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With the development of global social economy and the deepening of the aging

population, diseases related to aging have received increasing attention. The

pathogenesis of many respiratory diseases remains unclear, and lung aging is an

independent risk factor for respiratory diseases. The agingmechanism of the lung

may be involved in the occurrence and development of respiratory diseases.

Aging-induced immune, oxidative stress, inflammation, and telomere changes

can directly induce and promote the occurrence and development of lung aging.

Meanwhile, the occurrence of lung aging also further aggravates the immune

stress and inflammatory response of respiratory diseases; the two mutually affect

each other and promote the development of respiratory diseases. Explaining the

mechanism and treatment direction of these respiratory diseases from the

perspective of lung aging will be a new idea and research field. This review

summarizes the changes in pulmonary microenvironment, metabolic

mechanisms, and the progression of respiratory diseases associated with aging.
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Introduction

Aging is the gradual decline of physiological functions,

characterized by signs like dry skin, wrinkles, and memory loss.

Over the last two centuries, life expectancy in developed countries

has doubled (1, 2). By 2050, it is expected that those over 65 will

make up approximately 20% of the global population (3). Since

1939, caloric restriction in mice has been shown to extend lifespan

(4). New research finds that targeting specific loci or altering

metabolic pathways can delay the aging process (5).

Cellular senescence, a hallmark of aging, is the irreversible

cessation of cell division, often marked by DNA damage,

inflammatory secretions, and metabolic changes. It occurs during

both development and adulthood, contributing to aging organ

degeneration (6). However, the exact relationship between cellular

senescence and aging, and how the former influences the latter,

remains unclear.

The lung, crucial for gas exchange and sensitive to external

stimuli, is highly susceptible to aging. It matures by age 10–12,

reaching peak function at 20 in women and 25 in men (7). Aging

degrades lung barrier integrity and pathogen resistance while

increasing immune sensitivity, thus heightening disease risk and

mortality from conditions like lung cancer and inflammation.

Understanding how aging affects lung health and exacerbates

pathological damage is a critical research area.

In this manuscript, we review the research progress on the role

of pulmonary aging in the pathogenesis of respiratory diseases,

including the mechanism and response pathway of how various

cells in the pulmonary microenvironment cope with the molecular

level of aging. We believe that this manuscript will help readers to

further understand age-related respiratory diseases and can also

provide new ideas for the study of the pathogenesis and clinical

treatment of various respiratory diseases.
Morphology, respiratory indices, and
function changes in the aging lung

Morphology changes

“Senile lung” describes lung aging, marked by alveolar and duct

expansion, and basement membrane thickening, leading to

decreased lung elasticity and increased compliance (2, 8).

Aging leads to terminal air space enlargement, increased

alveolar duct and terminal bronchiole size, and a reduction in

alveolar area and number. For instance, the total alveolar area

decreases from 70 m2 in individuals aged 30–39 to approximately 60

m2 in those 70–79 years old, dropping approximately 2.5 m2 every

decade (8, 9). Additionally, aging increases lung collagen content

and thickens the alveolar basement membrane (10). These

anatomical changes result in several physiological alterations:

reduced elastic recoil, increased lung compliance, diminished

oxygen diffusion capacity, early airway collapse, intrapulmonary

gas retention, and decreased expiratory flowrate. These changes can

obstruct small airways, potentially leading to chronic obstructive
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pulmonary disease (COPD) in the elderly (11). Furthermore,

smoking exacerbates COPD risk and progression in this age

group, intertwining with aging to accelerate the disease’s severity.
Respiratory indices changes

After birth, total lung capacity (TLC) increases, but in the

elderly, inspiratory muscle strength, thoracic compliance, and

lung elastic recoil decrease, leading to lower TLC, tidal volume

(TV), inspiratory reserve volume (IRV), and expiratory reserve

volume (ERV) compared to young adults.

Vital capacity (VC), the maximum air volume exhaled after

forced inspiration, decreases with age, approximately 200 ml every

decade starting from age 20, from approximately 3,500 ml in men

and 2,500 ml in women at age 30, to 75% of that by age 70 due to

increased thoracic rigidity and decreased lung recoil and respiratory

muscle strength.

Functional residual capacity (FRC), the gas volume remaining

in the lungs after a quiet expiration, increases with age, leading to

alveolar distension and increased respiratory muscle load. This

results in a 20% increase in energy expenditure for respiration in

60-year-olds compared to 20-year-olds (12). Aging also enlarges

alveoli and alters supportive structures, reducing lung elasticity and

causing premature small airway closure during expiration, thus

increasing FRC (12, 13).

The spirometric index FEV1/FVC, crucial for diagnosing

COPD, shows that FEV1 and FVC peak at 27 years in men and

20 in women, then decline, with FEV1 decreasing faster after 65

years of age (14).

In addition, as respiratory indicators reflecting small airway

ventilation function, expiratory flowrates (V25–75, Vmax25,

Vmax75) decrease with age, indicating small airway function

decline. Closed volume (CV)/VC and closed capacity (CC)/TLC

ratios increase with age due to earlier small airway closure in the

elderly during expiration.
Function changes

Lung functionality peaks between ages 18 and 25 and remains

stable until approximately 35 years old, after which it gradually

declines (15). This decline is attributed to reduced respiratory

muscle strength and chest wall function in older adults, leading to

decreased ventilation capacity. In general, with increasing age, TV

may slightly decrease. This is mainly due to the slight decrease in

lung capacity, increased stiffness of lung tissue, and potential decline

in respiratory muscle function as individuals age, all of which can

impact TV. On the other hand, research has shown that TV can be

increased through training, depending on individual lifestyle and

physiological conditions (16).

From age 35, lung function decreases even in healthy

individuals, with stiffer blood vessel walls and reduced elasticity

impacting blood supply to alveoli and gas exchange (17–21). Aging

also reduces alveolar surface area and capillary density, affecting

lung ventilation function, all leading to ventilation/perfusion ratio
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imbalance and lower arterial oxygen partial pressure (PaO2) in

the elderly (16). In older lungs, there is a diminished response

to hypoxemia and hypercapnia and less recognition of

bronchoconstriction (22). The aging lung’s response to

hypoxemia and hypercapnia, measured by oral occlusion

pressure, shows a 50% and 60% decrease, respectively, in the

elderly compared to young adults, indicating a reduced ability to

integrate sensory information and generate appropriate neural

responses (21).
Microenvironment of aging lung

For air-breathing animals, the lung is a vital organ of the

respiratory system. Mammals and other structurally complex

animals have two lungs, located on the left and right sides of the

chest cavity near the spine and heart. The primary function of the

lungs is to facilitate gas exchange, transporting oxygen from the air

into the bloodstream and removing carbon dioxide from the blood

into the atmosphere. As a functionally important and structurally

complex organ, the aging lung harbors various types of cells,

including resident cells and immune cells within the lung

microenvironment. Previous research has utilized light

microscopy and electron microscopy to observe the immune

reactions and cellular morphology of lung tissue, defining resident

cells in the lung (23). Advanced techniques such as single-cell

sequencing and immunohistochemistry have expanded our

understanding, revealing over 40 distinct cell types in human

lungs. However, the effects of aging on lung cell composition and

function remain partially understood. Age alone is a risk factor for

lung diseases, with cellular aging contributing to different

pathological outcomes. This knowledge opens new avenues for

investigating chronic respiratory disease mechanisms by

examining the aging lung’s unique structures and the biological

impact of aging on different cell types.
Lung parenchymal cells

“Lung parenchymal cells” refers to the cells that make up the

functional tissue of the lungs. Comprising a multitude of minute

alveoli with thin walls, it constitutes an immense surface area (24).

These cells include various types, such as alveolar epithelial cells,

bronchial epithelial cells, and endothelial cells. These cells each have

their own functions; alveolar epithelial cells, for example, play a

crucial role in gas exchange by lining the inner surface of the alveoli,

where oxygen is taken up and carbon dioxide is released (25).
Airway epithelial cells

Airways are divided into respiratory and conducting zones by

terminal bronchioles. They secrete mucins and fluids, lined with

respiratory cells and ciliated pseudostratified epithelium. Epithelial

cells form polarized junctional complexes with claudins for

protection (26). Ciliated cells are predominant, supported by club,
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serous, neuroendocrine, and goblet cells. Subepithelial basal cells

serve as progenitors for airway epithelium regeneration (27). In the

airways, submucosal glands secrete mucins (like MUC2 and

MUC5B) and fluids and can release defense proteins upon

stimulation (27, 28). Mucus, a high molecular weight

glycoprotein, facilitates pathogen clearance and plays a role in

maintaining homeostasis in the airway (29).

Aging can induce alterations in the function and structure of

tracheal epithelial cells, characterized by diminished proliferative

capacity, elevated apoptosis, and decreased metabolic activity.

These modifications will impair tracheal epithelial cell function,

consequently impacting the normal physiological function of

the trachea.
Alveolar epithelial cell

Alveolar epithelial cells (AECs), including squamous AEC1s

and cuboidal AEC2s, are crucial for gas exchange. AEC1s cover

approximately 95% of the respiratory membrane, while AEC2s, also

progenitor cells for AEC1s, contribute to repair and innate

immunity by releasing surfactants (30).

Experimental studies comparing young (2–3-months-old) and

aged (26-months-old) rats revealed a decrease in alveolar epithelial

cell (AEC) proliferation and surfactant protein levels in older rats,

alongside an increase in apoptosis rate. Furthermore, an electron

microscopy of aged lungs showed significant degenerative changes

in AEC2s, with shorter telomere mice displaying cellular senescence

markers like inflammation and immune responses (31). This

senescence leads to prolonged oxidative stress and inflammation,

impairing gas exchange across the alveolar membrane (32).

Additionally, single-cell transcriptional analysis indicated an

upregulation of MHC class I on aged AEC2s, highlighting aging’s

impact on immune responses (33).
Endothelial cell

Endothelial cells line the inner walls of blood vessels, forming a

single layer crucial for maintaining vascular health through tight

junctions and adhesion molecules like vascular endothelial cadherin

(34, 35). They regulate blood vessel tone, permeability, and

inflammation, playing a key role in vasodilation via nitric oxide

(NO) production (36). Aging impairs these functions, leading to

decreased NO synthesis and disrupted vascular relaxation, affecting

molecules such as ICAM-1 and PAI-1 that are involved in

inflammation and thrombosis, thereby increasing the risk of

atherosclerosis and respiratory diseases (37). While insights are

mainly from rodent studies, more research is needed to fully

understand these mechanisms.
Airway smooth muscle

Airway smooth muscle (ASM) plays a pivotal role in airway size

regulation, utilizing adhesion molecules like E-cadherin and
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VCAM1 for stability and inflammation prevention (38). It interacts

with extracellular matrix components via integrins to modulate

contractility (39). Desmin, a cytoskeletal protein, is vital for cell

shape, intracellular transport, and organelle organization, with its

expression decreasing in aged lungs, potentially reducing airway

contractility (40, 41). Conversely, the expression of alpha-smooth

muscle actin and vimentin might increase in the distal airways of

elderly lungs, indicating possibly enhanced peripheral airway

contractility (41). These findings highlight complex age-related

alterations in ASM function that warrant further investigation.
Pulmonary progenitor cells

Pulmonary progenitor cells, vital for lung development and

repair, differentiate into cell types like alveolar and capillary

endothelial cells. Found in alveolar and airway regions, AT2 cells

are key alveolar progenitors, transforming into AT1 cells for gas

exchange upon stimulation (42). Research reveals two AT2

subtypes: surfactant producing and AT1 differentiating (43).

Airway basal progenitor cells ensure lung stability and repair,

generating various lung cells post-damage (44, 45). Interstitial

progenitor cells, or fibroblasts, contribute to alveolar remodeling.

Aging decreases stem cell numbers and repair efficiency, leading to

diseases like emphysema and pulmonary fibrosis (46). The effect of

aging on lung stem cells and remodeling needs further exploration.

Understanding how aging impacts airway function is vital for

improving elderly health.
Interstitial region of the lung

The lung interstitium, situated between lung parenchyma, consists

of connective tissue, lymphatics, nerve fibers, and blood vessels, crucial

for structure, nutrition, and gas exchange support. It encompasses the

central and peripheral fibrous systems and septal tissue, essential for

maintaining alveolar-capillary gas exchange integrity.

Fibroblasts are an important component of the interstitial

region, generating extracellular matrix (ECM) components like

collagen fibers, and matrix metalloproteinases (MMPs) play a key

role in tissue integrity. Aging fibroblasts are implicated in lung

remodeling and respiratory diseases (47). To understand the

changes in fibroblasts under the influence of aging, several

research groups have shown altered ECM protein expression, as

evidenced by proteomics and microarray studies (48). Additionally,

single-cell RNA sequencing indicates decreased collagen XIV and

decorin in aged fibroblasts, affecting the lung tissue’s integrity and

elasticity (49). Researchers have utilized methods like microarray,

liquid chromatography-mass spectrometry, and atomic force

microscopy to study the ECM in the lung and its relation to

aging (49–52). They identified at least 32 age-related proteins in

the lung’s ECM, whose changes disrupt its biomechanical balance,

leading to aging-related damage in lung tissues.

The pulmonary microenvironment represents a complex

ecosystem, wherein each component plays a pivotal role in the

aging process. When exploring the impact of the pulmonary
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microenvironment on health, an unavoidable question emerges:

does cellular senescence constitute the core driving force behind

pulmonary aging? This question is thought-provoking, as it is

closely related to the decline in lung function and the onset and

progression of pulmonary diseases. Cellular senescence is a

multifactorial-driven process, involving alterations in gene

expression. In the lungs, this process may be accelerated by

factors such as environmental pollutants, smoking, and chronic

inflammation. Therefore, understanding how cellular senescence

affects the pulmonary microenvironment, and how to intervene in

this process to decelerate pulmonary aging, has become a focal

point of current research.
Immunity and inflammation in
aging lung

Aging significantly impacts pulmonary immunity by affecting

immune cells in the lungs. Alveolar macrophages (AMs), crucial for

innate immunity, show altered cytokine secretion and reduced

phagocytosis abilities with age, leading to slower immune

responses (53, 54). Other immune cells also experience

quantitative and functional declines, affecting monocyte

production and T- and B-cell receptor expression, ultimately

compromising lymphocyte function (55). Research suggests that

the aging phenotype of circulating monocytes is influenced by the

pulmonary microenvironment, highlighting the role of the aging

microenvironment in immune function changes (56). Immune

senescence in the elderly increases susceptibility to infections and

lung diseases, emphasizing the importance of understanding age-

related changes for improving respiratory disease outcomes in

older individuals.
Innate immunity

Innate immunity, our first line of non-specific defense present

from birth, includes barriers like skin and internal components such

as phagocytes (e.g., neutrophils, macrophages) and natural killer

cells. These elements identify and fight off pathogens, triggering

inflammation for pathogen removal and tissue healing. However,

aging can weaken these immune cells, disturbing the balance of

inflammatory responses in the lungs. This imbalance exacerbates

outcomes in elderly patients with inflammatory lung conditions.

This section delves into the primary innate immune cells in the

lungs and how aging affects their functionality.

Alveolar macrophages
AMs, part of the mononuclear-phagocyte system, are long-lived

and numerous, playing critical roles in pulmonary immunity by

collaborating with bronchial perivascular interstitial macrophages

(IMs) and pulmonary epithelial cells (57). They clear debris and

toxic particles, produce anti-inflammatory factors like IL-4 and IL-10,

and are key in tissue damage control and initiating inflammatory

responses (58, 59). Additionally, AMs recognize stimuli through

PRRs, activating signaling pathways and cytokine release (e.g.,
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TNF-a, IL-6) from epithelial cells, thus recruiting immune cells and

promoting inflammation. Impaired AM function can lead to chronic

inflammation or fibrosis due to the accumulation of activated AMs

and excessive immune cell recruitment.

With aging, the decline in AM number and functionality

impairs pulmonary innate immunity, increasing susceptibility to

chronic inflammatory lung diseases in the elderly (60). Aged AMs

exhibit weakened phagocytosis and pathogen clearance, reduced

lipid breakdown, and increased lipoprotein deposition in alveoli

(60–62). Moreover, aged macrophages produce fewer chemokines

and cytokines, weakening the innate immune response (63). Age-

related changes in cell communication and PRRs expression

heighten vulnerability to infections (64). Elevated reactive oxygen

species (ROS) levels with age further diminish AM function (65,

66). Consequently, reduced AM efficacy leads to heightened lung

inflammation and tissue damage in the elderly.

Dendritic cells
Dendritic cells (DCs) are located in the alveoli, alveolar septa,

and lung lymphatic tissues (67). They play a key role in antigen

presentation and immune regulation. Despite similar morphologies

between young and aged DCs, upon encountering foreign antigens,

DCs utilize their dendritic projections to capture and internalize

these antigens. Following internalization, antigens are processed

and presented on the DC surface as antigen–protein complexes via

MHC molecules. Stimulated by PRRs, DCs produce cytokines like

TNF-a and IL-6, and mature DCs migrate to pulmonary lymph

nodes to present antigen information to T cells, facilitating their

differentiation into effector or memory T cells. This antigen

presentation process is vital for immune response regulation.

In summary, DCs play a vital role in lung immune responses, but

their number and function decline with age, leading to reduced

antigen capture and processing abilities (68, 69). Therefore, these

changes contribute to raise the risk of respiratory diseases potentially.

Innate lymphocytes
Innate lymphocytes, categorized into ILC1, ILC2, ILC3, and NK

cells, are pivotal in immune defense. NK cells, part of Group 1 with

ILC1, are notable for their capacity to eliminate tumor and infected

cells by detecting changes like the absence of MHC-I molecules on

the cell surface and by secreting cytotoxins (e.g., perforin) and

cytokines (IFN-g and TNF-a) (70). Their decline with age increases

the risk of lung diseases in the elderly by impairing immune functions

(71). ILC2 cells, through IL4 and IL5 secretion, target extracellular

pathogens and allergens, while ILC3 cells, producing IL17 and IL22,

aid in lymph node development. Collectively, ILCs are crucial in

pulmonary health and innate immune system regulation.

Neutrophils
Neutrophils, comprising 50%–70% of white blood cells, are

essential for the immune response, rapidly migrating to infection

sites via chemotaxis and utilizing lysosomal enzymes to digest

pathogens and debris, thus preventing infection spread (72). They

also recruit additional immune cells by releasing inflammatory

mediators. However, aging leads to decreased bone marrow
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production and reduced neutrophil counts, alongside diminished

antioxidant capacity and increased ROS production, impairing

phagocytosis and heightening infection risks (73–75). Studies

indicate an age-related increase in neutrophils within

bronchoalveolar lavage fluid (BAL) and imbalances in injury models

(75, 76). Therefore, we can conclude that aging and injury prolong

neutrophil recruitment times, causing accumulation in lung tissue and

exacerbating pulmonary diseases and inflammation (76–78).
Adaptive immunity

Adaptive immunity combats foreign pathogens through

specificity, memory, cell dependence, and clone selectivity. It

targets specific pathogens via receptors on B and T cells. Memory

allows for a rapid response upon re-exposure to the same pathogen,

facilitated by long-lasting immune cells generated after initial

contact. Clone selectivity, through diverse B- and T-cell clones,

ensures effective, enduring protection against various pathogens.

Bronchus-associated lymphoid tissue (BALT) is a lymphoid

tissue present beneath the respiratory mucosal layer, including

lymph nodes, lymphoid follicles, and diffuse lymphoid tissue,

playing a role in immune surveillance and defense, thereby

protecting the respiratory system from infection and disease.
T lymphocytes

T lymphocytes, critical for cell-mediated immunity, originate as

precursor cells in the bone marrow and mature into naive T cells in

the thymus, expressing CD4+ or CD8+ for antigen recognition. In

the elderly, naive T-cell production and TCR diversity decline due

to miR181a deficiency and increased dual-specific phosphatase

(DUSP)6 activity (79). These cells, upon antigen exposure and

cytokine activation (e.g., IL-2, IL-4), differentiate into effector and

memory T cells, with effector cells being either helper T cells (Th)

releasing cytokines to modulate immune responses or cytotoxic T

cells (CTL) that eliminate infected or cancerous cells through

perforin and granzyme B. CD4+ T cells diversify into Th1, Th2,

and Th17 based on cytokine profile, while Th17 and Treg cells share

a precursor requiring TGF-b for differentiation (80). Aging impacts

T-cell quantity and functionality, manifesting as reduced CD8+ T-

cell proliferation, increased apoptosis susceptibility in CD4+ cells

due to elevated CD39 expression, and diminished pathogen

clearance, leading to compromised pulmonary immunity (81).

This contributes to immune senescence, characterized by a

delayed response to new antigens and inefficient immune

memory formation.
B lymphocytes

B-cell development initiates in the bone marrow from

hematopoietic stem cells, requiring BCR ligand binding for

progression. Immature B cells evolve through T1 and T2

transitional stages. Driven by CXCL13 and CXCR5, they migrate
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to the spleen, becoming T1B cells and further mature into T2B cells

(82). These T2B cells differentiate into either follicular or marginal

zone cells based on receptor signals (83). Naive B cells, which have

not encountered antigens, include all spleen-resident B cells. Upon

injury and inflammation, B cells activate, producing plasma cells

that secrete antibodies, including immunoglobulins (Ig) and

complement, and memory B cells for sustained immune memory

against antigens, which protects the human body (84). Age affects

B-cell development, particularly from naive to mature stages, with

elderly mice showing increased inhibitory TFR cell expansion, fewer

initial and immature B cells, and reduced antibody specificity and

affinity, raising the risk of lung diseases in the elderly (85, 86).

Although there have been many studies on age-related changes

in innate and adaptive immunity, the question of how immune

impairment leads to lung diseases and increases mortality risk

still remains. The combination of individual genetics and

environmental changes still brings us many unknowns and

challenges. To solve this problem, multi-omics methods have

been used to longitudinally describe individual immune systems,

which has also facilitated the development of “immune aging”

scores that better describe an individual’s immune state than their

actual age (87). This study and others have emphasized an

important concept that actual age is not a reliable indicator of

biological age.
Senescence mechanism related to
pulmonary disease

Aging can lead to a decrease in the number and functional

defects of lung stem cells, and pulmonary remodeling. One of the

morphological characteristics of senescent lungs is the decrease in

bronchioles and increased pulmonary alveolar diameter. Previous

text has detailed the physiological functions and morphological

changes in aging lungs. At the molecular and cellular levels, several

aging mechanisms have been proposed by López-Otıń et al.,

including cellular senescence, mitochondrial dysfunction,

immunosenescence, and homeostatic disruption, which act on the

pulmonary epithelium, impairing its repair function, resulting in

loss of “fidelity”, and manifesting in related pathological findings

such as fibrosis and airway wall remodeling. These have been

demonstrated in diseases such as COPD, idiopathic pulmonary

fibrosis (IPF), and acute respiratory distress syndrome (ARDS) (88–

91). It should be noted that although cell senescence is related to

disease, it is also a normal life activity of the normal lung tissue to

maintain homeostasis (92, 93). Next, we will explore how these

aging mechanisms causally contribute to pulmonary diseases and

identify potential therapeutic targets.
Aging and cell senescence

Aging leads to declines in body function, with notable impacts

on lung elasticity and function due to increased stiffness and tissue

composition changes (94). At the cellular level, aging is
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characterized by reduced cell function, cell cycle arrest (mediated

by proteins like Cdkn2a and Cdkn1a), or increased apoptosis,

connecting subcellular damage such as protein homeostasis

disruption and mitochondrial damage to organ aging (95).

Specifically, in lungs, aging impairs AEC2 cells, crucial for organ

function, by hindering the differentiation of pulmonary epithelial

progenitor cells, weakening defense and immune clearance, for

example, via HLA-E inhibition (96). The risk of respiratory diseases

increases with senescent cell accumulation, with older mice showing

more severe lung damage and slower recovery than younger ones

(97–99). Senescent cells, although non-replicating, release the

senescence-associated secretory phenotype (SASP)—a cocktail of

cytokines, growth factors, and enzymes—which plays roles in

wound healing, immune response, and aged cell clearance (100).

These factors can activate surface receptors like TNFR and ILR,

triggering intracellular signaling pathways and activating NF-kB to

regulate inflammation and the cell cycle through NEMO,

dependent on ATM phosphorylation (101).

Cellular activities significantly depend on age, making the study

of cell aging vital for disease understanding and prevention. Despite

considerable progress in cell aging research, its mechanisms remain

complex and variable, necessitating further in-depth exploration.
Mitochondrial dysfunction

As cells age, mitochondria experience increased volume, loss of

cristae, and inner membrane damage (102–104). Aging disrupts

protein homeostasis in mitochondria, damages mitochondrial DNA

(mtDNA), and leads to the formation of superoxide-generating

electron transport chains (105–107). These changes activate

inflammatory pathways like NF-kB, causing inflammation and

impairing mitochondria’s ability to manage energy metabolism

and cell death regulation. This mitochondrial dysfunction is

linked to diseases such as IPF, COPD, and severe asthma, with

increased damaged mtDNA found in lung tissues of these patients

(102, 108–111). Simultaneously, studies indicate that mitochondrial

dysfunction contributes to aging, suggesting a cyclical relationship

(65, 66).
Inflammation and aging

Inflammation has progressed to a chronic state due to lifestyle

and biological factors in aging, involving the accumulation of

“metabolic waste” triggering inflammation. Misfolded proteins

and cell debris activate immune responses by binding to PRRs.

Chronic stimuli in aging lungs cause sustained inflammation,

leading to tissue damage and an imbalance between pro- and

anti-inflammatory actions. Neutrophils release factors like IL,

TNF-a, and IFN, increasing systemic pro-inflammatory cytokines

and oxidative stress (112). Targeting TNF-a in mice can speed up

aging and inflammation. While some inflammation is crucial for

fighting pathogens, an excess can damage lung tissue and lead to

diseases. Neutrophils release NETs, which have both antibacterial
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benefits and immune-regulating effects, but excessive production

can worsen COPD (73).

It has been found that the intestinal microbiota of elderly people

also undergoes certain changes with the body’s inflammatory

response (113). Ecological imbalance in the elderly, marked by a

shift from anti-inflammatory to pro-inflammatory microbial

products in the gut, contributes to inflammation. Additionally,

aging lung and adipose cells release SASP, further intensifying

inflammation and its associated damage, linking adipose tissue

dysfunction with systemic inflammation and aging (114).
Immunosenescence

Immunosenescence leads to a slow yet prolonged immune

response, especially in aging T and B cells, lowering resistance to

infections and cancer. Aging diminishes AT2 cells’ renewal and

differentiation, weakening immune functions. Aged lungs have

fewer effective macrophages in phagocytosis, chemotaxis, and

antigen presentation. Single-cell sequencing shows that in IPF

patients, aged macrophages come from circulating monocytes, not

from lung progenitor cells (115). Puchta et al. found that the

senescent phenotype of monocytes in elderly mice is linked to the

aging bone marrow microenvironment rather than being intrinsic

to the cells (55). Adaptive immunity is also compromised in the

elderly, with reduced lymphocyte activation, humoral responses,

and lower counts of naive T cells and receptors. The balance

between Th17 cells, which promote autoimmunity and

inflammation, and Treg cells, which suppress these responses and

maintain immune homeostasis, is disrupted (80).

Immune aging contributes to age-related lung diseases,

reducing resistance to infections, changing throat microbiota, and

increasing harmful bacteria. These factors, combined with lower

respiratory function, difficulty swallowing, and poor vocal cord

coordination, raise pneumonia risk by allowing bacteria into the

lower respiratory tract. In severe asthma, COPD, and IPF,

macrophage activity and T-cell activation are decreased due to

less phagocytosis and lower T-cell CD28+ expression, resulting in

immune function decline (116–122).
Autophagy

Autophagy, critical for cellular cleanup and turnover in lung

cells, involves forming autophagosomes to degrade unwanted

components, a process regulated by autophagy-related genes

(ATGs) and microtubule-associated proteins (e.g., MAP1LC3B)

(123). Key regulators, including transcription factor EB (TFEB),

transcription factor A (TFAM), and mammalian target of

rapamycin (mTOR), influence this pathway. Aging activates

mTOR, leading to increased cell proliferation and reduced

autophagy (124).

Autophagy’s disruption, particularly with aging, is linked to

lung diseases like fibrosis, COPD, PAH, and cancer. Studies indicate

that older mice and IPF patients show more significant declines in

autophagy and related inflammation markers. The process where
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epithelial cells transform and migrate, known as EMT, is key in

fibrosis. PINK1, a kinase in mitochondria, is crucial for mitophagy

and mitochondrial health, impacting lung function (102, 108). The

PINK1-PARK2 pathway, crucial for mitophagy, when impaired,

increases the risk of pulmonary fibrosis and hastens cell aging.

Mitophagy, vital for lung function due to high energy needs, is

disrupted in this pathway, worsening conditions like COPD by

enhancing cell damage and aging. Targeting autophagy with

treatments like mTOR inhibitors, including rapamycin and

everolimus, offers new strategies for managing diseases, notably

cancer (102, 108, 125).
Nutrition sensing and metabolism

Nutrient-sensing pathways in lung tissues change with aging,

impacting metabolism. AEC2 cells adjust metabolism based on

nutrient and energy levels, responding to stress or hypoxia.

Disruption of regulatory pathways (HIF2a, AMPK, and mTOR)

with aging impairs nutrient sensing (126). Nutrient-sensing

pathways in lung tissues change with aging, impacting

metabolism. AEC2 cells adjust metabolism based on nutrient and

energy levels, responding to stress or hypoxia. Disruption of

regulatory pathways (HIF2a, AMPK, and mTOR) with aging

impairs nutrient sensing (127–129). Similar changes are also

observed in COPD and severe asthma (130–132). Enhanced

insulin-IGF-1-mTORC1 signaling also accelerates the aging

process, being the major accelerator of aging (4, 133). Targeting

nutrition-related pathways, such as inhibiting the insulin-IGF-1-

mTORC1 axis, has shown potential in extending lifespan (6).
Self-DNA

Self-DNA, released from the nucleus or mitochondria due to

cell senescence or damage, acts as a DAMP, triggering autocrine

and paracrine inflammatory responses through PRR activation,

potentially causing tissue damage and inflammatory diseases

(134). Elevated free DNA levels in IPF, COPD, and severe asthma

patients’ blood and sputum indicate self-DNA’s role in age-related

lung conditions (135). Additionally, neutrophil aggregation and

heightened NET production in response to stimuli like IL-8 are

noted in COPD and severe asthma (136–138). mtDNA, a key self-

DNA source, is particularly effective in inducing lung damage/

inflammation. Studies have shown that a link exists between

increased systemic inflammation and higher free DNA levels in

the bloodstream (139–141).
Oxidative stress

Oxidative stress occurs when cells produce excess reactive

oxygen species (ROS), overwhelming antioxidant defenses and

causing cellular damage. ROS, including superoxide ions and

hydrogen peroxide, are normal metabolic byproducts essential for

signaling and defense mechanisms. However, their imbalance can
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lead to oxidative damage, contributing to lung diseases. Theories

linking ROS accumulation with aging, such as the free radical aging

theory and mitochondrial aging theory, emphasize the impact of

ROS on age-related changes (142, 143). Elevated ROS levels have

been associated with respiratory conditions like pulmonary fibrosis

and lung cancer (144).

Oxidative stress negatively affects lung diseases like pulmonary

hypertension, COPD, and fibrotic lung disease, with the antioxidant

NAC known for counteracting free radical-induced mutagenesis

(145). This dual nature highlights the importance of a balanced

approach in using antioxidants for lung tissue rejuvenation,

acknowledging both their potential benefits and risks in

promoting tumorigenesis. Given its significant role in lung health,

understanding oxidative stress in lung aging is crucial for

unraveling the mechanisms behind lung diseases and maintaining

lung health.
Age-related pulmonary disease

ARDS

ARDS is a severe and urgent form of lung injury that typically

occurs after severe trauma, severe infection, or surgery. The

pathological findings include injured alveolar capillary barriers,

decreased surfactant, formation of hyaline membranes within

alveoli, and alveolar collapse, leading to pulmonary edema,

inflammatory manifestations, and respiratory distress with

hypoxemia (146, 147). In the acute phase, rapid coagulation and

overactive inflammation response result in excessive inflammatory

response and lung damage and dysfunction. The ability of the body

to repair damaged tissues and restore lung function depends on the

severity and duration of the disease. Otherwise, excessive fibrosis

will lead to pulmonary fibrosis (146).

Studies have shown that aging increases the risk of ARDS;

epithelial cell senescence may be crucial (91, 148). AEC2s

senescence, reduced pulmonary stem cell storage, and impaired

normal repair may lead to ARDS. In ARDS patients, senescence

results in more severe illness and poorer prognosis. In addition,

some biological processes associated with ARDS, such as infection,

inflammation, and oxidative stress, are also related to aging

mechanisms (Figure 1). For ARDS patients, mechanical

ventilation is usually required to maintain respiration and

oxygenation. Ventilation strategies and positive end-expiratory

pressure (PEEP) levels need to be chosen according to patient

conditions. Severe infection is a high-risk pathogenic factor for

ARDS, and it is also a common complication and cause of death

following non-infectious ARDS. Aging increases the likelihood of

infection, exacerbates immune and inflammatory disorders,

and is closely associated with mortality in ARDS patients. Severe

SARS-CoV-2 infection may involve long-term pulmonary

fibrosis after ARDS; the degree of fibrosis is associated with

mortality (149, 150). Antibiotic treatment should be started as

early as possible, using broad-spectrum antibiotics and providing

sufficient dosage and course. The role of glucocorticoids in ARDS

treatment is still controversial, but they are effective in anti-
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inflammatory and pulmonary fibrosis remission. For ARDS

patients, mechanical ventilation is typically required to maintain

respiration and oxygenation. The ventilation strategy and PEEP

level need to be selected according to the patient’s condition. Prone

positioning has been shown to improve gas exchange and

respiratory mechanics in ARDS patients (151), but it must be

performed with caution to avoid damaging vascular catheters and

endotracheal tubes. Studies have shown that ARDS patients usually

have lower Health-Related Quality of Lif (HRQoL) scores, and some

patients may experience long-term mental health problems, such as

anxiety and depression, which will further affect their quality of life.

Research on how to enhance patient symptoms and prognosis

is ongoing.
COPD

COPD is a common chronic inflammatory lung disease in the

elderly. Clinical research indicates that one-fifth of all hospitalized

patients aged 75 and older have COPD, highlighting the age-

dependent nature of the disease. It is characterized by cough and

exertional breathlessness, with irreversible damage to pulmonary

function. Smoking, air pollution, and occupational exposure are

contributing factors, with smoking being the most important.

Patients have long-term inflammation in their small tracts,

eventually leading to tissue fibrosis and AWR. We find that in

normal aging lungs, the tissue is also in a state of chronic

inflammation, similar to the pathological state of COPD patients

(152). Airway stem cell (such as club cell) senescence leads to

decreased renewal and differentiation functions, resulting in AWR.

Age-related changes in respiratory structure and function increase

the susceptibility of the elderly to COPD (153–157). Scientists also
FIGURE 1

Aging increases the risk of ARDS, and epithelial cell senescence may
be a key factor. The left side represents “normal”, while the right
side represents “acute injury”. Aging leads to an increased probability
of infection, immune dysregulation, and pathological manifestations
such as damaged alveolar-capillary barrier, inactivation of surfactant,
and formation of intra-alveolar hyaline membranes, resulting in
pulmonary edema and inflammatory manifestations. Prolonged
disease duration can also lead to pulmonary fibrosis.
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propose whether the disease triggers change in the baseline level of

normal aging lungs (152). Studies have found that there are

numerous aging epithelial cells and fibroblasts in patient tissue

sections. Fibroblasts isolated from diseased lungs show senescent

phenotype and abnormal repair capacity (158). Monocytes derived

from circulating blood play a crucial role in pulmonary fibrosis

(159), where macrophage phagocytosis activity is decreased,

through the action of CXC chemokine subfamily members,

interacting with relevant receptors on CTL and monocytes;

secretion of corresponding cytokines leads to damage of alveolar

epithelial cells (Figure 2). The pro-inflammatory cytokines (IL-6

and TNF-a) and MMPs produced by these macrophages are

associated with disease severity. Basal cells, as progenitor cells of

the airway, have their self-renewal and differentiation abilities

impaired after disease onset, leading to delayed wound healing

and even abnormal healing (160, 161). Clinical control experiments

show that COPD patients secrete more SASP and the secretion

increases with age (162). Scientists detected excessive ROS in

patient lung tissues and BAL, accompanied by reduced

mitochondrial respiration and corresponding increased levels of

damaged mtDNA (163). Cilia are cell organs on the surface of

airway epithelial cells that can clear mucus and bacteria from the

respiratory tract through regular movements. Decreased ciliary

clearance function is also an important cause of airway

inflammation and infection in COPD patients. Studies have

found that the ciliary clearance function in COPD patients is

significantly lower than that in healthy individuals, which may

lead to bacterial retention and proliferation in the respiratory tract,

thereby causing infection and inflammation.

Aging is an independent risk factor for COPD, and various

stimuli that promote aging pathways deserve our attention and

discussion. Smoke contains a large number of harmful chemicals,

such as tar, carbon monoxide, and nicotine, which cause oxidative
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stress in lung cells, generate free radicals, damage cell DNA, shorten

telomeres, and accelerate cell aging. It also triggers inflammation,

leading to cell and tissue damage, and ultimately reduces lung

elasticity and fibrosis. Emphysema is a chronic lung disease

characterized by the destruction of alveolar walls and excessive

inflation of alveoli. Smokers are more susceptible to it than non-

smokers. Klotho is a b-glucuronidase that has been found to be

deficient in the early stage, which may contribute to lung tissue

damage and inflammation (164). In smokers, Klotho levels are

further reduced, making the lung tissue more sensitive (165).

AECOPD, or the acute exacerbation of COPD, refers to a

persistent deterioration beyond the daily situation in a short

period of time, 80% of which is caused by bacteria. It is

characterized by shortness of breath, increased sputum

production, and purulence (11, 166). Common diagnostic

methods include bacterial culture and PCR detection. Antibiotics

are the mainstay of treatment, and the choice of antibiotics should

be based on the pathogen. Traditional Chinese medicine, such as

Yupingfeng, is also effective in treating COPD, especially for

patients with severe cough and sputum situation (167, 168).

Acute exacerbations put COPD patients at risk of pulmonary

failure, severe damage to pulmonary function, and decreased

quality of life.
IPF

IPF is the most common type of fibrotic interstitial lung disease

(ILDs), which will be focused on here. IPF is a progressive interstitial

lung disease characterized by progressive breathlessness, coughing,

and chest pain. The lung tissue alternates between injury and repair,

eventually leading to the formation of large amounts of fibrotic tissue

and even scars, reducing pulmonary elasticity and impairing gas

exchange function (169). The etiology and pathogenesis of IPF are

complex. The specific cause is still unclear; it has been found that

adult mouse AEC2s senescence leads to pulmonary fibrosis, which is

similar to humans, and fibrosis is associated with p21/p53 and TGF-

b. Researchers found that mice exhibited reduced pulmonary fibrosis

after treating selective anti-aging AEC2s (170). Currently, there is

research evidence indicating that pulmonary fibrosis is associated

with high glycolytic behavior. Inflammatory response is a crucial step

in initiating lung tissue remodeling, as inflammatory cells release

inflammatory cytokines, chemokines, and enzymes that damage

alveolar walls and surrounding tissues. Fibroblasts are activated and

secrete collagen, elastin, and extracellular matrix components such as

proteoglycans, which continue to produce and deposit in damaged

areas, eventually forming fibrotic scar tissue. The TGF-b/Smad

signaling pathway is considered a key regulatory factor for

pulmonary fibrosis (171). TGF-b binds to cell surface receptors,

activating the Smad signaling pathway and promoting fibroblast

proliferation and collagen synthesis and ECM remodeling. The

Wnt/b-catenin signaling pathway also plays a role in the

pathogenesis of IPF. Wnt proteins bind to cell surface receptors,

leading to the accumulation of b-catenin in the cell nucleus,

activating downstream genes and causing pulmonary fibrosis (172).

The TNF-a/NF-kB signaling pathway is a classic pathway. In this
FIGURE 2

Aging increases the susceptibility to COPD and promotes its
progression. Smoking is a major risk factor for the disease, causing
long-term inflammation of the small airways, ultimately leading to
tissue fibrosis and airway wall remodeling. In aged lungs, the
function of airway progenitor cells decreases, resulting in chronic
inflammation. Macrophages, under the influence of chemokine CXC
subfamily, damage alveolar epithelial cells. ELP, exogenous
lipoid pneumonia.
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pathway, TNF-a binds to cell surface receptors, activating the NF-kB
(nuclear factor-kB) signaling pathway, leading to inflammation and

fibrosis (Figure 3). Furthermore, patients with pulmonary fibrosis

may exhibit mtDNA damage, manifesting premature aging

symptoms and inflammatory responses (163).

The repair capacity of aged lungs decreases, and the repair

process does not end with the removal of fibroblasts, but rather

produces a continuous fibrotic response, which is associated with a

positive feedback of fibroblast apoptosis inhibition. This positive

feedback refers to the ability of fibroblasts to produce signals that

inhibit their own apoptosis, thus reducing or preventing their own

death (173, 174). In some chronic inflammatory lung diseases,

fibroblasts can produce various growth factors and cytokines, such

as TGF-b, epidermal growth factor (EGF), and IL-6, which promote

fibroblast proliferation and migration and inhibit their apoptosis.

Clinical studies have shown that those who survive acute diseases

are often affected by long-term lung damage and reduced HRQoL.

IPF patients usually show earlier aging-related physiological

changes than healthy individuals. Moreover, researchers have

found that aging-related genes (SIRT1, SIRT2, and FOXO3) and

proteins (b-galactosidase) may play a role in the pathogenesis of

IPF. Although the connection between age and IPF is established,

the interplay between other contributing factors and age remains

unknown. Further investigation is required to elucidate the specific

signaling pathways and molecular interactions involved in the

regulation of these processes. Genetic factors also contribute to

the disease; mutations can make individuals more susceptible to

pulmonary fibrosis. Environmental factors, such as smoking and

occupational exposure, may also affect the incidence of IPF.
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Pneumonia

Pneumonia is a pulmonary inflammation caused by bacteria,

viruses, fungi, or parasites. The common pathogenic bacteria of

bacterial pneumonia are pneumococcal bacteria, which are the most

common cause of community-acquired pneumonia (CAP) in the

elderly, mainly affecting the pulmonary parenchyma (175). The

main pathogenic viruses of viral pneumonia are influenza viruses

and coronaviruses, mainly affecting the pulmonary interstitium.

The main symptoms of pneumonia include coughing, fever,

shortness of breath, and chest pain. According to World Health

Organization data, CAP is the most common type of pneumonia;

the mortality rate of pneumonia is approximately 12% in

developing countries and approximately 9% in developed

countries (176). Generally, the mortality rate of ordinary

pneumonia is low, while severe pneumonia and infection with

viruses such as COVID-19 have higher mortality rates. Age is a

risk factor that increases the elderly’s susceptibility to pneumonia.

The elderly have weakened lungs in clearing pathogens, with

impaired ciliated epithelium clearance in the airways and

swallowing clearance mechanisms, increasing the risk of

pneumonia, excessive bacterial adhesion and accumulation in the

lungs can easily lead to community-acquired pneumonia (37, 175,

177–180). With increasing age, the body’s immune regulatory

function decreases, and the risk of pulmonary infection increases.

In elderly chronic pulmonary inflammation, TNF-a can induce

epithelial cells to express more TNF receptors and enhance the

inflammatory response. In addition, oxidative stress can also lead to

the upregulation of epithelial cell surface receptors, such as

peroxisome proliferator-activated receptor (PPAR). At the same

time, the lung function decline in the aging process and damage to

mitochondria can lead to telomere damage and increased SASP

through the NF-kB pathway, triggering a series of subsequent

reactions, increasing the risk of pneumonia (Figure 4). The main

treatment methods for pneumonia are anti-infection and

symptomatic treatment. When the disease is critical, broad-

spectrum antibiotics should be used first to cover all possible

pathogenic microorganisms as much as possible.
Asthma

Asthma is a common chronic inflammatory disease of the

airways that can occur at any age. The main characteristics of the

disease are hyperreactivity of the airways and airway obstruction.

Stimuli such as allergens and cold air trigger excessive reactions in

the body’s various cytokines and receptors, leading to airway spasm

and contraction, and patients experience symptoms such as

wheezing, shortness of breath, and coughing. Long-term asthma

patients may see an increase in the number of ASM cells, goblet

cells, and mucus glands, leading to AWR (39, 181). Although

asthma can occur in all age groups, the inflammation and clinical

manifestations of asthma in older adults are different from those in

younger adults. Studies have shown that severe asthma phenotypes
FIGURE 3

Lung fibrosis under the influence of aging. The pathogenesis of IPF
is complex, inflammation is an important process in pulmonary
tissue remodeling, and aging is a significant factor in inducing
infection. The pathways shown in the figure are important pathways
for inflammation-induced pulmonary fibrosis. Smad, Smad protein;
TGF-b, transforming growth factor-beta; TNF-a, tumor necrosis
factor-a; Wnt/b-catenin, wingless/b-catenin pathway; NF-kB,
nuclear factor-kB.
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are more common in older adults (182). Older adults have

decreased pulmonary immune capacity, making them more

sensitive to allergens and stimuli and therefore more susceptible

to exacerbation of asthma (15, 60, 62, 64, 183). Th2 secrete IL-4, IL-

5, and other cytokines, inducing the production of immunoglobulin

E (IgE) and promoting inflammation. IgE is an important antibody

in asthma; its main function is to bind to the FcϵRI receptor on the

surface of mast cells and eosinophils, leading to cell activation and

the release of inflammatory mediators (Figure 5). Cholinergic M

receptors and histamine H1 receptors are also present in ASM cells

and mast cells, and activation leads to ASM contraction. The exact

cause of AWR is not clear, but it is known that EGF and fibroblast

growth factor (FGF) play a role in asthma AWR.
Lung cancer

Cancer is a disease characterized by abnormal proliferation and

differentiation of cells, usually caused by gene mutations and

expression disorders. Age and genetics can increase the risk of

developing cancer. The latest statistical data from the National

Cancer Center shows that approximately 4.06 million new cases of

malignant tumors are diagnosed in China each year, with lung

cancer having the highest incidence and mortality rates among

malignant tumors, far exceeding those of colorectal cancer, liver

cancer, gastric cancer, and breast cancer (184). Lung cancer is also

one of the high-incidence and high-mortality malignant tumors

globally, with a 5-year relative overall survival rate of approximately

22% (185). It can be divided into squamous cell carcinoma,

adenocarcinoma, large-cell carcinoma, and non-small cell lung

cancer (NSCLC), which accounts for approximately 80%–85% of

all lung cancers. The occurrence and development of NSCLC are

closely related to the expression of cancer driver factor, which
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include gene mutations, amplification, and abnormal expression.

Ultra-deep sequencing of normal human skin and esophageal tissue

shows that high levels of somatic mutations exist in normal human

tissues (186, 187). These mutations are related to skin squamous cell

carcinoma and age-related mutations, suggesting that age-

dependent microenvironmental changes in the lung play a key

role in the progression of lung cancer.

Currently, known oncogenic drivers include epidermal growth

factor receptor (EGFR), anaplastic lymphoma kinase (ALK), ROS

proto-oncogene 1 (ROS1), B-Raf proto-oncogene (BRAF), and

human epidermal growth factor receptor 2 (HER2). The

expression of these oncogenic drivers varies in different

subgroups of non-small-cell lung cancer patients. Research has

found an interesting phenomenon: in lung cancer patients under

50 years old, there is a higher proportion of lung cancer with

targetable genomic changes, such as EGFR mutations, ALK or

ROS1 fusions, or ERBB2 insertions. In older lung cancer patients,

the proportion of other oncogenic drivers, such as KRAS mutations,

BRAF V600E, and MET exon 14 skipping, is higher (62, 188).

Therefore, we can target different oncogenic drivers and choose

corresponding targeted therapy drugs to inhibit their activity, to

achieve the purpose of treating NSCLC. With age, DNA damage

and mutations in the human body may increase, increasing the risk

of cancer (189). At the same time, some genetic mutations related to

cancer may also be associated with aging. Genetic factors also play a

promoting role in the occurrence of cancer, but it needs to be

emphasized that cancer is not inherited directly, but the

susceptibility to cancer is inherited, not the cancer itself.

Approximately one-eight of cancers are related to genetic gene

mutations, while more are influenced by diet, environment, and

lifestyle habits. The immune system in elderly lung cancer patients

plays an important role in the development of the disease. The body

can recognize and eliminate abnormal cells through immune

surveillance; effector B cells produce antibodies to clear cancer
frontiersin.or
FIGURE 4

The clearance mechanism of the lungs in the elderly is impaired,
which increases the susceptibility to pneumonia. In the elderly lungs,
excessive bacteria accumulate in the lungs, making pneumonia
more likely to occur. The decline in lung function with aging is
attributed to elevated levels of reactive oxygen species (ROS) and
impaired mitochondrial function, resulting in telomere damage and
upregulation of senescence-associated secretory phenotype (SASP)
via the NF-kB pathway, triggering a series of subsequent reactions
that increase the risk of pneumonia.
FIGURE 5

The aging lung is more susceptible to allergens and irritants,
exacerbating asthma. Allergens and proteases stimulate the airway
epithelium, leading to interactions between various cytokines and
receptors within the body, promoting inflammation and causing
airway constriction. EGF and FGF play a role in the process of airway
remodeling in asthma. FGF, fibroblast growth factor; EGF, epidermal
growth factor.
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cells, but at the same time, they can also cause inflammatory

reactions, exacerbating the condition. Inflammatory cells can

secrete some cytokines and chemokines, such as TNF-a, IL-1,
and IL-8. These factors can attract more immune cells to the

inflammatory site, promoting the growth and spread of the

tumor. Meanwhile, inflammatory cells can also damage the DNA

of lung cancer cells by releasing free radicals, thereby promoting the

malignant transformation of lung cancer cells.

Lung cancer treatment consists of medical and surgical

therapies. Chemotherapy, targeted therapy, and immunotherapy

are currently common approaches. Immunological checkpoint

inhibitors (ICIs) are a type of immunotherapy drug that enhances

the immune system’s response by inhibiting checkpoint receptor

molecules on immune cells (such as cytotoxic T cells) (Figure 6).

Examples of targeted PD-1 pathway drugs include pembrolizumab

and atezolizumab. Recent studies have shown that the balance of

PD-1 expression between effector T cells (Teff) and Treg in the

tumor microenvironment can predict the response to PD-1 cancer

immunotherapy (63). When the PD-1 on effector T cells binds to

PD-L1 on tumor cells, the activity of Teff is inhibited, reducing the

ability to attack tumor cells. However, when the PD-1 on Treg binds

to PD-L1 on tumor cells, it can enhance the function of regulatory T

cells, further suppressing the immune response (190). Although the

efficacy of immunotherapy drugs has been reported to decrease,

there are currently limited numbers of elderly patients in

prospective clinical trials, and we cannot yet draw accurate

conclusions (191, 192).
Sepsis

Sepsis is a severe systemic infection syndrome characterized by

the growth and reproduction of pathogenic bacteria in a local area,
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continuous invasion of the bloodstream, and production of toxins.

These toxins are then disseminated through the bloodstream,

causing obvious toxic symptoms and significant damage to other

organs and tissues. The most common source of infection in elderly

patients with sepsis is the respiratory tract. The underlying cause is

the imbalance between pro- and anti-inflammatory responses in the

body. Severe sepsis and septic shock are more severe forms of this

condition. Due to abnormal immune function, pre-existing

diseases, and age factors, the incidence and mortality rates of

severe sepsis and infectious shock increase in elderly patients

(193, 194). The mortality rate for elderly patients is 50%–60%

(194). Cytokine storm is an overwhelming immune response,

characterized by a disproportionate production of cytokines,

intensifying inflammatory reactions, and leading to systemic

infections in elderly patients, which is a key feature in the

pathogenesis of sepsis (195). In the course of disease progression,

bacterial lipopolysaccharide is the main molecule that induces the

production of cytokines. LPS passes through lipopolysaccharide-

binding protein, lipopolysaccharide receptor CD14, and Toll-like

receptors to activate antigen-presenting cells such as monocytes,

macrophages, and DCs, which produce and release cytokines. In

addition, exotoxins act as superantigens, bridging the MHC II class

molecules expressed on antigen-presenting cells with the receptors

on T lymphocytes, promoting the binding of co-stimulatory

molecules CD28/CD86, and inducing the production and release

of cytokines by macrophages and T lymphocytes (Figure 7). With

age, the oxidative stress response increases, resulting in an increase

in the generation of reactive oxygen species, especially in the aging

pulmonary vasculature (196, 197). This leads to more severe clinical

symptoms in elderly patients (194, 198). Severe sepsis and septic

shock patients often require mechanical ventilation, which is

independently associated with increased mortality in elderly

patients (194, 198).
FIGURE 6

The immune system in elderly lung cancer patients plays an
important role in the development of the disease. Neutrophils,
macrophages, and other inflammatory cells secrete cytokines and
chemokines, such as TNF-a and IL-1, which promote tumor growth
and metastasis. Tumor cells can evade the immune system through
the PD-1 pathway, inhibiting T-cell activity. Immune checkpoint
inhibitors (ICIs) like pembrolizumab can suppress the PD-1 pathway
and enhance immune response. ICIs, immune checkpoint inhibitors.
FIGURE 7

Older adults with abnormal immune function are more susceptible
to severe sepsis. The pathogen proliferates locally and invades the
bloodstream, leading to systemic symptoms and significant lung
damage. Antigens primarily interact with the receptors on antigen-
presenting cells expressing major histocompatibility complex
molecules and T lymphocytes, triggering the release of cytokines
from macrophages and T lymphocytes, resulting in pulmonary
dysfunction. Elderly individuals experience a decline in immune
function, which makes them susceptible to developing a cytokine
storm, leading to exacerbated systemic infection.
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Targeted aging therapy for
respiratory diseases

The treatment options for age-related lung diseases are

currently limited. Patients with ARDS are often refractory to

treatment, and the efficacy of glucocorticoids (GCs) is generally

moderate. The mechanism of action primarily involves the binding

of the GC receptor (GR) to NF-kB in a process known as

“transrepression” (199, 200). NF-kB serves as a central mediator

of inflammation and aging, and it represents a potential therapeutic

target for age-related lung diseases (201).

COPD or severe asthma patients may experience symptom

relief following GC treatment (202). In patients with GC refractory

obstructive airway diseases, the use of theophylline and

phosphoinositide 3-kinase delta (PI3K-d) inhibitors can be

considered to reduce the acetylation of GR/histones and achieve

therapeutic goals (203). Some novel biologic therapies, such as

omalizumab and mepolizumab targeting specific pathways, have

shown promise in treating severe asthma patients, although

individual responses may vary. The ongoing “Targeting Aging

with Metformin (TAME)” trial aims to evaluate the health effects

of metformin in individuals aged 65–80, as it may reduce the risk of

adverse outcomes in asthma and COPD patients.

Anti-aging drugs possess significant therapeutic potential in

pulmonary diseases, particularly for IPF patients, through inducing

apoptosis. Studies have shown that anti-aging drugs can effectively

restore the physical function of IPF patients, often combining

dasatinib and quercetin. Dasatinib is a selective tyrosine kinase

inhibitor that is commonly believed to mitigate the degree of

pulmonary fibrosis and improve patients’ lung function and

quality of life, whereas quercetin can inhibit inflammatory

responses and fibrotic processes. The combination of both drugs

has a synergistic effect, known as the Dasatinib–Quercetin (DQ)

mixture. Another therapeutic approach called senomorphics works

by intervening in specific mechanisms during the aging process

rather than inducing cell apoptosis (204).

Targeted therapeutic strategies that activate DNA via PRRs can

mitigate inflammatory responses in age-related pulmonary diseases.

By inhaling recombinant DNaseI, high levels of extracellular DNA

released by inflammatory cells after pulmonary infection can be

degraded, thereby reducing inflammation (205, 206). H-151 is a

potent STING inhibitor that achieves its therapeutic effect by

inhibiting the cGAS-STING axis. Overall, DNaseI and H-151

exhibit potential therapeutic effects in pulmonary injury and

disease models. However, further research is needed to

demonstrate their efficacy and determine their potential impact in

clinical applications.

Targeted therapy for lung cancer involves treatment strategies

aimed at specific molecular targets within lung cancer cells. These

targets can include aberrantly active proteins, mutated genes, or

overexpressed receptors. By attacking these targets, tumor cells can

be targeted more precisely while minimizing damage to normal

cells. EGFR is a tyrosine kinase receptor whose aberrant activation
Frontiers in Immunology 13
or mutation is associated with the development and progression of

certain NSCLC. Drugs targeting EGFR include Gefitinib and

Erlotinib. ALK gene fusion is common in some NSCLC patients,

and drugs targeting ALK include Crizotinib and Alectinib. These

drugs inhibit the activity of ALK fusion proteins, blocking tumor

cell proliferation. Additionally, previously mentioned PD-1 and

PD-L1 immune checkpoint proteins help tumors evade immune

attack by inhibiting immune responses in the tumor

microenvironment. Targeted drugs include Pembrolizumab

and Nivolumab.

We are all aware of the close association between the

development of sepsis and the abnormal release of inflammatory

mediators. Therefore, some research is exploring treatment

approaches that target inflammatory mediators to suppress the

inflammatory response. For example, anti-TNF drugs, anti-IL-1

drugs, etc. inhibit the production of inflammatory mediators,

thereby reducing the inflammatory response and organ damage.

It is also possible to target the modulation of the immune system,

specifically by activating co-stimulatory signals in T cells, such as

anti-CD28 antibodies, to enhance the immune system’s

responsiveness and control infection.

Given that pulmonary diseases can also accelerate aging,

targeted therapy against aging mechanisms could provide broad

clinical benefits, aiming to prevent pulmonary diseases and

complement more specific medical interventions.
Conclusion

Lung aging is a complex process characterized by cumulative

damage and repair changes in the pulmonary cell system. It is

closely related to the microenvironment of the lung. Age-related

intrinsic mechanisms, such as stem cell pool depletion,

mitochondrial dysfunction, increased oxidative stress, and

telomere shortening, disrupt the maintenance of pulmonary cell

homeostasis. Normal lung aging is associated with various

structural and functional changes in the respiratory tract, leading

to declines in pulmonary function, lung remodeling, reduced

regeneration, and increased susceptibility to pulmonary diseases.

The lung has multiple innate and adaptive defense systems to

maintain homeostasis and respond to external stimuli. However, with

aging, various cell types in the lung, such as AEC1s, AEC2s,

fibroblasts, endothelial cells, and ASM cells, undergo compositional

and functional changes, increasing the susceptibility of older adults to

the development and progression of pulmonary diseases. Immune

senescence exacerbates the production of oxygen-free radicals and

increases the production of pro-inflammatory cytokines, making

persistent lower respiratory inflammation a reason why older

adults are more susceptible to toxic environments and accelerated

lung function decline. The poor prognosis and recovery of pulmonary

diseases are attributed to age-related changes in innate and adaptive

immune responses. Genetic background and lifestyle further promote

pulmonary age-related changes, increasing the incidence and
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progression of airway diseases and susceptibility to infectious stimuli

and toxins. Although research has revealed how the immune system

of older adults is susceptible to bacterial and viral lung infections, the

challenge lies in identifying which age-related molecular changes are

targetable and which will have therapeutic benefits. Therefore, to

prevent and treat pulmonary aging-related diseases, it is necessary to

focus on the changes in the pulmonary microenvironment and take

corresponding measures for intervention. In-depth study of lung

aging mechanisms, exploration of age-related immune changes, and

construction of prevention and immunomodulatory strategies are

crucial for improving the prognosis of elderly patients.
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C, Barnabé V, et al. Aging, diabetes, and hypertension are associated with decreased
nasal mucociliary clearance. Chest. (2013) 143:1091–7. doi: 10.1378/chest.12-1183

179. Ho JC, Chan KN, Hu WH, Lam WK, Zheng L, Tipoe GL, et al. The effect of
aging on nasal mucociliary clearance, beat frequency, and ultrastructure of respiratory
cilia. Am J Respir Crit Care Med. (2001) 163:983–8. doi: 10.1164/ajrccm.163.4.9909121

180. Whitsett JA. Airway epithelial differentiation and mucociliary clearance. Ann
Am Thorac Soc. (2018) 15:S143–s8. doi: 10.1513/AnnalsATS.201802-128AW

181. Prakash YS. Emerging concepts in smooth muscle contributions to airway
structure and function: implications for health and disease. Am J Physiol Lung Cell Mol
Physiol. (2016) 311:L1113–l40. doi: 10.1152/ajplung.00370.2016

182. Gillman A, Douglass JA. Asthma in the elderly. Asia Pac Allergy. (2012) 2:101–
8. doi: 10.5415/apallergy.2012.2.2.101
frontiersin.org

https://doi.org/10.1186/s12931-020-01390-4
https://doi.org/10.1016/j.chest.2016.10.008
https://doi.org/10.3390/metabo9060111
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1038/nri.2017.21
https://doi.org/10.5301/JBM.2010.6115
https://doi.org/10.1016/j.rmed.2015.08.008
https://doi.org/10.1111/cea.12859
https://doi.org/10.1111/resp.12730
https://doi.org/10.1016/j.exger.2012.02.011
https://doi.org/10.1002/eji.201343921
https://doi.org/10.1111/acel.12890
https://doi.org/10.1111/acel.12890
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1111/j.1742-4658.2009.07269.x
https://doi.org/10.1186/s12967-017-1306-5
https://doi.org/10.1001/jama.297.8.842
https://doi.org/10.1001/jama.297.8.842
https://doi.org/10.1371/journal.pone.0025544
https://doi.org/10.1007/s00134-014-3613-0
https://doi.org/10.4187/respcare.05017
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1503/cmaj.140081
https://doi.org/10.1136/thoraxjnl-2014-206084
https://doi.org/10.1152/jappl.2000.89.2.505
https://doi.org/10.1152/japplphysiol.00541.2015
https://doi.org/10.1152/jappl.1968.25.6.664
https://doi.org/10.1378/chest.101.3.800
https://doi.org/10.1378/chest.101.3.793
https://doi.org/10.1152/ajplung.00491.2001
https://doi.org/10.1152/ajplung.00491.2001
https://doi.org/10.1084/jem.20162152
https://doi.org/10.1164/rccm.201704-0667OC
https://doi.org/10.1164/rccm.201704-0667OC
https://doi.org/10.1186/1465-9921-12-78
https://doi.org/10.1136/thoraxjnl-2020-215114
https://doi.org/10.1136/thoraxjnl-2020-215114
https://doi.org/10.1038/s41598-019-41933-4
https://doi.org/10.1038/s41598-019-41933-4
https://doi.org/10.1515/bc.2008.028
https://doi.org/10.1042/cs20150273
https://doi.org/10.1378/chest.08-0684
https://doi.org/10.1186/s12906-024-04369-6
https://doi.org/10.2147/copd.S374782
https://doi.org/10.2165/00003495-200464040-00005
https://doi.org/10.1164/rccm.202004-1274OC
https://doi.org/10.3390/ijms22116107
https://doi.org/10.1186/s40360-022-00560-y
https://doi.org/10.1172/jci71386
https://doi.org/10.1016/j.biocel.2010.05.010
https://doi.org/10.1111/j.1474-9726.2011.00720.x
https://doi.org/10.23736/s0026-4806.20.06448-4
https://doi.org/10.1378/chest.12-1183
https://doi.org/10.1164/ajrccm.163.4.9909121
https://doi.org/10.1513/AnnalsATS.201802-128AW
https://doi.org/10.1152/ajplung.00370.2016
https://doi.org/10.5415/apallergy.2012.2.2.101
https://doi.org/10.3389/fimmu.2024.1383503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1383503
183. Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senescence in aging
and age-related disease: from mechanisms to therapy. Nat Med. (2015) 21:1424–35.
doi: 10.1038/nm.4000

184. Sung H, Ferlay J, Siegel RL, LaversanneM, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: globocan estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

185. Caetano MS, Hassane M, Van HT, Bugarin E, Cumpian AM, McDowell CL,
et al. Sex specific function of epithelial stat3 signaling in pathogenesis of K-ras mutant
lung cancer. Nat Commun. (2018) 9:4589. doi: 10.1038/s41467-018-07042-y

186. Martincorena I, Roshan A, Gerstung M, Ellis P, Van Loo P, McLaren S, et al.
Tumor evolution. High burden and pervasive positive selection of somatic mutations in
normal human skin. Science. (2015) 348:880–6. doi: 10.1126/science.aaa6806

187. Martincorena I, Fowler JC, Wabik A, Lawson ARJ, Abascal F, Hall MWJ, et al.
Somatic mutant clones colonize the human esophagus with age. Science. (2018)
362:911–7. doi: 10.1126/science.aau3879

188. Sacher AG, Dahlberg SE, Heng J, Mach S, Jänne PA, Oxnard GR. Association
between younger age and targetable genomic alterations and prognosis in non-small-
cell lung cancer. JAMA Oncol. (2016) 2:313–20. doi: 10.1001/jamaoncol.2015.4482

189. Willis C, Fiander M, Tran D, Korytowsky B, Thomas JM, Calderon F, et al.
Tumor mutational burden in lung cancer: A systematic literature review. Oncotarget.
(2019) 10:6604–22. doi: 10.18632/oncotarget.27287

190. Kumagai S, Togashi Y, Kamada T, Sugiyama E, Nishinakamura H, Takeuchi Y,
et al. The pd-1 expression balance between effector and regulatory T cells predicts the
clinical efficacy of pd-1 blockade therapies. Nat Immunol. (2020) 21:1346–58.
doi: 10.1038/s41590-020-0769-3

191. Elias R, Morales J, Rehman Y, Khurshid H. Immune checkpoint inhibitors in
older adults. Curr Oncol Rep. (2016) 18:47. doi: 10.1007/s11912-016-0534-9

192. Whelehan S, Lynch O, Treacy N, Gleeson C, Oates A, O’Donovan A.
Optimising clinical trial design in older cancer patients. Geriatrics (Basel). (2018) 3
(3):34. doi: 10.3390/geriatrics3030034

193. Hodge S, Hodge G, Scicchitano R, Reynolds PN, Holmes M. Alveolar
macrophages from subjects with chronic obstructive pulmonary disease are deficient
in their ability to phagocytose apoptotic airway epithelial cells. Immunol Cell Biol.
(2003) 81:289–96. doi: 10.1046/j.1440-1711.2003.t01-1-01170.x

194. Ely EW, Wheeler AP, Thompson BT, Ancukiewicz M, Steinberg KP, Bernard
GR. Recovery rate and prognosis in older persons who develop acute lung injury and
Frontiers in Immunology 18
the acute respiratory distress syndrome. Ann Intern Med. (2002) 136:25–36.
doi: 10.7326/0003-4819-136-1-200201010-00007

195. Bruunsgaard H, Skinhøj P, Qvist J, Pedersen BK. Elderly humans show
prolonged in vivo inflammatory activity during pneumococcal infections. J Infect
Dis. (1999) 180:551–4. doi: 10.1086/314873

196. Al-Shaer MH, Choueiri NE, Correia ML, Sinkey CA, Barenz TA, Haynes WG.
Effects of aging and atherosclerosis on endothelial and vascular smooth muscle
function in humans. Int J Cardiol. (2006) 109:201–6. doi: 10.1016/j.ijcard.2005.06.002

197. Cleaver JO, You D, Michaud DR, Pruneda FA, Juarez MM, Zhang J, et al. Lung
epithelial cells are essential effectors of inducible resistance to pneumonia. Mucosal
Immunol. (2014) 7:78–88. doi: 10.1038/mi.2013.26

198. Siner JM, Pisani MA. Mechanical ventilation and acute respiratory distress
syndrome in older patients. Clin Chest Med. (2007) 28:783–91. doi: 10.1016/
j.ccm.2007.08.008

199. Barnes PJ. Anti-inflammatory actions of glucocorticoids: molecular
mechanisms. Clin Sci (Lond). (1998) 94:557–72. doi: 10.1042/cs0940557

200. Kagoshima M, Ito K, Cosio B, Adcock IM. Glucocorticoid suppression of
nuclear factor-kappa B: A role for histone modifications. Biochem Soc Trans. (2003)
31:60–5. doi: 10.1042/bst0310060

201. Ghosh S, May MJ, Kopp EB. Nf-kappa B and rel proteins: evolutionarily
conserved mediators of immune responses. Annu Rev Immunol. (1998) 16:225–60.
doi: 10.1146/annurev.immunol.16.1.225

202. Ambrosino N, Paggiaro P. The management of asthma and chronic obstructive
pulmonary disease: current status and future perspectives. Expert Rev Respir Med.
(2012) 6:117–27. doi: 10.1586/ers.12.2

203. Adcock IM, Ito K, Barnes PJ. Histone deacetylation: an important mechanism
in inflammatory lung diseases. Copd . (2005) 2:445–55. doi : 10.1080/
15412550500346683

204. Kim EC, Kim JR. Senotherapeutics: emerging strategy for healthy aging and
age-related disease. BMB Rep. (2019) 52:47–55. doi: 10.5483/BMBRep.2019.52.1.293

205. Schuliga M, Read J, Blokland KEC, Waters DW, Burgess J, Prêle C, et al. Self
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