculature and/or

alveolar compartments in different subtypes. Characteristic pathology includes persistent inflammation,

endothelial dysfunction and abnormal vascular remodeling that cause ongoing pulmonary injury in the

majority of cases
[2,3]

. Despite the different clinical and histopathologic features of individual CLD subtypes,

they can also share common pathogenic mechanisms, such as chronic inflammation, capillary rarefaction,

progressive vascular remodeling, and cellular senescence
[4-7]

. All of these possible mechanisms are associated

with worse clinical outcomes. However, the exact molecular and cellular mechanisms triggering CLD

initiation and development are not completely known.

Cellular senescence has gradually become recognized as an important factor in the development of CLDs,

and increasing evidence supports its involvement. This irreversible cell-cycle arrest state is characterized by

the senescence-associated secretory phenotype (SASP), which includes cytokines, chemokines, proteases, and

growth regulators. The SASP factors can also induce cellular metabolism, enhance resistance to apoptosis

and drive vascular remodeling and functional impairment
[8,9]

. Accumulation of senescent cells in pulmonary

vasculature and parenchymal compartments due to hypoxia, mechanical stress, oxidative injury, and

inflammation has been observed in multiple types of CLDs. However, the extent to which senescence-related

mechanisms are shared with disease-specific mechanisms remains unclear, nor does the therapeutic potential

of selectively targeting senescent cells. This review integrates recent progress in understanding the

contribution of cellular senescence to various CLDs, highlights common and distinct molecular pathways,

and discusses emerging technologies and strategies for regulating senescence in clinical applications.

CHARACTERISTICS AND BIOLOGY OF CELLULAR SENESCENCE
Cellular senescence refers to a state of stable, generally irreversible cell-cycle arrest, typically triggered by

various cellular stresses. This process is predominantly regulated by the p16
INK4a

/Rb and p53/p21
CIP1

 signaling

axes, which suppress cyclin-dependent kinases and thereby block cell cycle progression
[10,11]

. The concept was

first recognized in the early 1960s, when Paul Moorhead and Leonard Hayflick described the finite

replicative lifespan of normal human cells, later termed the Hayflick limit, and identified these

replication-exhausted cells as senescent
[12]

. Initially associated with replicative exhaustion due to progressive

telomere shortening, senescence can be seen as a broad biological response occurring in vivo, contributing to

organismal aging and a plethora of diseases. Telomere attrition is not the only way to trigger senescence;

various stimuli, such as DNA damage, oxidative stress, oncogene overexpression, mitochondrial dysfunction,

and epigenetic changes, also cause senescence
[10,13]

. Initiating triggers lead to different major subtypes: (i)

replicative senescence (RS): telomere-dependent cell-cycle arrest
[14]

, (ii) stress-induced premature senescence

(SIPS): due to telomere-independent stressors such as genotoxic damage, oxidative stress, and oncogenic

signaling
[14]

, (iii) developmentally programmed senescence: induced during morphogenesis by physiological

signals
[15]

, (iv) mitochondrial dysfunction-associated senescence (MiDAS): triggered by bioenergetic collapse

and activated through p53-p21 signaling
[ 1 6 , 1 7 ]

; (v) special ized variants include cisplatin- and

doxorubicin-induced senescence, chemotherapy-induced senescence (CIS), and paracrine senescence

mediated by SASP-driven cytokine/growth factor release
[18]

. The senescent cells can be identified by a few

hallmark features. The dominant biomarker of senescence is senescence-associated β-galactosidase
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Figure 1. Timeline of key discoveries in aging and chronic lung diseases, with associated mechanisms. Major findings include the
identification of telomere shortening and SASP in idiopathic pulmonary fibrosis (IPF) (2008); the role of tobacco smoke-induced DNA
damage response (DDR) in lung aging (2019); the proposal of convergent pathways in pulmonary arterial hypertension (PAH) and aging
(2015); the central role of mTOR in chronic obstructive pulmonary disease (COPD) (2021); and emerging directions in epigenetic- and
miRNA-based therapeutics (2025). SASP: Senescence-associated secretory phenotype.

(SA-β-gal) activity, which can be detected at pH 6.0. Other nuclear alterations include senescence-associated

heterochromatin foci (SAHF) and sustained DNA damage foci labeled by γ-histone family 2A variant

(γ-H2AX), indicative of sustained DNA damage response (DDR) and chromatin remodeling
[19]

.

Another significant feature of senescence is SASP, which involves the release of proinflammatory cytokines,

chemokines, growth factors, proteases, and extracellular vesicles
[20]

. SASP components reshape the tissue

microenvironment by maintaining chronic inflammation, remodeling the composition of extracellular

matrix (ECM), and inducing secondary senescence of neighboring cells, thereby accelerating tissue

dysfunction and disease progression. Cellular senescence can serve as an initial tumor-suppressive

mechanism; however, accumulating evidence suggests that it is also detrimental to degeneration of tissue and

progression of chronic inflammation and age-related disease. In the context of CLDs, senescent cells

promote pathological vascular remodeling and functional decline by maintaining chronic inflammatory

signaling and impairing tissue repair. These processes position cellular senescence at the core of the

pathogenic driver in the progression and development of CLDs [Figure 1].

THE ROLE OF CELLULAR SENESCENCE IN PAH, PF AND COPD
As a basic biological reaction to chronic stress and injury, cellular senescence has been ascertained as a major

pathological driver in various CLDs, such as PAH, PF and COPD. Under these conditions, cellular

senescence serves as a common mechanism for promoting these pathological changes and maintaining the

chronic proinflammatory environment during disease development
[21,22]

.

Cellular senescence in PAH

PAH manifests through progressive vascular restructuring in distal pulmonary arteries, driven by endothelial

dysfunction, smooth muscle hyperplasia, and persistent vascular inflammation. Senescence has been detected

in various pulmonary vascular cell types, notably pulmonary artery endothelial cells (PAECs) and pulmonary

artery smooth muscle cells (PASMCs)
[7,23-25]

. PAECs predominantly undergo MiDAS, whereas PASMCs

primarily exhibit SIPS driven by oncogenic signaling. Additionally, right ventricular cardiomyocytes are

susceptible to paracrine senescence propagated by SASP factors.

Senescent PAECs exhibit impaired proliferative capacity and barrier integrity, thereby promoting vascular

remodeling and increased pulmonary vascular resistance. Mechanistically, this involves DDR activation
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[ataxia-telangiectasia mutated (ATM) kinase/ATM-Rad3-related kinase (ATR), γ-H2AX], p53/p21/p16

signaling, mitochondrial dysfunction, telomere erosion, and a pro-inflammatory SASP profile [e.g.,

interleukin (IL)-6, IL-1β, transforming growth factor-β (TGF-β)]
[24,26-29]

. Specifically, van der Feen et al. used

monocrotaline (MCT) plus shunt-induced PAH-associated congenital heart disease (PAH-CHD) rat models,

together with tissues from patients with PAH-CHD, to show that endothelial cells are susceptible to shear

stress-induced senescence. Notably, treatment with the senolytic agent ABT263 selectively eliminated

senescent endothelial cells and reversed vascular lesions in rats with irreversible PAH
[8]

. In a related study,

Wang et al. further confirmed, using MCT-induced PAH rat models and in vitro assays, that aldosterone

promotes endothelial progenitor cell senescence by downregulating sirtuin 1 (SIRT1) and activating the

p53/p21 pathway
[27]

. Notably, reduced expression of ATM has been specifically linked to aggravated

endothelial senescence and disease progression in PAH
[ 3 0 ]

. In PASMCs, reactive oxygen species

(ROS)-induced mitochondrial injury further drives both senescence and abnormal proliferation,

exacerbating vascular remodeling
[31]

. Transcriptomic profiling of senescence-related gene (SRG) has

identified distinct molecular subtypes of PAH, suggesting potential for precision-targeted therapies
[32]

.

Cellular senescence and PF

Idiopathic pulmonary fibrosis (IPF) is a relentless and life-threatening interstitial lung disease characterized

by dysregulated ECM deposition and irreversible distortion of alveolar structures. Accumulating evidence

implicates cellular senescence in key cell populations, including alveolar type II (ATII) epithelial cells,

PAECs, and fibroblasts/myofibroblasts
[33-35]

. Senescent ATII cells exhibit impaired regenerative capacity and

adopt a pro-fibrotic SASP, activating fibroblasts and driving ECM remodeling
[36]

. Yao et al. demonstrated

that p53-driven ATII cell senescence can initiate and sustain pulmonary fibrosis, as evidenced by single-cell

RNA sequencing of IPF lung tissues and a conditional SIN3 transcription regulator homolog A (Sin3a)

knockout mouse model targeting ATII cells. Importantly, this process was preventable through genetic or

pharmacologic intervention
[34]

. Duckworth et al. employed Mendelian randomization analysis of large-scale

biobank datasets and identified telomere shortening as a causal determinant of IPF
[37]

. Mechanistically,

telomere dysfunction, oxidative stress, and chronic DNA damage contribute to this phenotype, with

telomere shortening and pathogenic variants in telomerase pathway genes representing strong risk factors for

IPF
[37-39]

. High levels of ROS can activate the NOD-like receptor family pyrin domain-containing 3 (NLRP3)

inflammasome, which increases inflammation and promotes cell senescence
[40,41]

. Fibroblasts also exhibit

mitochondrial dysfunction and impaired mitophagy, which boost ROS generation and prolong the senescent

state. ATII epithelial cells and fibroblasts primarily undergo SIPS in pulmonary fibrosis, driven by oxidative

stress, genotoxic stress, and inflammatory signaling. Interestingly, bone morphogenetic protein 4 can reverse

fibroblast senescence, restore mitophagy, and reduce fibrosis progression
[42]

.

Cellular senescence and COPD

The pathophysiology of COPD involves persistent airflow limitation, alveolar destruction, pulmonary

vascular remodeling, and chronic inflammation
[43]

. Accelerated cellular senescence is a key feature of COPD

pathophysiology, impacting airway and alveolar epithelial cells
[44]

, microvascular endothelial cells

(MVECs)
[45]

, and airway smooth muscle cells. Cigarette smoke-induced oxidative stress is the main instigator

for SIPS in airway epithelial cells that leads to DNA damage, mitochondrial dysfunction, telomere shortening

and p16/p21 signaling
[ 4 3 , 4 6 , 4 7 ]

. Araya et al. demonstrated in both cellular and animal models that

loss-of-function of parkin ring-between-ring (RBR) E3 ubiquitin protein ligase (PRKN) impairs mitophagy,

resulting in mitochondrial dysfunction and accelerated senescence
[46]

. Similarly, Peng et al. found that the

exposure to cadmium chloride promotes alveolar epithelial senescence via downregulation of sirtuin 3

(SIRT3) and mitochondrial dysfunction, effects that can be attenuated by overexpression of SIRT3 or

nicotinamide adenine dinucleotide (NAD
+
) precursor

[48]
. Oxidative stress also compromises the nuclear

factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) antioxidant defense system,
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thus increasing ROS accumulation and senescence
[49]

. Mitochondrial injury from cigarette smoke further

compromises mitophagy, intensifying ROS generation and driving senescence in both epithelial and

endothelial cells
[46,48]

. Senescent cells are abundant in COPD lungs - particularly within the airway epithelium,

alveolar septa, and vascular walls - and their accumulation correlates with disease severity
[9,50]

. The secretion

of pro-inflammatory cytokines and matrix metalloproteinases (MMPs) as key SASP factors underlies the role

of these cells in perpetuating inflammation, tissue degradation, and vascular remodeling
[51]

. Regulators such

as klotho and specific genetic variants have emerged as modulators of senescence and differentiation in

COPD, offering promising therapeutic targets
[52-54]

.

SHARED AND DISEASE-SPECIFIC MECHANISMS OF CELLULAR SENESCENCE IN CLDS
Although the contribution of cellular senescence to the progression of CLDs varies across anatomical regions

and dominant cell types, multiple aging-related pathways are conserved across disease subtypes. Despite

differences in clinical manifestations and histopathology, CLDs share common molecular characteristics,

including telomere shortening, genomic instability, mitochondrial dysfunction, epigenetic alterations,

disrupted proteostasis , dysregulated nutrient-sensing pathways, and impaired intercel lular

communication
[55]

. Collectively, these features accelerate damage to the pulmonary vasculature and

parenchyma. These processes drive senescence of PAECs, PASMCs, and fibroblasts, and thus promote

pathological remodeling and structural degeneration.

A central unifying feature of CLDs is the accumulation of senescent cells and a pronounced SASP
[56-58]

. With

aging, the lung undergoes structural, immunological, and regenerative decline, making it more susceptible to

chronic pulmonary disease
[56]

. Under the continuous stimulation of factors such as hypoxia, oxidative

damage, mechanical load and environmental toxins, senescent cells can accumulate in the pulmonary

vasculature and parenchyma. Through SASP-mediated secretion of proinflammatory cytokines, chemokines,

MMPs, and growth factors, these cells exacerbate inflammation, promote ECM degradation and induce

paracrine senescence of adjacent cells
[57,58]

. This inflammatory and proteolytic environment promotes

continuous tissue damage and remodeling in PF, PAH, and COPD. Oxidative stress is also one of the

common pathogenic drivers, especially in PF and COPD. Excessive ROS leads to continuous DNA damage,

mitochondrial dysfunction, and accelerated aging. Telomere shortening, common across CLD subtypes,

further destabilizes the genome and promotes RS in lung epithelial cells, endothelial cells (ECs), and

mesenchymal cells
[37,39]

. Meanwhile, mitochondrial impairment aggravates ROS accumulation and disrupts

cellular energy homeostasis, further reinforcing cell-cycle arrest and stabilizing the senescent phenotype.

Together, these interconnected mechanisms establish a self-amplifying loop that further progressively

undermines the structure and function of the lungs.

Although these mechanisms are common, CLDs exhibit disease-specific patterns of senescence under the

influence of the dominant cell types, the nature of pathological changes, and initiating stimuli. In PF,

senescence is dominant in ATII epithelial cells and pulmonary microvascular ECs
[33,37,59,60]

. This senescence

drives fibroblast activation and excessive ECM deposition, ultimately causing irreversible fibrosis and

architectural distortion. In PAH, senescent PAECs and PASMCs promote abnormal proliferation, vascular

obstruction, and maladaptive remodeling of distal pulmonary arteries
[24,26]

. In COPD, the most affected are

airway epithelial cells, vascular ECs, and alveolar epithelial cells, which cause chronic airway inflammation,

emphysematous destruction, and secondary vascular rarefaction
[61-63]

. The initiating triggers also differ across

diseases. In IPF, telomere maintenance defects and replicative exhaustion represent the dominant risks
[37-39]

.

In COPD, cigarette smoke-induced oxidative stress and mitochondrial dysfunction trigger premature

senescence
[46,48]

. In PAH, chronic hypoxia, altered shear stress, and mechanical strain promote endothelial

dysfunction and senescence. These context-dependent trajectories indicate that, although the biology of

senescence is conserved, i ts pathogenic manifestat ions vary depending on disease-specif ic
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Figure 2. Shared and specific mechanisms of cellular senescence in chronic lung disease. Created in BioRender. Fan S (2025)
https://BioRender.com/axpdt6p. PAH: Pulmonary arterial hypertension; IPF: idiopathic pulmonary fibrosis; COPD: chronic obstructive
pulmonary disease; DDR: DNA damage response; SASP: senescence-associated secretory phenotype; PAECs: pulmonary arterial
endothelial cells; PASMCs: pulmonary arterial smooth muscle cells; ECM: extracellular matrix; SIPS: stress-induced premature senescence;
ECs: endothelial cells; CS: cigarette smoke.

microenvironments, cellular susceptibility, and upstream insults [Figure 2]. Understanding these differences

will be essential for developing tailored anti-senescence strategies for each type of CLD.

THERAPEUTIC STRATEGIES TARGETING CELLULAR SENESCENCE
Given that cellular senescence is a key driver of chronic inflammation, pathological remodeling and vascular

dysfunction in CLDs, targeting cellular senescence has become an attractive approach. Currently, there are

three major types of senescence targeted therapies: (i) senolytics, which selectively kill senescent cells
[64-66]

, (ii)
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senomorphics, which target and reduce the harmful effects of the SASP but do not kill senescent cells
[67]

, and

(iii) senopreventative approaches, which decrease oxidative stress, DNA damage, or mitochondrial

dysfunction
[68-70]

. Preclinical studies show that these modalities can dampen pathological remodeling and

restore organ function in age-related lung disorders. Mechanistically, therapeutic efforts have focused on

modulating pathways that are key to the initiation and persistence of senescence, such as p53/p21 and

p16/Rb signaling governing cell-cycle arrest, as well as nuclear factor kappa B (NF-κB) and Nrf2 pathways

regulating inflammation and oxidative stress
[71-73]

. Targeting particular factors of the SASP such as IL-6,

IL-1β, and TGF-β may offer an avenue to dampen signaling cascades that fuel inflammation and fibrosis.

Despite many advances, significant barriers remain to the clinical application of anti-senescence therapies.

Senescent cell populations are heterogeneous and context-dependent, making it challenging to develop

broadly effective treatments. The specificity of senolytics is also a concern, as off-target effects may harm

non-senescent cells. Optimal timing, dosage, and treatment duration remain unclear, and effective in vivo

biomarkers for detecting senescence and monitoring therapy are lacking. Consequently, there is an urgent

need to develop noninvasive, organ-level technologies to assess senescence. Currently, highly specific probes

are being developed, such as the fluorogenic probe P
Gal-FA

, which operates in stages by sequentially activating

in response to senescence markers β-galactosidase (β-Gal) and formaldehyde (FA). This probe shows good

selectivity for detecting senescent cells in bleomycin-induced PF model tissue
[74]

, and it is expected to be an

extensively applicable tool for diagnosis and treatment monitoring. At the same time, targeting specific SASP

signaling pathways offers an alternative therapeutic approach. For example, in radiation-induced lung injury,

inhibition of the epithelial-derived C-C motif chemokine ligand 2 (CCL2), an SASP mediator, preserves the

function of pulmonary endothelial cells, reduces the acute inflammatory response, and slows the progression

of fibrosis
[75]

. These results suggest that pathway-specific SASP modulation could protect the pulmonary

vasculature and improve disease outcomes. Overcoming these challenges will be essential to fully realize the

potential of senescence-focused therapies and integrate them into the clinical management of CLDs.

TRANSLATIONAL ADVANCES LINKING SENESCENCE MECHANISMS AND THERAPIES IN CLDS
AND CURRENT CHALLENGES
Advances in new technologies, including single-cell RNA sequencing (scRNA-seq) and precision-cut lung

slices techniques, have deepened the research on cellular senescence in CLDs, yet they also face preclinical

challenges.

Novel insights from single-cell transcriptomics in PF and COPD

Emerging scRNA-seq studies are providing unprecedented insight into cellular heterogeneity and

intercellular communication networks underlying senescence in PF and COPD, revealing previously

unrecognized therapeutic targets.

In IPF, scRNA-seq has refined the traditional view that senescence of ATII epithelial cells is a central

pathological event, revealing a high degree of cell type specificity. Increasing evidence indicates that aging

disrupts communication between cells in both the vascular and alveolar compartments, leading to impaired

repair and prolonged fibrosis. At the vascular interface, analyses of young and aged mouse lungs show that

atypical chemokine receptor 1 (Ackr1+) venous ECs and tropomyosin receptor kinase B (TrkB+) capillary

ECs in aged lungs fail to return to a quiescent state after injury. Instead, they remain in a persistently active

state due to stimulation of Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif

(TAZ) signaling, thereby disrupting vascular homeostasis and potentially influencing alveolar repair through

altered secretory programs
[76]

. Meanwhile, aging enhances pathological epithelial-mesenchymal interactions

in the alveolar niche. Genetic models of PF demonstrate that dysfunctional ATII epithelial cells drive

fibroblasts toward a pro-inflammatory and pro-fibrotic state, accompanied by an age-related increase in
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human serum amyloid A3 (SAA3+) inflammatory fibroblasts.

Notably, these fibroblasts also express high levels of IL-1R1, making them more sensitive to IL-1 and creating

a self-reinforcing loop between abnormal epithelial cells and activated fibroblasts
[77]

. Aging not only impairs

the normal function of endothelial and epithelial cells but also disrupts their coordinated communication.

Failure to resolve repair signals after injury shifts the tissue response toward persistent inflammation,

abnormal matrix deposition, and progressive fibrosis.

Single-cell transcriptomics have also characterized the multicellular senescence networks driving COPD. In

the airway epithelium, scRNA-seq reveals elevated senescence markers in basal and club cells and identifies

upstream regulatory mechanisms. Loss of the anti-aging protein klotho promotes senescence and abnormal

differentiation of club cells via the neddylation-heterogeneous nuclear ribonucleoprotein A2/B1

(hnRNPA2/B1) axis
[52]

. In parallel, aberrant activation of type I and II interferon signaling has emerged as a

major driver of epithelial senescence. This activation increases the SASP and locks cells into a senescent state

via the Janus kinase (JAK) /signal transducers and activators of transcription (STAT) and cyclic guanosine

monophosphate - adenosine monophosphate (GMP-AMP) synthase (cGAS) - stimulator of interferon genes

(STING) pathways. Importantly, this process can be effectively suppressed by pharmacologic intervention

with baricitinib
[78]

. At the level of pulmonary vasculature, deficiency of protein arginine methyltransferase 1

(PRMT1) causes hyperactivation of NF-κB signaling in ECs, promoting endothelial dysfunction and

senescence, and aggravating vascular pathology in COPD
[79]

. Together, these findings reveal a multicellular

and multi-pathway senescence network in COPD: senescence of epithelial cells caused by both intrinsic

klotho deficiency and extrinsic interferon signaling reduces airway barrier integrity and repair; EC

senescence due to PRMT1-NF-κB dysregulation impairs vascular homeostasis. Through cell-cell

communication, SASP production, and interaction with the immune microenvironment, these senescence

programs converge to generate chronic, self-sustaining inflammation and tissue destruction in COPD.

Targeting these specific cell types and their key pathways (hnRNPA2/B1, interferon signaling, PRMT1, etc.)

offers new ideas for the development of precise anti-senescence therapies.

Recent preclinical advances in targeting senescence and remodeling in PAH

In addition to classical senolytics, recent preclinical studies have revealed new strategies that directly regulate

the senescence program or target the downstream effects of senescence-induced vascular remodeling in

PAH.

Cellular senescence and aberrant proliferative phenotypes in PAH pathophysiology have prompted

investigation into therapeutic strategies that simultaneously target both processes. Inhibition of Aurora

kinase B (AURKB) can stop the cell cycle and reverse the disease-specific transcriptional signature in

PASMCs of PAH. Importantly, AURKB inhibition induces SASP in apoptosis-resistant PAH-PASMCs. In

animal models, pharmacologic inhibition of AURKB by barasertib improves hemodynamics and attenuates

pulmonary vascular remodeling. Notably, the combination of barasertib with a p21 attenuator has a

synergistic effect on remodeling attenuation, which is better than either drug alone, suggesting a new

combination strategy of manipulating senescence pathways for the treatment of PAH
[80]

.

Significant progress has also been made in therapies that do not directly target senescence but effectively

reverse remodeling. Sotatercept acts by targeting and restoring the imbalance between TGF-β and bone

morphogenetic protein pathway signaling
[81]

. Recently, integrin α5β1 has been identified as a key pathogenic

driver. Its expression is elevated in vascular cells of patients with PAH, and α5β1 blockade suppresses

forkhead box protein M1 (FOXM1)-regulated gene networks, reversing the proliferative and anti-apoptotic

phenotype. In various preclinical models and ex vivo precision-cut human lung slices, targeted inhibition of α
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5β1 safely mitigates pulmonary vascular remodeling, enhances hemodynamics and right ventricular

performance, and shows efficacy comparable to - or even exceeding - that of standard therapies and

Sotatercept
[82]

. These findings highlight a diversification of PAH therapeutic strategies, including direct

targeting of the cellular senescence cycle, rebalancing signaling pathways, and inhibiting cell - matrix

interactions.

Established senotherapeutic strategies and translational challenges

Among senotherapeutic approaches for CLDs, dasatinib and/or quercetin remain the most extensively

studied senolytic regimen, showing efficacy in models of PAH, PF, and COPD
[64,65,83]

. However, some studies

have suggested that quercetin may paradoxically induce PAH under certain conditions
[84]

. In PF,

Bcl-2-associated X protein (BAX) trigger site activator 1 (BTSA1) has emerged as a novel agent that

selectively activates BAX to inhibit fibroblast senescence
[85]

. Shen et al. used senescent myofibroblast cultures

and bleomycin-induced PF mouse models to characterize BTSA1 as a novel senolytic that induces

BAX-dependent apoptosis specifically in senescent cells
[85]

. Zhuo et al. employed primary lung fibroblasts of

bleomycin-induced PF model and A549 epithelial cells to show that indole-3-acetic acid alleviates fibrosis by

regulating lung microbiota and inhibiting cellular senescence
[86]

.

Building on cellular senescence theories, multiple small-molecular drugs and bioactive natural compounds

are under clinical investigation. In PF, agents such as indole-3-acetic acid, YAP activators, honokiol, and

pentoxifylline have been shown in preclinical studies to mitigate epithelial cellular senescence and suppress

fibrotic remodeling
[86-89]

. Senolytics such as valproic acid (VPA) and mitochondria-targeted antioxidants

(MTAs) provide enhanced specificity by directly alleviating mitochondrial oxidative stress, a key upstream

driver of senescence
[90,91]

. In COPD, therapeutic strategies targeting SIRT1 and PRMT1 are being evaluated

for their ability to modulate oxidative injury, inflammation, and senescence-related signaling
[79,92-96]

. Tran et

al. used endothelial-specific PRMT1 knockout mice, COPD models, and in vitro EC assays to demonstrate

that loss of PRMT1 aggravates COPD pathology through NF-κB-mediated senescence and endothelial

dysfunction
[79]

. In PAH, interventions aimed at suppressing PASMC senescence and limiting SASP-driven

vascular remodeling are under active development
[80,97,98]

. Wang et al. showed in hypoxia-induced PH models

and cultured PASMCs that senescent PASMCs promote the proliferation of neighboring cells via

IL-6-dependent paracrine signaling
[97]

. Similarly, Lemay et al. combined transcriptomic analysis of

patient-derived PASMCs, preclinical PAH models and human precision-cut lung slices to validate AURKB

inhibition as a therapeutic strategy
[80]

. Recent findings also highlight lipid metabolism pathways
[99,100]

 and

specific microRNAs
[101]

, including miR-93-5p
[102]

, as potential regulators of senescence, representing

promising molecular targets for future therapy.

Although preclinical studies show promise, significant barriers remain for clinical translation. First, there is a

lack of CLD-specific senolytics that are highly selective and exhibit low off-target toxicity. Second, the

heterogeneity and plasticity of senescent cell populations across different lung regions make it difficult to

identify common drug targets. Third, systemic clearance of senescent cel ls may disrupt their

context-dependent protective functions, such as tissue repair, raising safety concerns. Finally, few reliable,

noninvasive biomarkers exist to detect senescence in lung tissue or circulation, complicating patient

stratification and real-time monitoring of treatment efficacy.

To overcome these limitations, future senotherapeutic strategies should be combined with existing

antifibrotic, anti-inflammatory, or vasodilatory treatments to achieve synergistic effects. Concurrent

advances in gene therapy and targeted drug delivery systems may enhance precision, reduce side effects, and

broaden the clinical applicability of these approaches in CLDs management
[103-105]

. For example, Sun et al.

demonstrated in a progeria mouse model (LmnaG609G) that endothelial-targeted sirtuin-7 (Sirt7) gene
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therapy improves vascular dysfunction and extends lifespan
[103]

. Likewise, Lu et al. developed an inhalable

gene-editable nanoplatform that has been validated in lung-on-chip models and IPF mice. This platform

comprises a clustered regularly interspaced short palindromic repeat (CRISPR) - CRISPR-associated protein

9 (Cas9) system linked to a core FePt diatomic catalyst and coated with a biocompatible hyaluronic acid

(HA) layer, combining ROS scavenging with lysine acetyltransferase 7 (KAT7) gene editing to reverse ATII

cell senescence
[105]

. Moving forward, the design of clinical trials should therefore focus on addressing the

challenges of specificity, long-term safety and durable response to fully unleash the potential of

senotherapies.

TOWARD PRECISION SENOTHERAPY IN CLDS
The concept of precision senotherapy in CLDs is gaining popularity as the mechanism of cellular senescence

becomes gradually clearer. New evidence shows that different molecular profiles can be used to define

different disease subtypes and to guide treatment. For instance, miR-125a-5p has been found to be one of the

important factors influencing the senescence of lung epithelial cells, and its expression level may be a

biomarker to identify a subgroup of COPD patients for whom miR-125a-5p inhibitors would be particularly

effective
[106]

. In addition to molecular signatures, organelle-specific dysfunction is also an important part of

senescence biology that can be targeted for intervention. Disruption of mitochondria-endoplasmic reticulum

crosstalk is now recognized as a major driver of oxidative stress and cellular senescence, providing a rationale

for interventions targeting specific pathways, such as mitochondria-targeted antioxidants
[107]

. Senescence has

significant effects on the pulmonary vasculature. Recent studies suggest that inhaled corticosteroids (ICS)

protect endothelial progenitor cells from senescence, increasing the likelihood that COPD patients with

severe endothelial dysfunction represent a treatment-responsive subgroup
[108]

.

Future precision medicine strategies have the potential to refine molecular endotyping of CLD patients by

combining multiple biomarkers, including miRNA profiles, indicators of organellar function, and markers of

endothelial senescence. This approach could enable patient subgroups to be matched with the most effective

targeted therapies, such as miRNA inhibitors, organelle-stabilizing agents, or vascular-protective

anti-inflammatory treatments. The overarching goal of precision senotherapy is to protect the pulmonary

vasculature and improve clinical outcomes.

CONCLUSION
Cellular senescence has emerged as a fundamental pathological mechanism in the initiation and progression

of CLDs. Through the release of SASP components, senescent cells perpetuate chronic inflammation, disrupt

tissue homeostasis, and drive maladaptive remodeling of pulmonary structures. Although CLDs share core

senescence-associated pathways, the dominant senescent cell populations, upstream triggers, and

downstream effects vary across disease contexts. Therapeutically, targeting senescence - using senolytics,

senomorphics, or agents that modulate oxidative stress, DDR, or mitochondrial function - offers a strategy to

address the root causes of disease rather than merely treating symptoms. Clinical translation, however,

requires: (i) accurate identification of senescent cell subsets in each CLD; (ii) development of selective,

potent compounds with minimal off-target effects; and (iii) identification of robust, noninvasive biomarkers

for diagnosis, prognosis, and treatment monitoring. Looking forward, well-designed clinical trials are

essential to establish the safety and efficacy of senescence-targeted therapies across different CLD subtypes.

Moreover, preventive strategies targeting senescence may hold substantial promise for disease prevention.

Collectively, these efforts could shift the management paradigm from downstream damage control to

upstream disease modification, with the potential to halt - or even reverse - disease progression by

addressing its root causes.
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