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Abstract: Currently, the global lifespan has increased, resulting in a higher proportion of the pop-
ulation over 65 years. Changes that occur in the lung during aging increase the risk of developing
acute and chronic lung diseases, such as acute respiratory distress syndrome, chronic obstructive
pulmonary disease, idiopathic pulmonary fibrosis, and lung cancer. During normal tissue homeosta-
sis, cell proliferation and apoptosis create a dynamic balance that constitutes the physiological cell
turnover. In basal conditions, the lungs have a low rate of cell turnover compared to other organs.
During aging, changes in the rate of cell turnover in the lung are observed. In this work, we review
the literature that evaluates the role of molecules involved in cell proliferation and apoptosis in lung
aging and in the development of age-related lung diseases. The list of molecules that regulate cell pro-
liferation, apoptosis, or both processes in lung aging includes TNC, FOXM1, DNA-PKcs, MicroRNAs,
BCL-W, BCL-XL, TCF21, p16, NOX4, NRF2, MDM4, RPIA, DHEA, and MMP28. However, despite the
studies carried out to date, the complete signaling pathways that regulate cell turnover in lung aging
are still unknown. More research is needed to understand the changes that lead to the development
of age-related lung diseases.
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1. Introduction

Aging is a physiological process that affects most living organisms. It can be defined as
a time-dependent progressive functional deterioration that leads to a loss of physiological
integrity, due to the accumulation of cellular damage, resulting in greater vulnerability to
death [1].

In recent years, the global lifespan has increased and is expected to rise from 72.8 years
in 2019 to 77.2 years in 2050, resulting in a higher proportion of the population over
65 years [2,3]. However, this has not been accompanied by an increase in people’s health.
The healthy disease-free lifespan (healthspan) has not increased proportionally to the
lifespan. From 2000 to 2019, the average lifespan increased by 6.5 years, compared to
5.4 years of the healthspan [4]. This poses a problem for healthcare institutions, since aging
is considered the main risk factor for chronic non-communicable diseases like cancer and
cardiovascular, neurodegenerative, and lung diseases [5,6].

2. Lung Aging

The lungs undergo functional and structural changes with age, even in the absence
of disease. During the first 20 years of life, the lungs go through a phase of growth and
maturation, until they reach their maximum function between 20 and 25 years; then, they
undergo minimal changes until the age of 35, and subsequently the lung function begins to
progressively decrease as age increases [6,7].
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The decline in lung function with age is related to the structural changes that occur in
the lung during the normal aging process. Structural changes can be at an anatomical or at
a histological level. At the anatomical level, a decrease in the strength of the respiratory
muscles occurs, as well as deformities of the chest wall and thoracic spine [8]. Among
the histological changes is the deregulation of the extracellular matrix (ECM) due to
greater collagen production, which promotes changes in lung elasticity, and an increase
in alveolar size as well as in the alveolar—capillary surface without destruction of the wall
of the alveoli [9-11]. Another histological change that occurs is a decrease in alveolar
number and alveolar attachments [11,12]. It has also been reported that a reduction in
mucociliary clearance, telomere shortening, as well as an increase in DNA damage and
cellular senescence occur (Figure 1) [10,13].

Young old

Figure 1. Anatomical and histological changes that occur in the lungs during aging. (A) Decreased res-
piratory muscle strength and deformities of the chest wall and thoracic spine. (B) Increased collagen
production promotes changes in lung elasticity and reduced mucociliary clearance. (C) Increase in
alveolar—capillary size and surface without destruction of the alveolar wall. (D) Telomere shortening
and increased DNA damage promote cellular senescence. (E) Additionally, chronic exposure of the
lungs to environmental pollutants promotes senescence and accelerated aging.

Another important point to consider is that the lungs are constantly exposed to
environmental pollutants such as cigarette smoke and vehicle exhaust gas. This promotes
cellular senescence, accelerating lung aging [6,7,14].

Changes that occur in the lung during normal aging increase the risk of developing
age-related acute and chronic lung diseases. Among the most frequent diseases are acute
respiratory distress syndrome (ARDS), chronic obstructive pulmonary disease (COPD),
idiopathic pulmonary fibrosis (IPF), and lung cancer [15,16]. Chronic lung diseases cause
high rates of disability and mortality worldwide, posing a major global health problem [16].
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2.1. Acute Respiratory Distress Syndrome (ARDS)

ARDS is a frequent cause of respiratory failure in critically ill patients, characterized
by the acute appearance of non-cardiogenic pulmonary edema and hypoxemia. Patients
with ARDS frequently present with diffuse alveolar damage and injury to both the alveolar
epithelium and the pulmonary endothelium, resulting in the accumulation of protein-rich
inflammatory edematous fluid in the alveolar space. It has a high mortality rate, between
30% and 40% [17,18].

ARDS can occur as a result of sepsis and pneumonia in people over 65 years of age,
in whom it has an incidence up to 19 times higher and a mortality up to 10 times higher
compared to young adults [19,20].

2.2. Chronic Obstructive Pulmonary Disease (COPD)

COPD is distinguished by a progressive lung function decline, leading to breath-
ing difficulty. Patients may present features of chronic bronchitis and/or emphysema
characterized by long-term airflow obstruction [21].

Airflow obstruction occurs due to obstructive changes in the peripheral airways and
destructive changes in the respiratory bronchioles, alveolar ducts, and alveoli. The main
symptoms include shortness of breath and cough with sputum production that usually
worsens over time [21,22].

COPD is the third cause of death worldwide, causing more than 3 million deaths each
year [23,24]. The incidence of COPD increases after the age of 45, and it is estimated that its
global prevalence is around 3-6% among the population aged 4049 years and 20-28% for
those over 70 years of age [25,26].

2.3. Idiopathic Pulmonary Fibrosis (IPF)

IPF is a chronic and progressive disease of unknown origin. It affects the pulmonary
interstitium and is characterized by the presence of fibrosis, inflammation, and destruction
of the pulmonary architecture. Currently, this disease is incurable and has a survival rate
of 3 to 5 years after diagnosis [27,28].

The disease is considered to develop due to the presence of constant microlesions in
the alveolar epithelium during aging, which causes an interruption of epithelial-fibroblast
communication, leading to the recruitment and activation of myofibroblasts that produce
an ECM rich in collagen. Excessive accumulation of this matrix causes the alveoli to
irreversibly collapse, resulting in reduced gas exchange and difficulty in breathing [29].

The average age of patients at the time of diagnosis of IPF is around 65-70 years, and
although its incidence is low, its mortality rate is very high [30,31].

2.4. Lung Cancer

Lung cancer is the most common cancer in the world and the most common type in
the elderly. About 30% of patients diagnosed with small-cell lung cancer and 50% of those
diagnosed with non-small-cell lung cancer are over 70 years of age. However, smoking is
still considered the main risk factor [32,33].

The greatest difficulty for elderly patients with lung cancer is the challenges that
arise during their treatment. Aging produces physiological changes such as a decrease in
bone marrow reserve, drug elimination, total body water, and lean body mass, as well as
organ dysfunction. These changes increase the risk of death and the side effects of cancer
treatment in older patients compared to younger ones [32,34].

3. Mechanisms Involved in Lung Aging

Cellular senescence is described as a state of irreversible cell cycle arrest; therefore,
cell proliferation is affected. It occurs as a response against DNA damage to prevent the
spread of damaged cells [26,35].
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Senescent cells have been shown to accumulate with age and have therefore been
established as a characteristic of aging and have been linked to a variety of age-associated
diseases [36-39].

During normal tissue homeostasis, cell proliferation and apoptosis create a dynamic
balance that constitutes the physiological cell turnover [40]. Accumulation of damage
in cells increases the level of apoptosis and, in consequence, cell proliferation as a com-
pensatory mechanism. However, an exaggerated cellular turnover accelerates cellular
senescence [36]. Therefore, an increase in the number of senescent cells is inversely propor-
tional to the proliferative and regenerative capacity [41].

Cell proliferation refers to the increase in the number of cells as a result of cell division
through the progression of steps that constitute the cellular cycle [42]. On the other hand,
apoptosis or “programmed cell death” is a genetically determined process by which a cell
dies without spilling its intracellular contents into the surrounding environment; therefore,
it does not activate the inflammatory response [43,44].

In basal conditions, the lungs have a very low rate of cellular turnover compared
to other organs [45], and their low rate of stem cell division is enough to maintain the
respiratory epithelium under normal conditions [6].

During normal aging, a decrease in the turnover capacity of lung epithelial cells is
observed. Age is associated with an increase in the rate of apoptosis of bronchiolar epithelial
cells (BECs), alveolar epithelial cells (AECs), and basal cells, as well as with a decrease in
the rate of cellular proliferation of Clara cells [46—49]. Progenitor AECs type II (AEC-II)
show increased senescence and metabolic alterations, which impairs their differentiation
into AECs type I (AEC-I) [50-52].

Previously, our working group analyzed proliferation and apoptosis in the bronchiolar
epithelium of mice of the CD1 strain at 2, 6, 12, 18, and 24 months of age. It was observed
that as age increased, there was a decrease in cell proliferation and an increase in apoptosis,
causing a decrease in cell turnover. Likewise, it was observed that the area and height of
BECs decreased with the increasing age of the subjects [49].

In this work, we review the literature that describes the changes that occur in pro-
liferation and apoptosis in the lung during the aging process to better understand the
modifications that promote susceptibility to age-related lung diseases.

4. Cell Proliferation and Apoptosis in Normal Lung Development

Cell proliferation and apoptosis play an important role in normal growth and remod-
eling of the lung throughout life [53,54]. The expression of different molecules regulates
these processes from the neonatal stage to the adult stage.

4.1. Fas/FasL System

The loss of AEC-II in the lungs during the post-canalicular phase is thought to occur
through the terminal differentiation of AEC-II into AEC-I, but recent observations suggest
that apoptosis may also play an important role in the perinatal homeostasis of AEC-II [54].
Previously, a correlation was observed between increased apoptosis of AEC-II and positive
regulation of the pulmonary expression of Fas ligand (FasL) in fetal rabbit lungs [55].

The binding of FasL to its receptor Fas causes the activation of apoptosis [56,57].
Fas-FasL-mediated apoptosis is important for the maintenance of immune homeostasis.
During a physiological immune response, apoptosis helps in the elimination of self-reactive
lymphocytes, limiting the tissue damage caused by immune responses [58].

De Paepe et al. determined the spatio-temporal induction of lung apoptosis and the
expression of the Fas/FasL system from embryonic day 17 (E17) to postnatal day 5 (P5)
in mice of the C57BL/6] strain. During the evaluation of apoptosis, they determined the
number of apoptotic nuclei per total number of nuclei (apoptotic index). The apoptotic
index of AEC-II was 0.1% at E17, 1.5% at P1-P3, and 0.3% at P5. In the P1-P3 period,
the highest proportion of apoptotic cells was observed; this time coincided with a 14-fold
increase in Fas protein and mRNA levels and a 3-fold increase in FasL protein levels in
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AEC-II [59]. These findings indicate that the Fas/FasL system is a critical modulator of
prenatal AEC-II apoptosis.

4.2. Erythropoietin Receptor (EPO-R)

Erythropoietin (EPO) was initially described as an essential cytokine for erythropoiesis.
Recently, it has been discovered that it has other functions such as cytoprotection against
pathological processes. EPO and its receptor (EPO-R) are expressed in various tissues,
including the lung. EPO-R has been reported to be expressed in almost all cells of the
pulmonary tissue, including BECs and AEC-II [60].

Foster et al. evaluated EPO-R expression during postnatal lung maturation at 3 months
of age and in the mature lung at 12 months of age in normal dog tissue; they also evaluated
EPO-R expression during compensatory lung growth at 3 weeks and 10 months after pneu-
monectomy (PNX) of the right lung. As a result, they found that EPO-R was expressed in a
higher proportion during normal postnatal lung maturation and in the early stage (3 weeks
after PNX) of injury repair, compared to the mature lung and the late stage (10 months after
PNX) of injury repair. These results indicate that a decrease in EPO-R expression occurs
with increasing age. Additionally, this receptor is necessary for lung repair after injury.
Therefore, the decrease in regenerative capacity dependent on proliferation and apoptosis
in the lung is related to the decrease in EPO-R expression with increasing age [61,62].

4.3. Tenascin-C (TNC)

Tenascin-C (TNC) is an ECM protein contributing to gastrulation and carcinogene-
sis [63]. Its expression significantly increases during alveolarization from postnatal day 4
to 21, but its expression is markedly reduced afterward [64].

Mund et al. investigated the impact of TNC deficiency on lung development during
the formation and maturation of alveolar septa in the postnatal stage. They evaluated
the lungs of the Tnc-null mouse strain “Tnc tm1Ref” between postnatal days 2 (P2) and
86 (P86). They observed that the septa of the alveolar space were atypically thickened with
an accumulation of capillaries and connective tissue and also observed an increase in the
number of cells in the lungs lacking TNC on day P7. Cell proliferation was significantly
higher on days P4 and P6, and the total number of lung cells increased on days P10 and P14
in TNC-deficient mice compared with the control group. Finally, they observed that TNC-
deficient lungs showed an increase in apoptotic cells at postnatal day 10. These findings
demonstrate that TNC contributes to the formation of new alveolar septa by regulating cell
proliferation and apoptosis during postnatal lung development [65].

4.4. Receptor for Advanced Glycation End Products (RAGE)

The receptor for advanced glycation end products (RAGE) is a member of a superfam-
ily of cell surface immunoglobulins. This receptor is expressed at high concentration during
embryonic development in various tissues and postnatal alveolar remodeling [66,67]. After-
wards, its expression levels decrease in most adult tissues, except the lungs [68]. In normal
adult lung tissue, RAGE has been reported to have selective expression in the basolateral
membrane of AEC-I [69]. The continuation of RAGE expression in the adult lung suggests
a possible role in lung homeostasis, because RAGE regulates many cellular processes like
cell proliferation and migration, inflammation, and apoptosis [70].

Fineschi et al. evaluated the overexpression of human Rage in mice of the C57B1/6]
strain during lung development at 4, 8, and 20 days after birth. Heterozygous overexpres-
sion of Rage during lung development caused alterations in the development of secondary
alveolar septa, causing a decrease in the number of alveoli and an increase in air space, due
to an increase in apoptosis and a decrease in proliferation in alveolar cells. Interestingly,
when Rage was homozygously overexpressed, in addition to the presence of the alveolar al-
terations described previously, a thickening of the alveolar interstitium, with hypercellular
septa and abnormal vascular development, was observed due to a mild medial thickening
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and abnormalities in the architecture of elastic fibers; these histological alterations are also
observed in human bronchopulmonary dysplasia [71].

Go et al. analyzed the levels of soluble RAGE (sRAGE) in umbilical cord blood ob-
tained from newborns who were less than 32 weeks of gestational age and who were
mechanically ventilated or oxygenated. The serum sSRAGE concentration was significantly
lower in premature neonates compared to healthy neonates. In addition, among premature
newborns, the blood levels of SRAGE were significantly lower in newborns with bron-
chopulmonary dysplasia compared to those without this pathology [72]. These results
correspond with the previously described findings because sSRAGE causes the competitive
inhibition of the activation of RAGE found in the cell membrane; this indicates that when
the sSRAGE levels are decreased, greater RAGE activation occurs in the cell membrane [73].

In contrast, when Rage is eliminated in mice that are allowed to age normally, at
48 weeks of age, the subjects develop pulmonary fibrosis [74].

To date, the exact role of RAGE in pulmonary homeostasis is unknown. However, the
regulation of its expression levels is important, because an excess in its levels during lung
development alters the normal histology of the alveoli, and its absence triggers pulmonary
fibrosis during aging.

Figure 2 summarizes the changes that occur in the expression pattern of the molecules
previously described during normal lung development.

Neonatal Adult
FasiFasl Fas/FasL
EPOR
EPOR el
TNC

RAGE t

RAG7

Figure 2. Expression pattern of molecules that regulate proliferation and apoptosis during normal

lung development. As age increases, the expression levels of the Fas/FasL system, erythropoietin
receptor (EPOR), and tenascin-C (TNC) decrease, while the levels of the receptor for advanced
glycation end products (RAGE) remain elevated.

5. Role of Cell Proliferation and Apoptosis in Lung Aging
5.1. Cell Proliferation
5.1.1. Tenascin-C (TNC)

Tenascin-C (TNC) is an ECM protein highly expressed in the embryonic period during
organogenesis [64]. In healthy adult lungs, this protein is found at low levels in the smooth
muscle and basal cells of the airways [75]. However, its expression increases during
tissue repair because it contributes to the regulation of cell proliferation, growth, and
migration [76,77].

To analyze the role of TNC during aging, Gremlich et al. evaluated lung structure
and physiology in 18-month-old Tnc knockout (Trnc KO) mice. They reported that at
18 months of age, Tric KO mice showed greater lung aging compared to the control group
because they had greater lung volume, parenchymal volume, total airspace volume, and
septal surface area and presented an increase in total lung collagen, without alteration
in the lung function. Also, they observed that TNC deficiency caused an increase in cell
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proliferation in the lung parenchyma. Interestingly, no differences were observed in the
levels of apoptosis or cellular senescence between the groups analyzed, indicating that the
observed changes occurred due to increased tissue production rather than a decrease in
cellular destruction [78]. These results demonstrate the importance of TNC in delaying the
changes that occur during lung aging.

5.1.2. Forkhead Box M1 (FOXM1)

The forkhead box M1 (FOXM1) protein is a transcriptional regulator of cell cycle-
related genes [79]. Smirnov et al. demonstrated that FOXM1 contributes to the maintenance
of a high proliferative potential in keratinocytes, while its expression decreases during
differentiation, as well as during replication-induced cellular senescence [80]. On the other
hand, Ribeiro et al. demonstrated that the induction of FOXM1 expression in naturally
aged C57BL6 strain mice results in delayed aging and prolonged lifespan [81].

FOXML1 also plays an important role in vascular repair. In Foxm1 knockout mice,
specifically in endothelial cells (ECs) after inflammatory injury, pulmonary EC proliferation
and endothelial barrier recovery were found to be defective [82,83]. Endothelial injury is a
hallmark of ARDS. The common causes of ARDS include sepsis and pneumonia [84,85].
Age is a major risk factor for the development of ARDS and death from it.

Huang et al. evaluated the effect of aging on FOXM1-dependent vascular repair and
endothelial regeneration after inflammatory lung injury in mice of the strain C57/BL6.
Following sepsis-induced vascular injury, they reported that endothelial regeneration
was facilitated by the proliferation of lung-resident ECs in young mice (3-5 months old).
Endothelial regeneration was impaired in aged mice (19-21 months old). Therefore, as
individuals age, their ability to regenerate endothelial cells is impacted, resulting in long-
lasting lung inflammation [84]. In aged mice after lung injury, FOXM1 was not expressed;
therefore, its target genes such as cell division cycle 25C (Cdc25c) and cyclin A2 (Ccna2),
which are essential for cell proliferation, were not expressed either. To confirm these
results, they performed the induction of FoxM1 expression in lung ECs in aged mice.
FOXM1 increased cell proliferation, which caused the activation of pulmonary endothelial
regeneration and promoted cell survival after lung injury [86]. Taken together, these data
indicate that FOXML1 is necessary for pulmonary endothelial regeneration by regulating cell
proliferation; therefore, inducing its expression could prevent the development of ARDS.

5.1.3. DNA Protein Kinase Catalytic Subunit (DNA-PKcs)

The DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is a member of the
phosphatidylinositol 3-kinase (PI3K) family of kinases. It is part of the DNAPK complex,
which is formed by the Ku70/Ku80 heterodimer and the central catalytic holoenzyme
DNA-PKcs. The complex is activated upon binding of Ku70/Ku80 and DNA. Activation
induces the autophosphorylation of DNA-PKcs as well as the phosphorylation of several
other proteins, culminating in cell cycle checkpoint activation and DNA repair. Therefore,
it is considered a master regulator of the DNA damage response [87,88].

DNA damage and a loss of the DNA damage response and repair pathways have
been reported to occur in pulmonary fibrosis [89,90]. Habiel et al. analyzed the role of
DNA-PKGcs in IPE. They obtained biopsies and primary lung fibroblasts from patients with
IPF and control subjects without IPF; the age range of the patients was 57-71 years. During
the analysis, it was observed that the lung tissue of the IPF patients showed a decrease in
the expression of DNA-PKcs, compared to that of the control group [91].

To identify the mechanisms by which DNA-PKcs deficiency participates in the de-
velopment of IPF, they performed the inhibition of DNA-PKcs activity using the inhibitor
Nu7441 in primary fibroblasts isolated from the lung of the control subjects. Inhibition
of DNA-PKcs activity caused the proliferation of SSEA4+ mesenchymal progenitor cells,
which were previously identified as mediators of IPF because they have the capacity to
form fibrotic lesions in vivo [6]. An increase in myofibroblasts, inflammatory markers, and
markers associated with cellular senescence was also observed [91,92].
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5.1.4. MicroRNAs

MicroRNAs are small (19-25 nucleotides) non-coding RNAs found in animals, plants,
and some viruses. They negatively regulate gene expression at the messenger RNA (mRNA)
level, through their binding to complementary sequences in the 3’ untranslated regions
(3’ UTR) of their target mRNAs. MicroRNAs regulate a large number of cellular functions,
including cell proliferation, growth, differentiation, apoptosis, and senescence [93,94].

Markopoulos et al. compared the expression profile of microRNAs between young
human lung fibroblasts and fibroblasts in replicative senescence, obtained from the HFL1
cell line. They identified 15 microRNAs that were upregulated in senescent cells, i.e., let-7d-
5p, let-7e-5p, miR23a-3p, miR-34a-5p, miR-122-5p, miR-125a-3p, miR-125a-5p, miR125b-5p,
miR-181a-5p, miR-221-3p, miR-222-3p, miR-503-5p, miR574-3p, miR-574-5p, and miR-4454.
The positive regulation of these micro-RNAs was associated with the arrest of the cell cycle
in the G1/S phase, causing a decrease in cell proliferation [95].

Maes et al. evaluated the expression profile of microRNAs, in comparison to young
human fibroblasts of the WI-38 cell line, in the following cells: (1) cells with reversible cell
cycle arrest induced by nutrient depletion; (2) cells in replicative senescence; (3) cells in
premature senescence induced by hydrogen peroxide (H>O,). The three groups analyzed
showed an increase in the expression of miR-10b, miR-34a, miR-373, miR-377, miR-609,
miR-624, miR-633, miR-638, and miR-663. The most robust upregulation of miR-638 and
miR-663 was observed in the replicative senescence group, while that of miR-10b, miR-
34a, miR-373, miR-377, miR-609, miR-624, and miR-633 was observed in the premature
senescence group. The increase in the expression of these microRNAs was related to
decreased cell proliferation [96].

In both studies, a relationship was observed between the positive expression of mi-
croRNAs related to cellular senescence and cell cycle arrest. Variations in the microRNA
profile may depend on the cell line used. miR-34a was the only one with increased levels in
both studies.

Cui et al. evaluated the effect of miR-34a on IPF. They characterized the expression of
miR-34a in the lungs of young (10-week-old) and aged (20-month-old) mice. They found
that, compared to young mice, miR-34a expression was increased in the lung epithelial
cells of aged mice. An increase in miR-34a levels was also observed in aged mice treated
with bleomycin to induce pulmonary fibrosis. To further evaluate the role of miR-34a in
lung fibrosis, they used aged miR-34a knockout mice (20 months old) and the bleomycin
lung fibrosis model. Wildtype mice showed a decrease in cell proliferation and a significant
increase in collagen deposition compared to miR-34a knockout mice; therefore, deletion of
miR-34a protected aged mice from lung fibrosis induced by bleomycin. This suggests that
miR-34 plays a role in promoting the development of pulmonary fibrosis in aging [97].

5.2. Apoptosis
5.2.1. BCL-W and BCL-XL

As previously mentioned, cellular senescence is a protective mechanism in response to
cellular damage [36]. However, during aging, there is an increase in and an accumulation
of senescent cells, which leads to the development of lung age-related pathologies [38,39].
Therefore, it is important to identify the changes that generate resistance to the elimination
by apoptosis of senescent cells.

Yosef et al. evaluated resistance to apoptosis in cells undergoing senescence induced
by three different mechanisms, as follows: (1) DNA damage-induced senescence (DIS);
(2) replicative senescence (RS); (3) oncogene-induced senescence (OIS). For this, they used
the IMR-90 primary fibroblast cell line. They observed that senescent cells (DIS, RS, and
OIS) were more resistant to apoptosis induced by intrinsic and extrinsic pathways than
non-senescent cells. This resistance occurred due to the upregulation of the antiapoptotic
proteins BCL-W and BCL-XL in senescent cells [98].

Once the mechanism by which senescent cells resist apoptosis was established, Yosef
et al. tested a treatment with ABT-737, which is an inhibitor of BCL-W and BCL-XL, in mice
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with lung damage and senescence induced by ionizing radiation (DNA DIS). Seven days
post irradiation, the mice received ABT-737 for 2 days. The lungs were then analyzed 1 day
later. As a result, the authors observed a significant decrease in the number of senescent
cells, accompanied by an increase in activated caspase-3 after treatment with ABT-737,
suggesting an increase of apoptosis in the DNA DIS lung. These findings suggest that
senescent cells can be eliminated in vivo through inhibition of BCL-W and BCL-XL, as a
strategy to prevent or treat lung age-related diseases [98].

5.2.2. Transcription Factor 21 (TCF21) and p16

Telomerase is the enzyme responsible for maintaining telomere length by adding repet-
itive guanine-rich sequences [99]; this delays senescence and induces the immortalization
of cells, as a protective mechanism against aging. Therefore, inhibition of telomerase can
induce senescence or apoptosis [100]. The cellular mechanisms that determine the path
that cells will take between senescence and apoptosis are unknown.

Selvam et al. evaluated the effect of silencing sphingosine kinase 2 (SPHK2), which
helps in stabilizing telomerase for its proper functioning. When Sphk2 was knockdown
in pl6-deficient lung cancer cells, induction of caspase-3-dependent apoptosis occurred
through the activation of transcription factor 21 (TCF21). In contrast, when Sphk2 was
knockdown in non-cancerous cells, the cells became senescent, due to p16 activation.
These data demonstrate that p16 abundance induces senescence and prevents apoptosis
in response to telomere damage. In contrast, in the absence of p16 (as occurs in cancer
cells), apoptosis is induced, and senescence is prevented as a response to prevent tumor
growth [101].

5.2.3. NADPH Oxidase-4 (NOX4) and NFE2-Related Factor 2 (NRF2)

NADPH oxidases (NOX) catalyze the reduction of oxygen to produce reactive oxygen
species (ROS). This group of enzymes includes seven members: NOX1-5 and DUOX1-2.
NADPH oxidase 4 (NOX4) is the only isoform that produces high levels of HyO, [102]. On
the other hand, NFE2-related factor 2 (NRF2) controls the expression of a variety of genes
dependent on antioxidant response elements, acting as an antioxidant defense system [103].
An imbalance between the excessive generation of ROS and antioxidant defenses affects
cellular homeostasis, promoting the development of different pathologies.

Hecker et al. evaluated NOX4 expression in fibroblasts isolated from the lungs of
patients diagnosed with IPF. They observed higher concentration of NOX4 in fibroblasts
obtained from patients with IPF than in control subjects without IPF. To evaluate the role
of NOX4 in fibroblasts, they used GKT137831, a NOX1/4 inhibitor. Fibroblasts treated
with GKT137831 showed a decrease in senescence-associated (3-galactosidase (SA-fgal)
activity, suggesting that NOX4 contributes to the cellular senescence of fibroblasts isolated
from IPE. They also evaluated the role of NOX4 in apoptosis. IPF lung fibroblasts that
were pretreated with GKT137831 were then treated with staurosporine to induce apoptosis.
It was observed that when NOX4 activity was inhibited, fibroblasts were susceptible to
apoptosis, compared to fibroblasts in which NOX4 function was intact. Taken together,
these data indicate that NOX4 participates in inducing cellular senescence and resistance to
apoptosis in IPF lung fibroblasts [104].

Hecker et al. also evaluated the antioxidant response by determining the expression of
NREF2 in the lung tissue of patients with IPF. NRF2 expression was decreased in fibroblasts
within fibroblastic foci generated in IPE. These data indicate that in IPF, an alteration occurs
in cellular redox homeostasis, resulting in the elevated expression of the ROS-generating
enzyme NOX4 and an altered capacity to induce NRF2 as an antioxidant response, which
promotes the development of more severe fibrosis [104].

Furthermore, to confirm these findings, Hecker et al. evaluated the repair capacity in
young 2-month-old mice and in elderly 18-month-old mice of the C57BL/6 strain, which
were treated with bleomycin to induce pulmonary fibrosis. At 3 weeks and 4 months after
bleomycin treatment, fibrosis resolution was assessed by Masson’s trichrome staining and a
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quantitative hydroxyproline assay. Aged mice did not demonstrate a decrease in total lung
hydroxyproline and in collagen levels compared to young mice. Thus, the level of fibrosis
did not show a significant difference among the analyzed groups. However, older mice
showed a reduced ability to repair fibrosis compared to younger mice. Also, they observed
that the lungs of elderly mice presented an accumulation of senescent myofibroblasts
resistant to apoptosis due to an imbalance between NOX4 and NRF2, which coincides with
data described previously [104].

5.2.4. Murine Double Minute 4 (MDM4)

Myofibroblasts from IPF lungs showed resistance to apoptosis compared to fibroblasts
from control subjects without IPF [105,106]. This is important in the pathophysiology
of the disease, because for the resolution of fibrosis, the elimination of excess ECM and
myofibroblasts is necessary for lung tissue regeneration to occur [107].

Murine double minute 4 (MDM4) is one of the main endogenous inhibitors of p53.
MDM4 is largely localized to the cytoplasm. In response to genotoxic stimuli, MDM4
translocates to the nucleus where it binds to the transactivation domain of p53 and inhibits
p53 target genes [108,109].

Qu et al. determined the role of MDM4 in the pathophysiology of IPE. They evaluated
the expression levels of MDM4 in lung tissue from patients with IPF and in a murine model
of fibrosis induced with bleomycin in aged mice (15 months) of the C57BL/6 strain. MDM4
was expressed at a higher rate in patients and mice with IPF compared to their controls.
Furthermore, they cultured primary normal human lung fibroblasts in a polyacrylamide
matrix with variable stiffness, from physiological to fibrotic lung stiffness. Matrix hardening
increased ELK1-mediated MDM4 expression and decreased the level of active p53 without
changing the expression of total p53. Therefore, MDM4 is an endogenous inhibitor of p53
regulated by matrix stiffness [110].

Reducing fibrotic lung matrix stiffness or the genetic depletion of MDM4 in lung
myofibroblasts activates the MDM4-p53 pathway, resulting in the induction of apoptosis
in myofibroblasts and promoting resolution of lung fibrosis in aged mice. These findings
suggest that MDM4 is mechanosensitive; therefore, its expression is increased in fibrotic
lungs, causing an inhibition of p53 activation that results in fibroblasts resistant to apoptosis
and preventing the resolution of IPF [110].

These findings were confirmed in the study conducted by Mei et al., who used XI-011
(NSC149109), an MDM4 inhibitor, in a murine model of pulmonary fibrosis induced with
bleomycin. They observed that treatment with XI-011 intratracheally had an anti-fibrotic
effect by sensitizing lung myofibroblasts to apoptosis and promoting the elimination of
these cells mediated by macrophages. Interestingly, they reported that XI-011 treatment
caused minimal effect on the viability of normal lung fibroblasts and lung epithelial cells,
while significantly activating apoptosis in lung myofibroblasts, which correspond to fibrotic
cells. These results demonstrate that XI-011 may be a promising candidate for treating
IPF. Despite the promising results, we consider that more studies are required before this
treatment can be applied to humans [111].

5.3. Balance between Cell Proliferation and Apoptosis
5.3.1. Ribose-5-Phosphate Isomerase A (RPIA)

As mentioned above, aging is associated with a higher incidence of cancer develop-
ment [112]. Aging and cancer are related to metabolic dysregulation. Ribose-5-phosphate
isomerase A (RPIA) is a key enzyme in the regulation of the non-oxidative pentose phos-
phate pathway (PPP). Activation of the PPP pathway has been suggested to enhance cancer
cell growth [113]. It has been reported that RPIA expression is increased in several types of
cancer including lung adenocarcinoma [114,115].

To evaluate the role of RPIA in tumor progression in the lung, Nieh et al. analyzed
the effect of reducing the expression of this protein in A549 knockdown cells (Rpia KD).
These cells showed reduced cell proliferation capacity through pERK/2 impairment and
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increased apoptosis rate by activating the intrinsic pathway. Furthermore, an increase in
the expression of p53 and p21 was observed, inducing cellular senescence, autophagy, and
the production of ROS and contributing to a reduction in cancer cell proliferation [115].
Together, these data show that RPIA causes an increase in cell proliferation causing it to
predominate over apoptosis, which promotes tumor growth.

5.3.2. Dehydroepiandrosterone (DHEA)

The adrenal steroid dehydroepiandrosterone (DHEA) and its hydrophilic storage form
(DHEA-S) are the most abundant adrenal steroids in humans. Their levels reach their
maximum concentration between the ages of 25 and 30 years and then decrease as age
increases [116]. An abnormal decrease in the blood levels of DHEA has been associated
with a deterioration of the immune system, similar to what occurs with aging. Additionally,
low levels of DHEA are also associated with several chronic diseases [117].

Mendoza-Milla et al. examined the role of DHEA in IPFE. They quantified the plasma
levels of DHEA and DHEA-S in 137 patients with IPF and 58 controls, in an age range
between 54 and 74 years. A decrease in DHEA and DHEA-S levels was observed in
male patients, while only the DHEA levels decreased in female patients, compared to
age-matched controls. They also evaluated the effect of DHEA on primary fibroblasts
isolated from the lungs of IPF patients. When DHEA was added to the cell culture medium,
a decrease in cell proliferation and an increase in apoptosis were observed due to an
increase in the levels of the apoptosis receptors TNFR1 and TRAILR2 and the proapoptotic
marker Bax and a decrease in the levels of the antiapoptotic proteins c-IAP1, c-IAP2, livin,
survivin, and cercain. Importantly, DHEA treatment also caused the activation of caspase-9,
indicating that DHEA induces apoptosis through the intrinsic pathway. These findings
demonstrate that DHEA is related to the development of IPF because its decrease with age
promotes the proliferation of fibroblasts and makes them resistant to apoptosis [118].

5.3.3. Matrix Metalloproteinase 28 (MMP28)

Matrix metalloproteinases (MMPs) participate in the degradation of ECM components
such as collagen, elastin, and casein, as well as of molecules involved in differentiation,
proliferation, and angiogenesis [119]. As mentioned above, ECM dysregulation is a key
feature of lung aging [26]. It has been suggested that abnormal MMP expression contributes
to the pathogenesis and or progression of IPF [120].

Maldonado et al. evaluated MMP28 expression levels in tissue samples from IPF
patients and healthy donors. They also evaluated the functional effects of MMP28 in
primary cultures of AEC-II and basal BECs isolated from IPF patients and healthy donors.
The age range of the people who participated in this study was 34-62 years. They found
that MMP28 expression was increased in patients with IPF, showing greater expression in
the cytoplasm and nucleus of AEC-II and in the apical region and cytoplasm of basal BECs,
compared to the control group [121].

In vitro, AECs overexpressing MMP28 showed increased cell proliferation and protec-
tion against bleomycin-induced apoptosis. In contrast, silencing of MMP28 decreased the
cell proliferation rates and increased apoptosis. Basal BECs showed a similar response. To
further explore the role of MMP28 in the development of IPF, they silenced MMP28 in a
murine model of fibrosis in the C57BL/6 strain and found that after 14 days of bleomycin
treatment, MMP28-deficient mice developed less fibrosis in the lung [121].

These findings demonstrate that MMP28 plays a role in the aberrant epithelial cell
phenotype that characterizes IPF.

The data analyzed above indicate that an imbalance between cell proliferation and
apoptosis triggers the development of age-related lung diseases. A balance must be
maintained between these processes for adequate cell replacement to occur.

Table 1 summarizes the effects caused in lung aging by the regulatory molecules of
cell proliferation and apoptosis analyzed in this review.
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Table 1. Molecules that regulate cell proliferation and apoptosis during lung aging.
Molecule Model Effect Reference
TNC Tre KO mice of strain 129/Sv TNC deficiency increased cell proliferation in Gremlich et al. (2021)
the lung parenchyma [78]
FOXM1 Inflammatory lung injury in aged FOXM1 deficiency decreased cell Huang et al. (2024)
mice of the strain C57/BL6 proliferation in lung endothelial cells [86]
DNA-PKcs deficiency promoted the .
DNA-PKcs  Primary lung fibroblasts proliferation of SSEA4+ mesenchymal Habiel ([3; 1a ]1' (2019)
progenitor cells and myofibroblasts
Markopoulos et al. (2017)
MicroRNAs  Senescent human fibroblasts Elevated MicroRNA expression caused cell [95]
cycle arrest Maes et al. (2009)
[96]
. Model of fibrosis in aged miR-34a KO mlR.- S4a §1ef1c1ency increased cell Cui et al. (2017)
miR-34a ) proliferation and prevented the development
mice . . [97]
of fibrosis
BCL-W and Elevated BCL-W and BCL-XL expression Yosef et al. (2016)
BCL-XL induced senescent IMRS0CEllS caused resistance to apoptosis [98]
SCID mice injected with p16-deficient TCF21 activation induced . Selvam et al. (2018)
TCF21 caspase-3-dependent apoptosis in response
lung cancer cells [101]
to telomere damage
. p1.6 actn./atlon induced cel}u}ar senescence Selvam et al. (2018)
plé SCID mice with resistance to apoptosis in response to [101]
telomere damage
Flbroblasts from lungs of patients Elevated NOX4 expression promoted .Cellular Hecker et al. (2014)
NOX4 with IPF senescence and resistance to apoptosis
Elevated NOX-4 expression decreased lung [104]
Aged C57BL/6 strain mice . :
regeneration capacity
Fibroblasts from lungs of patients Nrf2 deficiency promoted cellular senescence
with IPF and resistance to apoptosis Hecker et al. (2014)
NRF2 Nrf2 deficiency decreased lung [104]
Aged C57BL/6 strain mice . .
regeneration capacity
MDM4 Model of fibrosis in the Elevated MDM4 expression caused Qu et al. (2021)
C57BL/6 strain resistance to apoptosis [110]
RPIA A549 Rpia KD cells RPIA defl‘c1ency causgd a degrease in Nieh et al. (2022)
proliferation and an increase in apoptosis [115]
Fibroblasts from lungs of patients DHEA deficiency promoted cell proliferation =~ Mendoza-Milla et al. (2013)
DHEA . . . .
with IPF and resistance against apoptosis [118]
. Elevated MMP28 expression showed
MMP28 Primary cultures of AEC-II and basal increased cell proliferation and protection Maldonado et al. (2018)

BECs from IPF patients

against apoptosis

[121]

TNC: tenascin-C; KO: knockout; FOXM1: forkhead box M1; DNA-PKcs: DNA protein kinase catalytic subunit;
SSEA4+: stage-specific embryonic antigen-4; BCL-W: Bcl-2-like protein 2; BL-XL: B-cell lymphoma-extra-large;
TCF21: transcription factor 21; SCID mice: severe combined immunodeficient mice; p16: cyclin-dependent
kinase inhibitor 2A; NOX-4: NADPH oxidase-4; Nrf2: NFE2-related factor 2; RPIA: ribose-5-phosphate isomerase
A; KD: knockdown; DHEA: dehydroepiandrosterone; MMP28: matrix metalloproteinase 28; AEC-II: alveolar
epithelial cells type II; BECs: bronchial epithelial cells.

6. Conclusions

Lung changes associated with aging contribute to older people’s increased suscep-
tibility to serious respiratory diseases. In this work, we analyzed articles that evaluated
the role of molecules involved in cell proliferation and apoptosis in lung aging and in the
development of age-related lung diseases.
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Some molecules such as TNC, FOXM1, DNA-PKcs, and microRNAs regulate the cell
proliferation process, others modify apoptosis, such as BCL-W, BCL-XL, TCF21, p16, NOX4,
NRF2, and MDM4, while there are molecules such as RPIA, DHEA, and MMDP28 that
intervene in the balance between both phenomena.

The main lung tissue cells affected by changes in cellular turnover during the normal
aging process are BECs, AEC-I, AEC-II, and fibroblasts.

However, despite the studies carried out to date, the complete signaling pathways
that regulate cell turnover in lung aging are still unknown. The use of appropriate experi-
mental methodologies in adequate in vivo and in vitro models will help to elucidate those
pathways in the future [122,123].

Studying the aging process in the lung and its related diseases could allow for the
design of preventive, diagnostics, and therapeutic strategies, which is of utmost im-
portance considering that life expectancy and the number of older people continue to
increase worldwide.
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