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Abstract: Aging-related molecular and cellular alterations in the lung contribute to an increased
susceptibility of the elderly to devastating diseases. Although the study of the aging process in the
lung may benefit from the use of genetically modified mouse models and omics techniques, these
approaches are still not available to most researchers and produce complex results. In this article, we
review works that used naturally aged mouse models, together with immunohistochemistry (IHC)
and quantitative morphologic (QM) methods in the study of the mechanisms of the aging process
in the lung and its most commonly associated disorders: cancer, chronic obstructive pulmonary
disease (COPD), and infectious diseases. The advantage of using naturally aged mice is that they
present characteristics similar to those observed in human aging. The advantage of using IHC and
QM methods lies in their simplicity, economic accessibility, and easy interpretation, in addition to
the fact that they provide extremely important information. The study of the aging process in the
lung and its associated diseases could allow the design of appropriate therapeutic strategies, which is
extremely important considering that life expectancy and the number of elderly people continue to
increase considerably worldwide.

Keywords: lung; aging; mouse model; immunohistochemistry; quantitative morphology; lung
cancer; chronic obstructive pulmonary disease (COPD); infectious lung diseases

1. Introduction

Aging can be defined as the time-dependent functional decline that affects most living
organisms [1]. During the late 20th and early 21st centuries, a shift in global demographics
toward older ages became increasingly evident. Life expectancy increased from approx-
imately 50 years in the 1900s to over 80 years at present. The elderly population (over
age 65) is expected to exceed 1.5 billion by 2050 [2,3].

Advancing age is associated with a loss of reparative and regenerative capacities
in various organs and an increase in the risk for chronic diseases [3]. One of the organs
that most deteriorates with aging is the lung. The best-known change that occurs in
the lung as it ages is alveolar enlargement, which results from the reconstruction of its
extracellular matrix (ECM) [4]. Likewise, senile lung is characterized by inflammation,
obstruction, and epithelial cell injury of bronchi and bronchioles [5,6]. Structural changes
lead to physiological changes, including increased residual volume and functional residual
capacity, a decreased static elastic recoil, and a reduced forced expiratory volume in one
second [7]. In addition, the reduction in the specific homeostatic immune activities of the
lungs facilitates the entry of pathogens into the lower respiratory tract [8]. Aging-related
molecular and cellular aberrations in the lung contribute to an increased susceptibility
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of the elderly to devastating diseases, such as chronic obstructive pulmonary disease
(COPD), cancer, idiopathic pulmonary fibrosis (IPF), and asthma, and leads to an increased
susceptibility to environmental and infectious agents [7–9].

In humans, it is difficult to study age-related changes in the lung because the changes
occur over a period of more than 40 years. Furthermore, it is difficult to distinguish a
pure effect of age from that caused by pathological agents, because the lung is continually
exposed to the environment. Therefore, animal models are required to study age-related
pulmonary disorders so that therapeutic agents can be developed [10]. The mouse is
the most prevalently used animal model for translational research in lung aging-related
disorders. This is largely due to the high similarity between mice and humans in terms
of genetic background and physiological structure. Furthermore, the mouse has, among
other advantages, relatively low maintenance costs, high breeding efficiency, and short
lifespan [11,12]. Mouse aging models fall into two categories: accelerated aging models
(genetically modified) and natural aging models. While the formers have advantages such
as a short modeling time and relatively controllable aging effect, they often exhibit charac-
teristics not seen in normal aging. Although research with naturally aging mice would seem
more time consuming, these mice develop many phenotypes similar to those observed in
normal human aging [12,13]. Considering that the average lifespan of laboratory mice is
about 24 months, whereas the life expectancy of humans globally is about 80 years, it has
been calculated that one human year is almost equivalent to 9 mice days when correlating
their entire lifespan [14].

In addition to an animal model, appropriate experimental methodologies are re-
quired to study the aging process. Thanks to the use of “omics” technologies (genomics,
transcriptomics, proteomics, metabolomics, and increasingly other omics), together
with advanced methods in biostatistics, computational biology, and bioinformatics,
scientists are developing a new understanding of the cellular and molecular bases of
diseases, shedding light on the resolution of complicated biomedical problems. Omics
technologies have evolved from conventional methods, which they seem to replace.
However, practical considerations, including cost, ethical, and informatics issues, remain
a significant barrier to the widespread adoption of omics in medicine. Furthermore, it
has been suggested that advances based on omics technologies will make only modest
contributions to patient care [15–18].

Immunohistochemistry (IHC) is a technique widely used in research, more traditional
than omics methodologies, but highly effective. The fundamental concept of IHC is the
demonstration of antigens within tissue sections by their binding with specific antibodies.
Antigen–antibody binding is demonstrated with a colored reaction visible by light or
fluorescent microscopy. The advantage of IHC over other methods is the ability to visualize
individual molecules and cells in nondisaggregated tissue, which makes it possible to
examine important biochemical phenomena in their real context, thus augmenting and
improving the information obtained [19] (Figure 1). Extremely sensitive IHC methods can
detect one or multiple antigens simultaneously, or can examine hundreds of tissues in the
same section for the presence of a particular antigen using tissue microarray technology. In
some cases, IHC is considered the gold standard against which other techniques should be
compared [20].
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Figure 1. Detection of proliferating and apoptotic cells in a lung of a 6-month-old CD1 mouse by 

immunohistochemistry (IHC): (A) Immunostaining of the proliferating cell nuclear antigen (PCNA) 

in cells of bronchiolar epithelium (brown nucleus cells, arrows). Compare with PCNA-negative cells 

(arrowheads); (B) Apoptosis detection in cells of bronchiolar epithelium by in situ end-labeling of 

fragmented DNA using the TUNEL (Terminal Transferase dUTP Nick End Labeling) assay. Apop-

totic cells: brown nucleus, arrows. TUNEL-negative cells: arrowheads; (C) Detection of proliferating 

cells by immunostaining of PCNA in lung cartilage (brown nucleus cells, arrows). Non-proliferating 

cells are pointed by arrowheads; (D) Apoptosis detection in cells of lung cartilage (brown nucleus 

cells, arrows). Compare with TUNEL-negative cells (arrowheads). Tissues were formalin-fixed and 

paraffin-embedded. The immunoreactivities were visualized with diaminobenzidine (DAB) and 

counterstaining was carried out with methyl green. Scale bar 20 µm. 

Despite enormous advances in investigative techniques, biomedical research requires 

quantitative approaches to better understand questions concerning alterations of cellular 

organelles, cells, and tissues, as well as to obtain a better correlation between morphology 

and function. To obtain quantitative information about a tissue or structure, the quantita-

tive morphologic (QM) methods, morphometry and stereology, can be used (Figure 2). 

Although both terms are often used interchangeably, ‘morphometry’ is used whenever a 

ruler is used to measure lengths (distances). The ruler can be microscopic (stage microm-

eter). Stereology refers to the quantitative analysis of 3-D objects based on their 2-D ap-

pearance on cut sections. Classical stereology uses geometric probes such as frames, 

points, and lines for the data acquisition [21]. QM methods allow the determination of 

histological parameters such as volume, length, surface area, and number, in a precise, 

efficient, simple, and transparent manner [22–24].  

Figure 1. Detection of proliferating and apoptotic cells in a lung of a 6-month-old CD1 mouse by
immunohistochemistry (IHC): (A) Immunostaining of the proliferating cell nuclear antigen (PCNA)
in cells of bronchiolar epithelium (brown nucleus cells, arrows). Compare with PCNA-negative cells
(arrowheads); (B) Apoptosis detection in cells of bronchiolar epithelium by in situ end-labeling of
fragmented DNA using the TUNEL (Terminal Transferase dUTP Nick End Labeling) assay. Apoptotic
cells: brown nucleus, arrows. TUNEL-negative cells: arrowheads; (C) Detection of proliferating
cells by immunostaining of PCNA in lung cartilage (brown nucleus cells, arrows). Non-proliferating
cells are pointed by arrowheads; (D) Apoptosis detection in cells of lung cartilage (brown nucleus
cells, arrows). Compare with TUNEL-negative cells (arrowheads). Tissues were formalin-fixed and
paraffin-embedded. The immunoreactivities were visualized with diaminobenzidine (DAB) and
counterstaining was carried out with methyl green. Scale bar 20 µm.

Despite enormous advances in investigative techniques, biomedical research requires
quantitative approaches to better understand questions concerning alterations of cellular
organelles, cells, and tissues, as well as to obtain a better correlation between morphology
and function. To obtain quantitative information about a tissue or structure, the quantitative
morphologic (QM) methods, morphometry and stereology, can be used (Figure 2). Al-
though both terms are often used interchangeably, ‘morphometry’ is used whenever a ruler
is used to measure lengths (distances). The ruler can be microscopic (stage micrometer).
Stereology refers to the quantitative analysis of 3-D objects based on their 2-D appearance
on cut sections. Classical stereology uses geometric probes such as frames, points, and
lines for the data acquisition [21]. QM methods allow the determination of histological
parameters such as volume, length, surface area, and number, in a precise, efficient, simple,
and transparent manner [22–24].
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lium (light blue line). The total area is the surface delimited by the outer limit of the adventitia layer 
(blue line); (C) Quantification of the alveolar area. The measured area is the surface delimited by the 
light blue line; (D) Analysis of the lumen area and the muscular layer area of a bronchiolar arteriole. 
The lumen area is the surface bounded by the endothelium (light blue line). The area of the muscular 
layer is obtained by subtracting the lumen area from the surface delimited by the outer limit of the 
muscular layer (purple line). Lungs of a 6-month-old CD1 mouse. Tissues were formalin-fixed and 
paraffin-embedded. Sections were stained with hematoxylin and eosin (A,C) or Masson trichrome 
technique (B,D). Scale bar 20 µm. 
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these approaches are still not available to most researchers and produce complex results. 
In contrast, analysis of naturally aged mice with IHC and/or QM methods provides relia-
ble and more direct results. In this article, we review works that used these methodologies, 
along with others, for the study of the mechanisms of lung aging, and in the analysis of 
the three most common age-related lung disorders: cancer, COPD, and infectious diseases. 
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Aoshiba and Nagai [25] hypothesized that normal aging is associated with a pro-

inflammatory shift in the lung. Using the cDNA microarray technique and a quantitative 
analysis with the reverse transcription polymerase chain reaction (RT-PCR) assay, authors 
showed that several inflammation-related genes were upregulated in aged Balb/c mice 
(24-month-old) compared to young mice (12-week-old). IHC and a count of cells showed 
that the lungs of the aged mice contained increased numbers of macrophages, CD4 cells, 
CD8 cells, and B cells. Also, Li et al. [26] hypothesized that aging up-regulates the activa-
tion of the p38 mitogen-activated protein kinase (p38 MAPK) pathway with a correspond-
ing increase in pro-inflammatory cytokines and a decrease in antioxidant capacity. Protein 

Figure 2. Photomicrographs showing examples of parameters that can be quantitative assessed in
the lung: (A) The perimeter of the bronchiolar lumen (light blue line) can be calculated using the
formula for the perimeter of an ellipse, in which the length of the short (red line) and long (green line)
axes of the ellipse (the lumen) are considered; (B) Analysis of the lumen area and the total area of a
bronchiole. The lumen area is the surface bounded by the apical limit of the respiratory epithelium
(light blue line). The total area is the surface delimited by the outer limit of the adventitia layer (blue
line); (C) Quantification of the alveolar area. The measured area is the surface delimited by the light
blue line; (D) Analysis of the lumen area and the muscular layer area of a bronchiolar arteriole. The
lumen area is the surface bounded by the endothelium (light blue line). The area of the muscular
layer is obtained by subtracting the lumen area from the surface delimited by the outer limit of the
muscular layer (purple line). Lungs of a 6-month-old CD1 mouse. Tissues were formalin-fixed and
paraffin-embedded. Sections were stained with hematoxylin and eosin (A,C) or Masson trichrome
technique (B,D). Scale bar 20 µm.

From the above, it is evident that, although the study of the aging process in the lung
may benefit from the use of genetically modified mouse models and omics techniques,
these approaches are still not available to most researchers and produce complex results. In
contrast, analysis of naturally aged mice with IHC and/or QM methods provides reliable
and more direct results. In this article, we review works that used these methodologies,
along with others, for the study of the mechanisms of lung aging, and in the analysis of the
three most common age-related lung disorders: cancer, COPD, and infectious diseases.

2. Studies in Mechanisms of Lung Aging

Aoshiba and Nagai [25] hypothesized that normal aging is associated with a pro-
inflammatory shift in the lung. Using the cDNA microarray technique and a quantitative
analysis with the reverse transcription polymerase chain reaction (RT-PCR) assay, authors
showed that several inflammation-related genes were upregulated in aged Balb/c mice
(24-month-old) compared to young mice (12-week-old). IHC and a count of cells showed
that the lungs of the aged mice contained increased numbers of macrophages, CD4 cells,
CD8 cells, and B cells. Also, Li et al. [26] hypothesized that aging up-regulates the activation
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of the p38 mitogen-activated protein kinase (p38 MAPK) pathway with a corresponding
increase in pro-inflammatory cytokines and a decrease in antioxidant capacity. Protein
levels of phospho-p38 MAPK (the activated protein) were determined using Western blot
analysis in several organs of young (2-month-old) and aged (20-month-old) C57BL/6J mice.
Results showed that phospho-p38 MAPK protein levels were significantly increased in
the lungs of the older mice. IHC showed that epithelial cells and alveolar macrophages in
lung parenchyma were the major sources of phospho-p38 MAPK positivity. The concen-
trations of the pro-inflammatory cytokine tumor necrosis factor-α (TNF-α), interleukin-1β
(IL-1β) and interleukin-6 (IL-6) in serum, bronchoalveolar lavage fluid (BALF), and lung
homogenates from mice were determined by an enzyme-linked immunosorbent assay
(ELISA). The three cytokines were elevated significantly with age in lung homogenates.
There were no differences with age in serum levels except for IL-6. IL-1β and IL-6 were
increased notably while TNF-α was not different with age in BALF. Furthermore, the
oxidant–antioxidant status was evaluated by measuring pro-oxidant malondialdehyde
(MDA) levels and the activity of the reactive oxygen species (ROS) scavenging enzymes
glutathione (GSH) and superoxide dismutase (SOD) in lung homogenates. For MDA, no
significant differences between the two age groups were observed, whereas total GSH and
SOD levels were significantly decreased with age. Taken together, results showed that p38
MAPK is activated during lung aging with a corresponding increase in pro-inflammatory
cytokines and disturbances in oxidant–antioxidant status [27,28]. Data from these and
related studies [29,30] support the presence of the phenomenon called “inflammaging”
in the aged lung. Inflammaging is an age-dependent chronic increase in basal systemic
inflammation [31,32]. Inflammaging, along with other alterations, may predispose to the
development of lung diseases in aged individuals, such as malignancies, COPD, autoim-
munity and infectious diseases, and interstitial pneumonia [33].

Cellular senescence is a state of irreversible proliferative arrest that presents after a
discrete number of cell divisions, whose underlying cause is telomere uncapping triggered
by the continuous loss of telomere sequences during cell division. A senescent pheno-
type can occur due to different stimuli, including injury, ROS, irradiation, and nutrient
imbalances [34,35]. The impact of cellular senescence on the aging process in an organ-
ismic context is not entirely clear, mainly due to the paucity of data on the frequency of
senescent cells in tissues during the aging process. Telomere uncapping, as well as DNA
double-strand breaks, induces a DNA damage response characterized by the phospho-
rylation of Ser-139 of histone H2A.X (γ-H2A.X) adjacent to the site of DNA damage [36].
Wang et al. [37] measured frequencies of γ-H2A.X-positive cells by IHC in tissues of C57BJ6
mice of 12, 22, 36, and 42 months of age. Frequencies increased with age in lung, liver,
spleen, dermis, and intestinal epithelium. These results suggested that cellular senes-
cence might be among the possible causes of aging. On the other hand, a terminal step
of senescence is extensive heterochromatinization and formation of nuclear structures
designated senescence-associated heterochromatin foci (SAHF), which contain the proteins
histone macro H2A (mH2A) and heterochromatin protein 1 beta (HP1β) [38]. Using IHC,
Kreiling et al. [39] found elevated levels of mH2A in lung nuclei of 24-month-old C57BL⁄6
mice compared with mice of 4 months of age. The mean levels of mH2A calculated for
groups of young (5 months) and old (36 months) animals showed a highly significant
1.9-fold increase in the old group. Assays for HP1β showed similar results to those ob-
served with mH2A. Thus, the results of this study also support a role for cellular senescence
in the aging mechanism of organisms. In another study, Kwon et al. [40] investigated
the expression of sirtuin (SIRT)1 and SIRT3 in the lung, kidney, adipose tissue, skin, and
spleens of 6-month-old and 24-month-old mice using IHC. SIRTs are evolutionarily con-
served nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylases that
share homology with yeast Sir2, a protein that critically regulates the lifespan of yeast [41].
Compared with that in younger mice, the expression of SIRT1 in 24-month-old mice was
increased in lung, kidney, and spleen tissue, while expression of SIRT3 was decreased
in lung, kidney, and adipose tissue. Thus, aging is associated with altered patterns of
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expression of SIRT1 and SIRT3. More research is necessary to elucidate the role of these
proteins in cellular senescence, aging, and lifespan in mammals.

As commented above, senile lungs are characterized by a uniform expansion of
alveolar airspaces. Alveolar enlargement causes a reduction in the maximum achievable
flow in the airways during the breathing cycle [4]. Calvi et al. [42] analyzed lungs from 2-, 4-,
8-, 12-, 16-, and 20-month-old DBA/2 mice using quantitative morphology and molecular
methods. The QM method, Mean Linear Intercept (MLI), demonstrated a nonlinear pattern
of alveolar enlargement, without any evidence of tissue destruction, which commenced
at 12 months of age and progressed thereafter. Quantitative morphology also indicated a
progressive reduction in the number of airway alveolar attachments with increasing age,
which was accompanied by elastase activation evidenced by IHC. Also, IHC staining for
nitrotyrosine, a marker of oxidative stress, revealed a progressive increase in oxidative
stress from 2 months to 20 months of age. IHC determination of apoptosis using the TUNEL
(Terminal Transferase dUTP Nick End Labeling) assay showed a statistically significant
increase in staining between 2 and 12 months of age. Taken together, these findings
indicate that aging-associated alveolar enlargement in mice develops during middle age
(8–12 months approximately) and is accompanied by early oxidative stress, cell death,
and elastase activation. Other methods used in this article evidenced the role of B cell
activation, exuberant immunoglobulin production, local immunoglobulin deposition, and
macrophage infiltration in the alveolar enlargement observed in the aged lung.

Elliott et al. [43] analyzed MLI and respiratory system mechanics (resistance, impedance,
dynamic compliance, and hysteresis) in C57BL/6 mice at 2, 6, 18, 24, and 30 months of
age. MLI was relatively unchanged between 2 and 6 months of age, but thereafter it
increased exponentially in relation to total lung volume. This aging-related increase in MLI
demonstrated emphysematous-like changes (alveolar enlargement) with no evidence of
increased collagen deposition, the latter evidenced by the Masson trichrome technique.
The greatest changes in respiratory mechanics occurred between 2 and 6 months of age.
Between 6 and 18 months of age these parameters followed a more gradual change, which
tended to accelerate thereafter between 24 and 30 months of age. In summary, the authors
of this article demonstrated nonlinear aging-related changes in lung mechanics and alveolar
enlargement in C57BL/6 mice.

The receptor for advanced glycation end products (RAGE) has a regulatory role
in various cellular and molecular processes, including inflammation, cell proliferation,
apoptosis, adhesion, and differentiation [44]. In order to evaluate the role of RAGE in lung
development and adult lung homeostasis, Fineschi et al. [45] generated hemizygous and
homozygous transgenic mice overexpressing human RAGE. Lungs of transgenic mice of
different ages (4, 8, and 20 days, and 1, 6, 10, and 18 months) were analyzed by IHC for
expression of RAGE, active caspase-3, Ki-67, and transforming growth factor (TGF)-β1.
Apoptosis was evaluated by the TUNEL assay. Elastin was assessed with Weigert’s stain.
The QM methods MLI, secondary crest counts, destructive index (DI) values, and internal
surface area (ISA) were also analyzed. Moderate RAGE hyperexpression (hemizygous
mice) during lung development resulted in impaired alveolar morphogenesis and led to
significant changes in QM parameters such as the number of airspaces and the size of
alveolar ducts. An increase in alveolar cell apoptosis and a decrease in cell proliferation
were demonstrated. Alterations in the organization and deposition of elastin and in
the expression of TGF-β1 were also observed. In homozygous mice, histologic changes
resembling features of human bronchopulmonary dysplasia (BPD) were observed. In the
adult lung, RAGE hyperexpression was associated with a persistent inflammatory state
and an increased alveolar destructive index (“destructive” emphysema). Thus, the results
obtained in this study demonstrated the important role of RAGE in lung development
and homeostasis.

Interestingly, changes in alveolar area and number through the aging process are
species- and strain-dependent. While the human lung maintains a very constant number of
alveoli as it ages [46], a decrease is observed in female rhesus macaques [47] and dogs [48],
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and senile rats do not show changes in this parameter [49]. Similarly, while DBA/2 [42]
and C57BL/6 [43] mice show airspace enlargement during late life, BALB/cNNia mice
are resistant to age-related increases in alveolar size [50]. We determined the area and
number of lung alveoli in CD1 mice at 2, 6, 12, 18, and 24 months of age. We observed an
increase in alveolar area and a decrease in alveolar number through the aging process [51].
Discrepancies among studies could be related to methodological aspects or to structural
pulmonary characteristics that are strongly inherent to the species and strains analyzed.
Novel approaches based on computational models that incorporate age-related changes in
lung structure and function might provide more information in this area. Massa et al. [52]
performed morphometric and mechanical measurements in C57BL6/J and Sftpd-/- mice at
8, 27, and 80 weeks of age. Sftpd-/- mice are deficient in surfactant protein D and develop
progressive age-related lung pathology characterized by inflammation. The QM parameter
analyzed was the radial alveolar count (RAC), which is the number of alveoli transected by
a perpendicular line drawn from the center of a respiratory bronchiole to the nearest septal
division or pleural margin. RAC is proportional to the number of intact tissue septa and
will decrease as acinar walls undergo destruction [53–55]. The experimental results were
incorporated into a computational model of the mouse lung to simulate changes in lung
function. By incorporating experimentally measured factors into the model in a stepwise
fashion, the contribution of these factors to lung function can be evaluated. In C57BL6/J
mice, RAC was reduced to an equivalent extent in 27 and 80-week-old mice, and there was
a significant reduction in RAC at all ages in Sftpd(-/-) when compared to C57BL6/J. We
observed similar results to those described for the C57BL6/J mice when we evaluated RAC
in CD1 mice at ages 2, 12, and 24 months. There was a statistically significant difference
between the RAC means at 2 months and at 12 and 24 months; there was no significant
difference between the means at 12 and 24 months. Thus, our findings showed that RAC
decreases during aging until it plateaus [56].

Alveoli have been the most analyzed structures in morphometric and/or stereological
studies related to lung aging, while other lung components, such as bronchioles and blood
vessels, have received little attention. We measured the lumen and wall areas, and the
total area of bronchioles in CD1 mice at 2, 6, 12, 18, and 24 months of age. We observed in
bronchioles through aging an increase in total area, an increase in lumen area, and a decrease
in wall area. Lung small airways are sites of dysfunction early in the course of chronic lung
diseases. Alterations in bronchiolar structure observed in this study might contribute to the
development of those diseases [57]. Changes in the dimensions of bronchiolar arterioles
have been hypothesized as a mechanism of pulmonary diseases in the elderly [58]. We
analyzed the following parameters in the bronchiolar arterioles of the mice described above:
lumen area, muscular layer area, adventitia layer area, total area, and total perimeter. There
were no significant differences in the dimensions of the bronchiolar arterioles among the
ages analyzed. Thus, more research is necessary to assess the possible role of small blood
vessels in chronic pulmonary diseases [59].

The previous paragraphs analyzed works carried out in the context of lung damage
associated with aging. But does the lung have regenerative capacity? The human lung has
little regenerative capacity, which, besides, is diminished after sexual maturity; in contrast,
rodents maintain lung regenerative capacity well beyond this point. However, in both
humans and rodents, is evident that lung tissue typically becomes less able to regenerate
with aging [60–62]. Paxson et al. [63] measured the age-specific effects of pneumonectomy
(PNX) in C57BL6 mice of 3, 9, and 24 months of age. Pulmonary function and total
surface area assessed by inspiratory capacity, vital capacity, dynamic compliance, and MLI
indicated a partial loss of regenerative capacity at 9 months and complete cessation at
24 months. The proliferation and apoptosis responses of alveolar epithelial type II cells
(AECII) to PNX were evaluated by IHC. AECII are important precursor cells for alveolar
epithelial type I cells. Results showed that cell proliferation and regenerative capacity were
both dramatically diminished in aged (24 months) mice. Post-PNX gene expression analysis
showed a myofibroblast signature and more alpha-smooth muscle actin (αSMA)-positive
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myofibroblasts in 9-month-old than 3-month-old mice. Isolated lung fibroblasts showed a
significant age-dependent loss of clonogenicity. Furthermore, lung fibroblasts isolated from
9- and 17-month-old mice showed gene expression consistent with terminal differentiation.
Taken together, these data demonstrate that in mice the rate of regeneration after PNX
decreases at 9 months of age and continues to decrease further in older animals. Loss of
fibroblast clonogenicity and progressive myofibroblastic differentiation are implicated in
the age-dependent decline in the rate of lung regeneration.

Stem and progenitor cells play essential roles in the growth, homeostasis, and repair
of many tissues. A number of different precursor cell populations have been identified
in the lung, including AECII, which are precursor cells for alveolar epithelial type I cells
(already mentioned in the last paragraph), and club cells, which differentiate to produce
ciliated cells [64]. Watson et al. [65] compared the lungs of 3- and 22-month-old C57/BL6J
mice with respect to morphological and quantitative characteristics, density and function
of epithelial precursor populations, and epithelial gene expression profile. There was
no statistically significant difference between the two ages when MLI, airspace area, and
alveolar tissue density were assessed. Also, there were no significant changes in the
circularity of whole bronchioles and that of their lumens, nor in the diameters of the lumen
and the bronchiolar wall. In contrast, the total cross-sectional area of the bronchioles
was reduced with aging due to the presence of a lower bronchiolar wall area and a trend
towards a lower bronchiolar lumen area in the 22-month-old mice. IHC and long-term EdU
incorporation analysis indicated that AECII density and proliferation are maintained with
age, but the density of Type I cells is reduced with aging, perhaps due to reduced Type II to
Type I cell differentiation. These assays also demonstrated that the density of bronchiolar
club and ciliated cells is maintained with aging, but proliferation rates of club cells decrease,
indicative of an overall slowdown in cellular turnover. Finally, epithelial gene expression
profiling examined by microarray analysis revealed age-related changes in multiple genes,
including some with roles in cell proliferation and differentiation, and in several signaling
pathways, including the Insulin Growth Factor (IGF) and TGFβ pathways. According to
the authors of this article, the observed findings could be useful for understanding the
mechanisms underlying age-related lung diseases.

In a study related to the work described in the previous paragraph, we examined
proliferating cell nuclear antigen (PCNA) by IHC, apoptosis by the TUNEL assay, and
epithelial dimensions by QM methods in bronchioles of CD1 mice at 2, 6, 12, 18, and
24 months of age. The 2-month-old mice showed a significantly higher number of prolif-
erating (PCNA+) cells when compared with mice at all other age groups. The number of
apoptotic (TUNEL+) cells in mice at 24 months of age was significantly greater than in mice
at all other age groups. QM analysis revealed a decrease in the total number of epithelial
cells that started at 12 months of age and progressed thereafter, and reductions in both
height and area of the bronchiolar epithelium in mice at 18 and 24 months of age. These
changes reflect a dysregulated epithelial regeneration process in the bronchioles that might
predispose to respiratory diseases in elderly subjects [66].

Nestin protein was initially identified as a marker for neural stem cells and, since then,
its expression has also been shown in various prenatal and adult cells and tissues, where it
might have a role in active proliferation, wound healing, and tisular regeneration [67]. On
the other hand, cartilage is a highly differentiated connective tissue that forms mechanical
support for soft tissues. Cartilage consists of cells (chondroblasts and chondrocytes) and
ECM. Chondroblasts are actively dividing immature cells that form ECM. When chondrob-
lasts are completely surrounded by ECM, they are called chondrocytes. The main function
of the chondrocytes is to produce, maintain, and remodel the ECM of the cartilage [68–70].
In the lung, cartilage forms irregular plates in the intrapulmonary bronchi and smaller
bronchi. The terminal and respiratory bronchioles lack such cartilaginous plates. In the
past, healthy adult chondrocytes were believed to maintain a stable quiescent phenotype
and resist proliferation and differentiation throughout life [71]. We analyzed lung samples
from adult CD1 mice for the presence of apoptosis by TUNEL assay and PCNA and nestin
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expression by IHC. Apoptosis and PCNA were detected in lung chondrocytes. Serial
section analysis demonstrated that cells in apoptosis differed from PCNA + cells, indicating
that cell turnover was occurring. Chondrocytes were negative for nestin, but nestin + cells
were observed in perivascular cells as well as in connective tissue associated with cartilage.
These results indicated that cell turnover in adult lung cartilage is possible, and that it
may be mediated by nestin + cells [72]. In another work, we found nestin + cells inside
pulmonary cartilage plates, and dividing cells very close to these cells. This finding in-
dicated that nestin + cells are able of differentiating into pulmonary chondrocytes in the
adult, perhaps to maintain homeostasis or repair damaged tissue [73,74]. In another study,
we detected nestin + cells in connective tissue and in perivascular areas that were in close
proximity to the lung airway epithelium. These cells were also found among the cells
lining the airway epithelium, perhaps in order to participate in its normal turnover [75].
Thus, the stem cell reported in our works could be a pluripotent cell, capable of generating
various types of lung tissues, which could provide novel approaches for the therapy of
devastating lung diseases. However, several studies have reported that nestin is a marker
of cancer stem cells (CSCs) expressed in malignancies of various organs, including the
lung. In cancer presentation and progression, nestin expression has been associated with
several processes, including cell proliferation, metastasis, and angiogenesis [76]. Therefore,
more research is needed to establish the true value of nestin in therapeutic strategies for
the treatment of lung diseases.

3. Studies in Lung Cancer

Lung cancer is the second most commonly diagnosed malignant tumor and the leading
cause of cancer-related death worldwide [77]. Approximately 70% of lung cancers occur
in adults 65 years of age or older [78]. There are few studies that have investigated the
incidence of lung cancer in naturally aged mice. Szymanska et al. [79] described neoplastic
and nonneoplastic lesions in naturally aged mice from 12 inbred strains. The prevalence of
lung neoplasms was significantly higher in BALB/cW and A.CA-H2f/W mice than in other
strains. In another study, naturally aged B6;129 mice had an incidence of lung alveolar
Type II cell adenoma or carcinoma of 32% for male and 20% for female [80].

The band 4.1 (4.1B) proteins are cytoskeletal proteins that are thought to play multiple
roles in nuclear architecture, structural integrity of cell shape, and protein localization at
the cell membrane [81]. A truncated form of 4.1B, termed Dal-1, was found in a screen to
identify gene products down-regulated in adenocarcinoma of the lung [82]. To further elu-
cidate the function of the 4.1B/Dal-1 gene in development and tumorigenesis, Yi et al. [83]
generated mice deficient for this allele. Mice homozygotes for the targeted allele developed
normally. They did not demonstrate an increased rate of any type of cancer, and their
life span was similar to that of their wild-type littermates. Rates of cellular proliferation
(assessed by IHC for Ki-67) and apoptosis (assessed by IHC for cleaved caspase 3) in
lung, brain, and mammary tissues from null mice were indistinguishable from those seen
with wild-type mice. Collectively, these findings indicate that the protein 4.1B/Dal-1 is
not required for normal development and that it is not directly involved in the onset
of tumorigenesis.

Squamous cell carcinoma (SQCA) of the lung and its precursor lesions express high
levels of keratin 14 (K14) [84]. Squamous differentiation in the epithelial lining of conduct-
ing airways occurs only under pathological conditions [85]. In order to explore the role
of K14 expression in the pulmonary epithelium that normally lacks both K14 expression
and squamous differentiation, the human K14 (hK14) gene was constitutively expressed
in mouse airway progenitor cells using a mouse Clara cell-specific promoter. Transgenic
and wild-type mice were analyzed at 1–2, 3–4, 6–7, 14, and 21 months of age. Increased
expression of K14, and of the molecular markers of the squamous differentiation program,
involucrin, loricrin, small proline-rich protein 1A, transglutaminase 1, and cholesterol
sulfotransferase 2B1, was detected in transgenic mice by IHC and RT-PCR. Transgenic mice
displayed multifocal airway cell hyperplasia, squamous metaplasia, and lung tumors with
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increasing age. The authors of this study concluded that constitutive expression of hK14
initiates the squamous differentiation program in the lung, but fails to promote squamous
maturation [86].

A mutation in codon 273 of the p53 gene resulting in an Arg to His substitution is
among the most common genetic events in lung cancer. In order to further study the role
of this mutation in lung tumorigenesis, Duan et al. [87] developed a line of transgenic
mice expressing the human p53(273H) gene under the transcriptional control of the human
surfactant protein C (SP-C) promoter. Rates of lung cancer formation in transgenic and wild-
type mice were evaluated by necropsy studies performed in animals from 4 to 24 months.
Given their association with p53 mutations in human lung cancer, the rates of K-ras gene
mutation and p16INK4a (p16) promoter methylation were also evaluated. No significant
differences in the rate of tumor development were observed between the transgenic and
wild-type mice at the extreme age ranges (4–12 and 22–24 months). In contrast, transgenic
mice had a significantly higher lung tumor rate during the age of 13–21 months. IHC
revealed that tumors harvested from the transgenic mice were all SP-C positive, indicating
that these lesions expressed alveolar type II pneumocyte differentiation. A small percentage
of the lung tumor cells also expressed the Clara cell 10 (CC-10) protein, suggesting evidence
of Clara cell differentiation. This expression pattern is similar to that observed in human
cancers. An age-related effect was observed for K-ras codons 12 or 13 mutations, and
transgenic mice older than 13 months had a significantly higher rate of p16 promoter
methylation. In summary, the expression of the mutant p53(273H) in combination with
other genetic and epigenetic alterations occurring after the age of 13 months in mice,
induced an age-related shift in lung tumor formation.

Vascular endothelial growth factors (VEGFs) are key mediators of the formation of
blood and lymphatic vessels during embryonic development and in adults [88]. Several
members have been identified in the VEGF family. The complete biological role of VEGF-D
has not yet been elucidated. Kärkkäinen et al. [89] produced transgenic mice expressing the
mature form of human VEGF-D (hVEGF-D). Histological sections of all major organs from
transgenic and wild-type mice were examined microscopically. Transgenic mice did not
show major changes in lymphatic capillary density, but did show increased angiogenesis
and improved muscle regeneration after injury. On aging, transgenic mice showed a high
frequency of malignant tumors, mainly breast adenocarcinomas. In addition, two skin
carcinomas and two lung adenocarcinomas were found. The skin and lung tumors occurred
in mice older than one year of age. In one of the mice, the breast tumor metastasized into
the lungs. IHC revealed hVEGF-D expression in several tumors, suggesting a pathogenic
role of hVEGF-D in tumorigenesis. There was no expression of the angiogenesis markers
CD31 and CD34, nor of the lymphangiogenesis marker LYVE-1 outside the vasculature in
any tumor. The authors of this work concluded that in mice hVEGF-D is an angiogenic
factor associated with better muscle regeneration after ischemic injury and with a higher
incidence of tumor formation, mainly of the mammary gland.

The Dbl protein is a member of the guanine nucleotide exchange factors (GEFs)
family. GEFs participate in the regulation of the Rho-like proteins, which in turn regulate
important cellular processes ranging from gene expression, cytoskeletal remodeling, cell
proliferation, and membrane trafficking [90]. In order to obtain a better understanding
of the biological role of Dbl, Ognibene et al. [91] generated Dbl knock-in mice. Mutant
animals were monitored over a 21-month period. Tissue specimens were collected for
histological examination and IHC analysis. Dbl knock-in mice developed, with aging, a
B cell lymphoproliferation that often showed features of diffuse large B cell lymphoma
(DLBCL). IHC supported the diagnosis of DLBCL with a mature B cell phenotype (CD3−,
K67+, CD45R/B220+). Dbl knock-in mice displayed an increased incidence of lung tumors
compared to wild-type animals, which were classified as alveolar adenomas and alveolar
adenocarcinomas. These data suggest a role for Dbl in DLBCL, and that Dbl is a tumor
susceptibility gene in mice.
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NKX2-1 (TTF1) is a transcription factor for the development and differentiation of
the thyroid, ventral forebrain, and lung. In the lung, it regulates the expression of genes
in airway epithelial cells and is expressed at high frequency in small cell carcinomas and
adenocarcinomas. NKX2-1 is used as a pulmonary tumor marker [92]. Secretoglobin (SCGB)
3A2 is a downstream target for NKX2-1 mainly expressed in bronchial epithelial cells. Two
main roles have been described for SCGB3A2 as a growth factor during lung development
and an anti-inflammatory agent in the lung [93]. The expression of SCGB3A2 was reported
in human lung carcinomas, suggesting its use as a tumor marker [94]. In a study, SCGB3A2
expression was compared with NKX2-1 expression in lung cancer. To fulfill this purpose,
histopathological and IHC analyses for the expression of NKX2-1 and SCGB3A2 were
carried out in lung tumors from aging B6;129 mice and from 10- to 16-week-old CC10TAg
transgenic mice, which express SV40 large T antigen under the mouse Scgb1a1 (Clara
cell-specific 10-kDa protein, CC10) gene promoter. NKX2-1 was expressed in all types
of pulmonary tumors, although more focally in carcinomas. SCGB3A2 was expressed in
alveolar Type II cell carcinomas and Clara cell adenocarcinomas. For comparison, human
lung cancer specimens were also subjected to the IHC assays for the detection of SCGB3A2.
Seventy percent of those specimens were positive for the expression of SCGB3A2. Thus,
the results of this study suggest that SCGB3A2 may be a useful marker for the diagnosis of
pulmonary tumors in both mice and humans [95].

Homologous recombination (HR) is a critical pathway for the repair of DNA double-
strand breaks. However, excessive or aberrant HR increases the risk of genomic misalign-
ments that can lead to cancer-promoting mutations [96]. Sukup-Jackson et al. [97] created
the Rosa26 Direct Repeat (RaDR) mice, which allows the fluorescent in situ detection and
quantification of recombinant cells in intact mouse organs. Kimoto et al. [98] created RaDR
mice cohorts with young (7–9 weeks) or aged (8–15 months) mice. A significant increase in
the proportion of recombinant cells in aged mice compared with young mice was observed.
IHC staining was performed to ascertain which cell types can undergo mutagenic recombi-
nation to express the fluorescent reporter. Results indicated that both club cells and AECII
can be monitored for two major drivers of cancer: de novo mutations and clonal expansion.
The findings of this study indicate that mutant cells accumulate with age in the lung, which
may be an important cause for the increased risk of lung cancer with age.

4. Studies in COPD

COPD is characterized by airflow limitation that is not fully reversible. Changes
present in the lungs of COPD patients vary, but they may include emphysema, chronic
bronchitis, and mucociliary dysfunction [99,100]. In 2019, COPD was the third most
common cause of death [101]. COPD is significantly more prevalent in the elderly and in
smokers than in the general population. Furthermore, COPD is highly associated with up
to a 4.5-fold increased risk of lung cancer [102,103].

A linkage analysis demonstrated a significant linkage of a key intermediate phenotype
of COPD on chromosome 2q [104]. DeMeo et al. [105] evaluated the expression of genes
within a genomic region on chromosome 2q in a microarray data set of normal mouse
lung development. The SERPINE2 gene was expressed at a signal intensity >15,000; it
was most highly expressed during alveogenesis and had the greatest expression change
(4.5-fold) across the developmental time series. A human lung microarray data set from
individuals with severe COPD and control subjects revealed that SERPINE2 expression was
higher in individuals with severe emphysema than in controls. IHC showed expression
of serpine2 protein in mouse and human adult lung tissue. Afterward, the association
between 48 SERPINE2 single nucleotide polymorphisms (SNPs) and severe COPD was
investigated by analyzing cases and controls. A significant association between COPD
and 18 SNPs was observed. Case-control and family-based haplotype analyses supported
similar regions of association within the gene. Linkage models including as covariates those
SNPs significant in the single-SNP and haplotype analyses, revealed LOD score attenuation
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most markedly in a smokers-only linkage model. In summary, the results of this study led
to the identification of SERPINE2 as a potential COPD susceptibility gene.

NF-E2-related factor 2 (Nrf2) is a transcription factor that regulates the expression of
several antioxidant and detoxification genes. Macrophages produce many antioxidant and
detoxifying enzymes regulated by Nrf2 [106]. Suzuki et al. [107] investigated age-related
differences in cigarette smoke (CS)-induced Nrf2 regulation in mouse alveolar macrophages.
Alveolar macrophages were collected from C57BL/6 mice (3 months and 20 months of
age) and Imprinting Control Region (ICR) mice (8–10 months and 19–20 months of age).
Collected cells were exposed to cigarette smoke extract (CSE) for 6 or 24 h. Nrf2 mRNA
expression was temporarily down-regulated in alveolar macrophages exposed to CSE for
6 h in both age groups; the Nrf2 mRNA level was lower in older mice than in young mice.
CS-induced Nrf2 up-regulation was observed in alveolar macrophages at 24 h only in
young/adult mice but not in older mice independent of the strain. On Western blotting,
the intensity of the band corresponding to Nrf2 was weaker in the CSE-exposed cells of
the older mice than of the young mice. The expression of the Nrf2 target genes human
glutamate-cysteineligase, modifier subunit (GCLM), human heme oxygenase-1 (HO-1), and
human glutathione reductase (GSR) was significantly decreased in alveolar macrophages of
older mice compared with those of young mice when exposed to CSE for 6 h. These findings
suggest that aging affects the induction of Nrf2 and its target genes in alveolar macrophages
in response to CS in mice. On the other hand, IHC assays with alveolar macrophages and
lung tissue sections from humans, showed a weak staining intensity of Nrf2 in subjects
with COPD. In contrast, in lung tissue obtained from lifelong nonsmokers, Nrf2 was
clearly located in the cytoplasm of alveolar macrophages and bronchiolar epithelial cells,
whereas Nrf2-positive cells were sparsely located within the alveolar septa. These findings
indicate that, under normal conditions, Nrf2 resides in the cytoplasm bound to its negative
regulators, but when cells are exposed to oxidative or xenobiotic stress, it is released and
rapidly moves to the nucleus, where it activates its target genes. The authors of this
study concluded that CS induces Nrf2 activation in alveolar macrophages, and that Nrf2
expression is decreased in the alveolar macrophages of older current smokers and patients
with COPD.

GSH is a major antioxidant concentrated in the epithelial lining fluid (ELF) of the
lung. GSH is important in modulating the release of cytokines from cells in response to
proinflammatory insults, and its levels can influence both oxidative stress and inflammation,
two major factors that contribute to COPD [108]. GSH levels decline in both aging and
COPD, but it is unclear whether aging affects the lung’s ability to increase GSH in response
to an oxidative stimulus, such as CS, or not. In a study [109], young mice (2 months
old) and aged mice (8, 13, 19, and 26 months old) were exposed to either air or acute CS.
BALF was obtained and centrifuged; the resulting cell-free BALF was used for GSH and
TNF-α determinations, whereas cytospin slides were prepared from the resulting cell pellet
for demonstration of the macrophage marker F4/80 and of the marker of inflammation
nitric oxide synthase (NOS2) by IHC. Finally, lung tissue was harvested for the analysis
of 8-hydroxy-2-deoxyguanosine (8OHdG), a marker of DNA oxidation. All age groups
had significantly reduced ELF GSH compared with the 2-month-old mice. CS-induced
BALF macrophage activation in aged mice, as was evidenced by the change in NOS2
expression: the 13-, 19-, and 26-month-old mice showed a more than threefold increase
in NOS2 expression as compared with younger mice. Levels of CS-induced TNF-α and
8OHdG were elevated in the aged mice compared to 2-month-old, young mice. These
data suggest that the ability to establish an ELF GSH adaptive response to CS is impaired
in aged subjects and sensitizes the lung to both inflammation and oxidation, potentially
contributing to the development of CS-induced COPD.

In a related study, Moriyama et al. [110] tested the hypothesis that aging increases
the susceptibility to CS-induced pulmonary inflammation. Chronic inflammation in small
airways is a key feature of COPD. Neutrophils are involved in tissue damage through
the release of numerous mediators. Migration of activated neutrophils into the lung is
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triggered by chemokines, such as keratinocyte-derived chemokine (KC) and macrophage
inflammatory protein (MIP)-2. Induction of these chemokines is mediated by the activation
of transcription factors, such as NF-kB, and, in turn, transcription factors are activated by
CS [111]. The authors compared the levels of neutrophils (assessed by IHC assays), KC,
and MIP-2 in BALF, as well as the bronchiolar expression of KC and MIP-2 mRNA, after
9 days of CS exposure in 9-week-old and 69-week-old C57BL/6J mice. The older mice
had a greater neutrophil influx and higher levels of bronchiolar MIP-2 and KC expression.
Afterward, in order to investigate the underlying mechanisms behind these age-related
differences, the same parameters were evaluated, but in response to a single CS exposure.
Aged mice showed increased numbers of neutrophils in BALF when compared with young
mice. In the bronchiolar epithelium of 69-week-old mice, rapid and robust up-regulation of
KC and MIP-2 mRNA was observed. Increases in KC and MIP-2 mRNA were also detected
in the 9-week-old mice, but to a much lesser extent. The localization of NF-kB after a single
CS exposure was examined by IHC. NF-kB was prominent in both cytoplasm and nuclei
in the cells lining of the terminal bronchioles in the older mice, whereas only cytoplasmic
staining was detected in 9-week-old mice. These data suggest that the CS-induced NF-kB
translocation into nuclei is enhanced in the bronchiolar epithelial cells of aged mice. In
summary, aging increases susceptibility to CS-induced inflammation in a mouse model.
Involved in this phenomenon is an upregulation of KC and MIP-2 mRNA and nuclear
translocation of NF-kB in the bronchiolar epithelium.

However, there exists evidence that aging does not enhance CS-induced COPD in the
mouse. Zhou et al. [112] exposed young (3 months old) and relatively old (12 months old)
mice to CS for 6 months. Measures of emphysema (MLI and surface-to-volume ratio) as well
as measures of small airway remodeling (airway wall thickness, wall area per unit basement
membrane length, and collagen area per unit basement membrane length) were assessed
in lung tissue sections. There were no differences comparing young and old animals.
Inflammatory cell infiltration of macrophages and neutrophils was investigated by IHC.
Macrophages increased to the same extent in young and old animals. Tissue neutrophils
were also increased by CS, but to a slightly lesser extent in the 12-month animals. The
marker of oxidant damage, 8-hydroxyguanosine, was analyzed by IHC. The proportion of
positive airway epithelial cells was exactly the same in young and old animals. Using laser
capture microdissection and RT-PCR, expression of genes relating to anti-oxidant defense,
matrix production/breakdown, inflammatory response, and senescence, were examined in
airways and in parenchyma. Results showed a trend to lower expression levels in older
mice and a somewhat lesser response to CS in both parenchyma and airways, but the
differences were usually not marked. Thus, more research is needed to find out if aging
influences the effect of CS on the lung.

5. Studies in Infectious Diseases

Immunosenescence is defined as the impairment in both cellular and adaptive immu-
nity as a result of age-related change. It leads to susceptibility to infection, autoimmune
diseases, and other age-related diseases [113,114]. The elderly suffer from more frequent
and more severe infections compared to younger individuals and tend to have poorer
outcomes. Infection is the leading cause of death in one-third of people aged 65 and over,
and about 50% of all community-acquired pneumonia (CAP) cases occur in adults older
than this age [115]. Furthermore, older adults with chronic illnesses including COPD, heart
failure, and diabetes mellitus are more susceptible to common infections and show a weaker
vaccine response than those without underlying health problems [116]. For these reasons,
the use of animal models of traditional and emerging infections is necessary [117,118].

Kolopp-Sarda et al. [119] analyzed lung tissue from 22 mice of various strains (C57BL/6,
DBA/2, and BALB/c), ranging in age from 28 days to 12 months. Using IHC and histochemical
assays, IgA plasma cells, B and T cells, and macrophages were identified and enumerated
in each sample. In all strains, macrophages were the predominant population. B-cells
were usually the second most numerous subset. T-cells were always present, with Lyt2+
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often less numerous than L3T4+. Small lymphoid aggregates composed of B or T cells
were seen in all mice, usually next to a bronchiole and its accompanying vein. Plasma cells
were in smaller numbers, scattered in the lung parenchyma or associated with bronchioles.
Regarding the distribution of the different types of cells according to strain and age, the
most important observation consisted of a decrease with age in T cells in C57BL/6 and
DBA/2 mice, while they increased in BALB/c mice. Plasma cells were less numerous in
young animals and in C57BL/6 mice at all ages. The data presented in this work could be
important in studies involving the pulmonary immune response in aging, and the variation
that it could have between different mouse strains.

Advanced age is associated with a weak pro-inflammatory cytokine response to bac-
teria and diminished phagocytosis in macrophages, called age-dependent macrophage
dysfunction (ADMD) [120]. ADMD results in weak nuclear factor kappa B (NFκB) and
MAPK activation. Pro-inflammatory cell signaling pathways result in the activation (polyu-
biquitination) of TRAF6, which in turns activates NFκB and MAPK pathways. The protein
A20 is the key homeostatic suppressor of TRAF6, and the expression of A20 is induced by
the pro-inflammatory cytokine TNF-α [121]. Hinojosa et al. [122] tested the hypothesis that
ADMD results in elevated A20 levels in aged macrophages due to inflammaging, which is
an age-dependent chronic increase in basal systemic inflammation (see above). Lung sec-
tions of young (4 months), mature (12 months), and aged (21 months) C57BL/6 mice were
analyzed by IHC assays to detect A20. A20 was strongly elevated within the aged lungs,
mainly in epithelial cells in alveoli and bronchi, vascular endothelial cells, and alveolar
macrophages. Then, in order to determine which cytokine was involved in enhanced A20
levels, J774A.1 macrophages and alveolar macrophages from young mice were exposed
to TNFα or IL-6, and A20 levels were measured. In both instances, cells exposed to TNFα
had increased A20, whereas those exposed to IL-6 were unchanged vs. untreated controls.
Finally, in assays of coincubation of alveolar macrophages with Streptococcus pneumoniae,
TRAF6 polyubiquitination was diminished in alveolar macrophages isolated from aged
vs. young mice. Thus, these experiments showed that aging is associated with increased
A20 levels in lung cells and macrophages, perhaps due to increased TNFα levels and in-
flammaging. This in turn contributed to the incapacity of alveolar macrophages to respond
to bacterial stimulation with a pro-inflammatory cytokine response. The authors of this
article concluded that elevated A20 due to TNFα partially explains the ADMD phenotype.

Pneumonia is the leading cause of infectious death among the elderly. Given the
documented presence of senescent cells in aged tissues, Shivshankar et al. [123] hypothe-
sized that cellular senescence enhances susceptibility to pneumococcal pneumonia through
increased bacterial ligand expression. Levels of the pro-inflammatory cytokines IL-1α,
IL-1β, IL-6, TNFα, and the C-X-C Motif Chemokine Ligand 1 (CXCL1) were determined by
ELISA in lung homogenates from young (4–5 months) and aged (19–22 months) Balb/cBy
mice. Aged mice had increased cytokine levels. Also, histopathology of lung sections
showed that aged mice had an increased incidence of interstitial and peribronchial inflam-
mation. An age-dependent increase in the senescence markers p16 and pRb was observed
by Western blot in mouse lung samples. On the other hand, for mature (51–63 years) and
elderly (64–82 years) humans, in addition to the increase in p16 and pRb, increased levels
of mH2A (another senescence marker) were also observed compared to young controls
(43–50 years). These findings support the concept that cellular senescence occurs in the
aged lungs and acts as a source of inflammation. Western blot analyses of mouse and
human lung homogenates demonstrated an age-dependent increase in the bacterial ligands
Keratin 10 (K10), laminin receptor (LR), and platelet-activating factor receptor (PAFr). IHC
of mouse lung sections confirmed these observations for K10 with intense staining for
both the alveolar and bronchial epithelial cells of aged mice vs. young controls. Finally,
young and aged animals were challenged with S. pneumonia. Aged mice were found to
be highly susceptible to pneumococcal challenge. These findings indicate that cellular
senescence impacts inflammation and infectious disease in the lungs and provides an
additional mechanism for the increased incidence of pneumonia in the elderly.
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Chlamydia pneumoniae is a causative agent of pneumonia and bronchitis, and has
also been implicated in an extensive list of chronic inflammatory diseases, which include
arthritis, atherosclerosis, multiple sclerosis, Alzheimer’s disease, COPD, asthma, and
primary biliary cirrhosis [124,125]. Many of these diseases linked to C. pneumoniae are more
common or more serious in aged individuals. It is estimated that 50% of middle-aged
individuals are seropositive to the bacterium; this value increases to 60–70% in subjects
60 years of age and older [126]. BALB/c mice at 6 months of age (young) or 20 months of age
(old) were inoculated intranasally with 5 × 104 (low dose) or 5 × 105 (high dose) inclusion
forming units (IFU) of C. pneumoniae. Lungs were excised and homogenized. Extracts were
then cultured on HEp-2 cell monolayers and viable C. pneumoniae was enumerated in each
sample. At both doses, old animals cleared lung infections less frequently than young
animals. Histological analysis of lung tissue revealed loss of typical lung architecture,
including alveolar consolidation and inflammatory infiltrates, in all infected mice, but
more prominently in aged mice. IHC analysis of lung tissue showed positive staining for
C. pneumoniae preferentially in areas of significant consolidation and with mononuclear cell
infiltration. Finally, culture and IHC assays demonstrated dissemination of C. pneumoniae
to cardiac tissue, the brain, and olfactory bulb, which was age and dose-dependent. In
summary, the results of this study suggest that infection with C. pneumoniae may be more
severe in old animals [127].

Sendai virus (SV), a member of the Respirovirus genus, causes severe respiratory
illness in mice, which resembles pneumonia caused by human ortho- and paramyx-
oviruses [128]. BALB/c mice, designated as young (2 months), intermediate-aged (11–13
and 17–18 months), or aged (22–24 months), were inoculated intranasally with 100 median
pneumonia doses (PD50) of SV. Mice were examined at 6, 10, and 20 days post-inoculation.
Evaluations included clinical observation, lung virus titers, IHC for SV antigen, and
histopathology. Mice of the three age groups remained asymptomatic and no signs of
pneumonia were noted. In aged mice, SV titers in the lung were higher, the virus persisted
longer, and antibody titers to the virus were lower than those in young mice. On day 6, SV
antigen localized to the bronchiolar epithelium and occasionally to the alveolar lining cells
of young and old mice. The prevalence of the antigen was higher in old mice than in young
mice. By day 10, the antigen was prominent in the bronchiolar and alveolar epithelium of
old mice, while only traces of antigen were found in the bronchiolar epithelium of some
young mice. No antigen was found in any of the age groups on day 20. Histopathological
analysis revealed that SV caused transient pneumonia in young mice. Infection ceased
within 10 days of inoculation and lung repair progressed by day 20. In aged mice, necrosis
in the lung was more severe, whereas inflammation developed and regressed more slowly.
The intermediate-aged mice had some characteristics of young mice and others of aged
mice. The results indicate that the susceptibility of mice to viral pneumonia increases
gradually during aging [129].

Lower respiratory infections (LRI) with respiratory syncytial virus (RSV) during early
life have been linked to the development of recurrent asthma and wheezing in later life [130].
Collins et al. [131] conducted a study to determine whether long-term alterations occur in
airway function or structure following RSV infection in mice. Weanling (21 days old) and
adult (8 weeks old) BALB/c mice were infected with RSV or received vehicle. Respiratory
system impedance was used to assess responses to iv methacholine (MCh) at 4, 8, 24, and
34 weeks post-infection. Mice infected as adults showed no alterations in airway function.
Mice infected as weanlings had increased MCh responses 24 weeks post-infection, but the
increased response was not present 34 weeks post-infection. Furthermore, airway wall
thickness and number of alveolar attachments per airway were measured at 24 weeks
post-infection. The results did not reveal any differences between RSV infected and control
animals. These data do not provide support for alterations in airway function or structure
being responsible for the observed relationship between RSV infection in early life and
asthma in later life.
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Interestingly, Giles et al. [132] raised a hypothesis in the opposite direction to that
described in the previous study. These authors hypothesized that cross-protection elicited
by a single antigen early in life would be long lasting and sufficient to protect individuals
years after exposure. Influenza virus-like particles (VLPs) were engineered to express the
hemagglutinin (HA) and genes from the 1918 influenza virus. BALB/c mice from 8 to
12 weeks of age were vaccinated with purified VLPs. Vaccinated mice were allowed to age
to a final age of 20 months and tested for cross-protection against the pandemic H1N1 strain.
Vaccination with the 1918 VLPs completely protected aged mice from the pandemic H1N1
virus challenge. The duration of vaccine protection was lifelong. Histopathological analysis
and IHC assays using antibodies against influenza A virus, myeloperoxidase, IgA, IgG,
and IgM showed that the vaccinated animals were not protected from viral replication but
restricted the virus to larger airways. They did not show signs of alveolar infection, which
is the most common feature of fatal human disease. Thus, lifelong immune responses did
not result in decreased total viral replication, but rather restricted the anatomical location
of viral replication in the elderly.

6. Conclusions

The analysis of the works reviewed in this article demonstrates the usefulness of the
use of naturally aged mouse models, together with the IHC and QM techniques, in the
study of the mechanisms of the aging process in the lung, and its most commonly associated
disorders: cancer, COPD, and infectious diseases. The information obtained could be useful
in the design of appropriate preventive, diagnostics, and therapeutic strategies [133], which
are urgent considering that life expectancy and the number of elderly people are increasing
globally (Figure 3).
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Figure 3. Conclusive graphical abstract. Mice of different ages, subjected to standard vivarium
conditions or to stressful agents, such as cigarette smoke or infections, are analyzed with immuno-
histochemistry (IHC) and/or quantitative morphologic (QM) methods. IHC provides important
information by allowing the demonstration of antigens (e.g., transcription factors, enzymes, receptors)
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in their real context. QM methods enable the determination of parameters such as volume, length,
surface area, and number of diverse histological structures (e.g., cells, blood vessels, alveoli) in a
precise, efficient, simple, and transparent manner. The knowledge thus obtained contributes to the
elucidation of pathological mechanisms observed during lung aging, and to the design of preventive,
diagnostic, and therapeutic strategies against age-related lung disorders.

Although research with naturally aging mice would seem more time consuming, these
mice develop many phenotypes similar to those observed in normal human aging. The
mouse is the most prevalently used animal model for translational research in lung aging-
related disorders. However, there are relevant differences between mouse and human
immunology, anatomy, and physiology, which have been reviewed in the literature [134].
These differences must be taken into account when extrapolating findings from the animal
model to the human disease. The advantage of IHC over other methods is the ability to
visualize individual molecules and cells in their real context, augmenting and improving the
information obtained. QM methods measure histological parameters in a precise, efficient,
simple, and transparent manner, which allows a better correlation between morphology
and function to be obtained. In the future, the application of technical improvements in
these methodologies will further increase their value in biomedical research.
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4.1B Band 4.1 proteins
8OHdG 8-hydroxy-2-deoxyguanosine
ADMD Age-dependent macrophage dysfunction
AECII Alveolar epithelial type II cells
BALF Bronchoalveolar lavage fluid
BPD Bronchopulmonary dysplasia
CAP Community-acquired pneumonia
CC-10 Clara cell 10 protein
COPD Chronic obstructive pulmonary disease
CS Cigarette smoke
CSCs Cancer stem cells
CSE Cigarette smoke extract
CXCL1 C-X-C motif chemokine ligand 1
DAB Diaminobenzidine
DI Destructive index
DLBCL Diffuse large B cell lymphoma
ECM Extracellular matrix
ELF Epithelial lining fluid
ELISA Enzyme-linked immunosorbent assay
GCLM Glutamate-cysteineligase modifier subunit
GEFs Guanine nucleotide exchange factors
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GSH Glutathione
GSR Glutathione reductase
HA Hemagglutinin
hK14 Human keratin 14
HO-1 Heme oxygenase-1
HP1β Heterochromatin protein 1 beta
HR Homologous recombination
hVEGF-D Human vascular endothelial growth factor D
ICR Imprinting control region
IFU Inclusion forming units
IGF Insulin growth factor
IHC Immunohistochemistry
IL-1β Interleukin-1β
IL-6 Interleukin-6
IPF Idiopathic pulmonary fibrosis
ISA Internal surface area
K10 Keratin 10
K14 Keratin 14
KC Keratinocyte-derived chemokine
LR Laminin receptor
LRI Lower respiratory infections
MCh Methacholine
MDA Malondialdehyde
mH2A Histone macro H2A
MIP Macrophage inflammatory protein
MLI Mean linear intercept
NAD Nicotinamide adenine dinucleotide
NFκB Nuclear factor kappa B
NOS Nitric oxide synthase
Nrf2 NF-E2-related factor 2
p16 p16INK4a
p38 MAPK p38 mitogen-activated protein kinase
PAFr Platelet-activating factor receptor
PCNA Proliferating cell nuclear antigen
PD50 Median pneumonia doses
PNX Pneumonectomy
QM Quantitative morphologic
RAC Radial alveolar count
RaDR Rosa26 direct repeat
RAGE Receptor for advanced glycation end products
ROS Reactive oxygen species
RSV Respiratory syncytial virus
RT-PCR Reverse transcription polymerase chain reaction
SAHF Senescence-associated heterochromatin foci
SCGB Secretoglobin
SIRT Sirtuin
SNPs Single nucleotide polymorphisms
SOD Superoxide dismutase
SP-C Surfactant protein C
SQCA Squamous cell carcinoma
SV Sendai virus
TGF Transforming growth factor
TNF-α Tumor necrosis factor-α
TUNEL Terminal Transferase dUTP Nick End Labeling
VEGFs Vascular endothelial growth factors
VLPs Virus-like particles
αSMA Alpha smooth muscle actin
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3. Shi, C.; de Wit, S.; Učambarlić, E.; Markousis-Mavrogenis, G.; Screever, E.M.; Meijers, W.C.; de Boer, R.A.; Aboumsallem, J.P.

Multifactorial diseases of the heart, kidneys, lungs, and liver and incident cancer: Epidemiology and shared mechanisms. Cancers
2023, 15, 729. [CrossRef]

4. Miller, M.R. Structural and physiological age-associated changes in aging lungs. Semin. Respir. Crit. Care Med. 2010, 31, 521–527.
[CrossRef]

5. Hogg, J.C.; Chu, F.; Utokaparch, S.; Woods, R.; Elliott, W.M.; Buzatu, L.; Cherniack, R.M.; Rogers, R.M.; Sciurba, F.C.; Coxson, H.O.;
et al. The nature of small-airway obstruction in chronic obstructive pulmonary disease. N. Engl. J. Med. 2004, 350, 2645–2653.
[CrossRef] [PubMed]

6. Corren, J. Small airways disease in asthma. Curr. Allergy Asthma Rep. 2008, 8, 533–539. [CrossRef] [PubMed]
7. Soma, T.; Nagata, M. Immunosenescence, inflammaging, and lung senescence in asthma in the elderly. Biomolecules 2022, 12, 1456.

[CrossRef]
8. Torrelles, J.B.; Restrepo, B.I.; Bai, Y.; Ross, C.; Schlesinger, L.S.; Turner, J. The impact of aging on the lung alveolar environment,

predetermining susceptibility to respiratory infections. Front. Aging 2022, 3, 818700. [CrossRef] [PubMed]
9. Meiners, S.; Eickelberg, O.; Königshoff, M. Hallmarks of the ageing lung. Eur. Respir. J. 2015, 45, 807–827. [CrossRef]
10. Ishii, M.; Yamaguchi, Y.; Yamamoto, H.; Hanaoka, Y.; Ouchi, Y. Airspace enlargement with airway cell apoptosis in klotho mice:

A model of aging lung. J. Gerontol. A Biol. Sci. Med. Sci. 2008, 63, 1289–1298. [CrossRef]
11. Glaab, T.; Braun, A. Noninvasive measurement of pulmonary function in experimental mouse models of airway disease. Lung

2021, 199, 255–261. [CrossRef] [PubMed]
12. Cai, N.; Wu, Y.; Huang, Y. Induction of accelerated aging in a mouse model. Cells 2022, 11, 1418. [CrossRef] [PubMed]
13. Kõks, S.; Dogan, S.; Tuna, B.G.; González-Navarro, H.; Potter, P.; Vandenbroucke, R.E. Mouse models of ageing and their relevance

to disease. Mech. Ageing Dev. 2016, 160, 41–53. [CrossRef]
14. Dutta, S.; Sengupta, P. Men and mice: Relating their ages. Life Sci. 2016, 152, 244–248. [CrossRef] [PubMed]
15. Burke, W.; Psaty, B.M. Personalized medicine in the era of genomics. JAMA 2007, 298, 1682–1684. [CrossRef] [PubMed]
16. Institute of Medicine (IOM). Evolution of Translational Omics: Lessons Learned and the Path Forward; The National Academies Press:

Washington, DC, USA, 2012; pp. 17–18.
17. D’Adamo, G.L.; Widdop, J.T.; Giles, E.M. The future is now? Clinical and translational aspects of “Omics” technologies. Immunol.

Cell Biol. 2021, 99, 168–176. [CrossRef]
18. Cui, M.; Cheng, C.; Zhang, L. High-throughput proteomics: A methodological mini-review. Lab. Investig. 2022, 102, 1170–1181.

[CrossRef]
19. Ramos-Vara, J.A. Technical aspects of immunohistochemistry. Vet. Pathol. 2005, 42, 405–426. [CrossRef] [PubMed]
20. Ramos-Vara, J.A.; Miller, M.A. When tissue antigens and antibodies get along: Revisiting the technical aspects of

immunohistochemistry—The red, brown, and blue technique. Vet. Pathol. 2014, 51, 42–87. [CrossRef]
21. Mandarim-de-Lacerda, C.A.; Del Sol, M. Tips for studies with quantitative morphology (morphometry and stereology). Int. J.

Morphol. 2017, 35, 1482–1494. [CrossRef]
22. Brown, D.L. Practical stereology applications for the pathologist. Vet. Pathol. 2017, 54, 358–368. [CrossRef]
23. Weibel, E.R.; Hsia, C.C.; Ochs, M. How much is there really? Why stereology is essential in lung morphometry. J. Appl. Physiol.

(1985) 2007, 102, 459–467. [CrossRef] [PubMed]
24. Brandenberger, C.; Ochs, M.; Mühlfeld, C. Assessing particle and fiber toxicology in the respiratory system: The stereology

toolbox. Part. Fibre Toxicol. 2015, 12, 35. [CrossRef] [PubMed]
25. Aoshiba, K.; Nagai, A. Chronic lung inflammation in aging mice. FEBS Lett. 2007, 581, 3512–3516. [CrossRef]
26. Li, Z.; Li, J.; Bu, X.; Liu, X.; Tankersley, C.G.; Wang, C.; Huang, K. Age-induced augmentation of p38 MAPK phosphorylation in

mouse lung. Exp. Gerontol. 2011, 46, 694–702. [CrossRef]
27. Paidi, R.K.; Jana, M.; Mishra, R.K.; Dutta, D.; Raha, S.; Pahan, K. ACE-2-interacting domain of SARS-CoV-2 (AIDS) peptide

suppresses inflammation to reduce fever and protect lungs and heart in mice: Implications for COVID-19 therapy. J. Neuroimmune
Pharmacol. 2021, 16, 59–70. [CrossRef]

28. Paidi, R.K.; Jana, M.; Raha, S.; Mishra, R.K.; Jeong, B.; Sheinin, M.; Pahan, K. Prenol, but not vitamin C, of fruit binds to
SARS-CoV-2 spike S1 to inhibit viral entry: Implications for COVID-19. J. Immunol. 2023, ji2200279. [CrossRef]

29. Gomez, C.R.; Hirano, S.; Cutro, B.T.; Birjandi, S.; Baila, H.; Nomellini, V.; Kovacs, E.J. Advanced age exacerbates the pulmonary
inflammatory response after lipopolysaccharide exposure. Crit. Care Med. 2007, 35, 246–251. [CrossRef] [PubMed]

30. Vegeto, E.; Cuzzocrea, S.; Crisafulli, C.; Mazzon, E.; Sala, A.; Krust, A.; Maggi, A. Estrogen receptor-alpha as a drug target
candidate for preventing lung inflammation. Endocrinology 2010, 151, 174–184. [CrossRef]

31. Franceschi, C.; Bonafè, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging. An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [CrossRef]

https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1038/s41380-022-01680-x
https://www.ncbi.nlm.nih.gov/pubmed/35840801
https://doi.org/10.3390/cancers15030729
https://doi.org/10.1055/s-0030-1265893
https://doi.org/10.1056/NEJMoa032158
https://www.ncbi.nlm.nih.gov/pubmed/15215480
https://doi.org/10.1007/s11882-008-0097-4
https://www.ncbi.nlm.nih.gov/pubmed/18940146
https://doi.org/10.3390/biom12101456
https://doi.org/10.3389/fragi.2022.818700
https://www.ncbi.nlm.nih.gov/pubmed/35821836
https://doi.org/10.1183/09031936.00186914
https://doi.org/10.1093/gerona/63.12.1289
https://doi.org/10.1007/s00408-021-00443-9
https://www.ncbi.nlm.nih.gov/pubmed/34009429
https://doi.org/10.3390/cells11091418
https://www.ncbi.nlm.nih.gov/pubmed/35563724
https://doi.org/10.1016/j.mad.2016.10.001
https://doi.org/10.1016/j.lfs.2015.10.025
https://www.ncbi.nlm.nih.gov/pubmed/26596563
https://doi.org/10.1001/jama.298.14.1682
https://www.ncbi.nlm.nih.gov/pubmed/17925520
https://doi.org/10.1111/imcb.12404
https://doi.org/10.1038/s41374-022-00830-7
https://doi.org/10.1354/vp.42-4-405
https://www.ncbi.nlm.nih.gov/pubmed/16006601
https://doi.org/10.1177/0300985813505879
https://doi.org/10.4067/S0717-95022017000401482
https://doi.org/10.1177/0300985817695781
https://doi.org/10.1152/japplphysiol.00808.2006
https://www.ncbi.nlm.nih.gov/pubmed/16973815
https://doi.org/10.1186/s12989-015-0110-8
https://www.ncbi.nlm.nih.gov/pubmed/26521139
https://doi.org/10.1016/j.febslet.2007.06.075
https://doi.org/10.1016/j.exger.2011.04.005
https://doi.org/10.1007/s11481-020-09979-8
https://doi.org/10.4049/jimmunol.2200279
https://doi.org/10.1097/01.CCM.0000251639.05135.E0
https://www.ncbi.nlm.nih.gov/pubmed/17133178
https://doi.org/10.1210/en.2009-0876
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x


Biomedicines 2023, 11, 2075 20 of 24

32. Dugan, B.; Conway, J.; Duggal, N.A. Inflammaging as a target for healthy ageing. Age Ageing 2023, 52, afac328. [CrossRef]
[PubMed]

33. Faniyi, A.A.; Hughes, M.J.; Scott, A.; Belchamber, K.B.R.; Sapey, E. Inflammation, ageing and diseases of the lung: Potential
therapeutic strategies from shared biological pathways. Br. J. Pharmacol. 2022, 179, 1790–1807. [CrossRef] [PubMed]

34. Adams, P.D. Healing and hurting: Molecular mechanisms, functions, and pathologies of cellular senescence. Mol. Cell 2009,
36, 2–14. [CrossRef]

35. Baker, D.J.; Narita, M.; Muñoz-Cánoves, P. Cellular senescence: Beneficial, harmful, and highly complex. FEBS J. 2023, 290,
1156–1160. [CrossRef] [PubMed]

36. d’Adda di Fagagna, F.; Reaper, P.M.; Clay-Farrace, L.; Fiegler, H.; Carr, P.; Von Zglinicki, T.; Saretzki, G.; Carter, N.P.; Jackson, S.P.
A DNA damage checkpoint response in telomere-initiated senescence. Nature 2003, 426, 194–198. [CrossRef]

37. Wang, C.; Jurk, D.; Maddick, M.; Nelson, G.; Martin-Ruiz, C.; von Zglinicki, T. DNA damage response and cellular senescence in
tissues of aging mice. Aging Cell 2009, 8, 311–323. [CrossRef]

38. Narita, M.; Nũnez, S.; Heard, E.; Narita, M.; Lin, A.W.; Hearn, S.A.; Spector, D.L.; Hannon, G.J.; Lowe, S.W. Rb-mediated
heterochromatin formation and silencing of E2F target genes during cellular senescence. Cell 2003, 113, 703–716. [CrossRef]

39. Kreiling, J.A.; Tamamori-Adachi, M.; Sexton, A.N.; Jeyapalan, J.C.; Munoz-Najar, U.; Peterson, A.L.; Manivannan, J.; Rogers, E.S.;
Pchelintsev, N.A.; Adams, P.D.; et al. Age-associated increase in heterochromatic marks in murine and primate tissues. Aging Cell
2011, 10, 292–304. [CrossRef]

40. Kwon, Y.; Kim, J.; Lee, C.Y.; Kim, H. Expression of SIRT1 and SIRT3 varies according to age in mice. Anat. Cell Biol. 2015, 48, 54–61.
[CrossRef]

41. Sharma, A.; Mahur, P.; Muthukumaran, J.; Singh, A.K.; Jain, M. Shedding light on structure, function and regulation of human
sirtuins: A comprehensive review. 3 Biotech 2023, 13, 29. [CrossRef]

42. Calvi, C.L.; Podowski, M.; D’Alessio, F.R.; Metzger, S.L.; Misono, K.; Poonyagariyagorn, H.; Lopez-Mercado, A.; Ku, T.; Lauer, T.;
Cheadle, C.; et al. Critical transition in tissue homeostasis accompanies murine lung senescence. PLoS ONE 2011, 6, e20712.
[CrossRef] [PubMed]

43. Elliott, J.E.; Mantilla, C.B.; Pabelick, C.M.; Roden, A.C.; Sieck, G.C. Aging-related changes in respiratory system mechanics and
morphometry in mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 2016, 311, L167–L176. [CrossRef] [PubMed]

44. Reddy, V.P.; Aryal, P.; Darkwah, E.K. Advanced glycation end products in health and disease. Microorganisms 2022, 10, 1848.
[CrossRef] [PubMed]

45. Fineschi, S.; De Cunto, G.; Facchinetti, F.; Civelli, M.; Imbimbo, B.P.; Carnini, C.; Villetti, G.; Lunghi, B.; Stochino, S.; Gibbons, D.L.;
et al. Receptor for advanced glycation end products contributes to postnatal pulmonary development and adult lung maintenance
program in mice. Am. J. Respir. Cell Mol. Biol. 2013, 48, 164–171. [CrossRef]

46. Weibel, E.R.; Gomez, D.M. Architecture of the human lung. Use of quantitative methods establishes fundamental relations
between size and number of lung structures. Science 1962, 137, 577–585. [CrossRef]

47. Herring, M.J.; Avdalovic, M.V.; Quesenberry, C.L.; Putney, L.F.; Tyler, N.K.; Ventimiglia, F.F.; St George, J.A.; Hyde, D.M.
Accelerated structural decrements in the aging female rhesus macaque lung compared with males. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2013, 304, L125–L134. [CrossRef]

48. Hyde, D.M.; Robinson, N.E.; Gillespie, J.R.; Tyler, W.S. Morphometry of the distal air spaces in lungs of aging dogs. J. Appl.
Physiol. Respir. Environ. Exerc. Physiol. 1977, 43, 86–91. [CrossRef]

49. Kerr, J.S.; Yu, S.Y.; Riley, D.J. Strain specific respiratory air space enlargement in aged rats. Exp. Gerontol. 1990, 25, 563–574.
[CrossRef]

50. Kawakami, M.; Paul, J.L.; Thurlbeck, W.M. The effect of age on lung structure in male BALB/cNNia inbred mice. Am. J. Anat.
1984, 170, 1–21. [CrossRef]

51. Jaramillo-Rangel, G.; Gutiérrez-Arenas, E.; Ancer-Arellano, A.; Chávez-Briones, M.L.; Cerda-Flores, R.M.; Ortega-Martínez, M.
Determination of the area and number of pulmonary alveoli through the normal aging process in CD1 mouse. In Research Aspects
in Biological Science; Ozcan, G., Ed.; Book Publisher International: London, UK, 2022; Volume 3, pp. 103–109.

52. Massa, C.B.; Groves, A.M.; Jaggernauth, S.U.; Laskin, D.L.; Gow, A.J. Histologic and biochemical alterations predict pulmonary
mechanical dysfunction in aging mice with chronic lung inflammation. PLoS Comput. Biol. 2017, 13, e1005570. [CrossRef]

53. Emery, J.L.; Mithal, A. The number of alveoli in the terminal respiratory unit of man during late intrauterine life and childhood.
Arch. Dis. Child. 1960, 35, 544–547. [CrossRef] [PubMed]

54. Cooney, T.P.; Thurlbeck, W.M. The radial alveolar count method of Emery and Mithal: A reappraisal 1—Postnatal lung growth.
Thorax 1982, 37, 572–579. [CrossRef] [PubMed]

55. Cooney, T.P.; Thurlbeck, W.M. The radial alveolar count method of Emery and Mithal: A reappraisal 2—Intrauterine and early
postnatal lung growth. Thorax 1982, 37, 580–583. [CrossRef]

56. Ortega-Martínez, M.; Gutiérrez-Marín, A.; Coronado-Hernández, I.; Cerda-Flores, R.M.; Ancer-Arellano, A.; de la Garza-
González, C.; Rodríguez-Flores, L.E.; Ancer-Rodríguez, J.; Jaramillo-Rangel, G. Radial alveolar count assessment in the aging. In
Microscopy: Advances in Scientific Research and Education; Méndez-Vilas, A., Ed.; Formatex Research Center: Badajoz, Spain, 2014;
Volume 1, pp. 344–347.

https://doi.org/10.1093/ageing/afac328
https://www.ncbi.nlm.nih.gov/pubmed/36735849
https://doi.org/10.1111/bph.15759
https://www.ncbi.nlm.nih.gov/pubmed/34826882
https://doi.org/10.1016/j.molcel.2009.09.021
https://doi.org/10.1111/febs.16735
https://www.ncbi.nlm.nih.gov/pubmed/36856679
https://doi.org/10.1038/nature02118
https://doi.org/10.1111/j.1474-9726.2009.00481.x
https://doi.org/10.1016/S0092-8674(03)00401-X
https://doi.org/10.1111/j.1474-9726.2010.00666.x
https://doi.org/10.5115/acb.2015.48.1.54
https://doi.org/10.1007/s13205-022-03455-1
https://doi.org/10.1371/journal.pone.0020712
https://www.ncbi.nlm.nih.gov/pubmed/21713037
https://doi.org/10.1152/ajplung.00232.2016
https://www.ncbi.nlm.nih.gov/pubmed/27288490
https://doi.org/10.3390/microorganisms10091848
https://www.ncbi.nlm.nih.gov/pubmed/36144449
https://doi.org/10.1165/rcmb.2012-0111OC
https://doi.org/10.1126/science.137.3530.577
https://doi.org/10.1152/ajplung.00226.2012
https://doi.org/10.1152/jappl.1977.43.1.86
https://doi.org/10.1016/0531-5565(90)90022-T
https://doi.org/10.1002/aja.1001700102
https://doi.org/10.1371/journal.pcbi.1005570
https://doi.org/10.1136/adc.35.184.544
https://www.ncbi.nlm.nih.gov/pubmed/13726619
https://doi.org/10.1136/thx.37.8.572
https://www.ncbi.nlm.nih.gov/pubmed/7179185
https://doi.org/10.1136/thx.37.8.580


Biomedicines 2023, 11, 2075 21 of 24

57. Ortega-Martínez, M.; Gutiérrez-Dávila, V.; Niderhauser-García, A.; Cerda-Flores, R.M.; García-Juárez, J.; de-la-Garza-González, C.;
Jaramillo-Rangel, G. Morphometric analysis of the non-epithelial areas of mouse bronchioles through the normal aging process.
Am. J. Transl. Res. 2019, 11, 3637–3644. [PubMed]

58. Pearson, M. Is the primary mechanism underlying COPD: Inflammation or ischaemia? COPD 2013, 10, 536–541. [CrossRef]
59. Ortega-Martínez, M.; Gopar-Cuevas, Y.; Cerda-Flores, R.M.; Ancer-Arellano, A.; Chávez-Briones, M.L.; de la Garza-González, C.;

Rodríguez-Flores, L.E.; Ancer-Rodríguez, J.; Jaramillo-Rangel, G. Morphometric analysis of the bronchiolar arterioles through the
normal aging process. In Microscopy and Imagen Science; Méndez-Vilas, A., Ed.; Formatex Research Center: Badajoz, Spain, 2017;
Volume 1, pp. 289–292.

60. Laros, C.D.; Westermann, C.J. Dilatation, compensatory growth, or both after pneumonectomy during childhood and adolescence.
A thirty-year follow-up study. J. Thorac. Cardiovasc. Surg. 1987, 93, 570–576. [CrossRef]

61. Voswinckel, R.; Motejl, V.; Fehrenbach, A.; Wegmann, M.; Mehling, T.; Fehrenbach, H.; Seeger, W. Characterisation of post-
pneumonectomy lung growth in adult mice. Eur. Respir. J. 2004, 24, 524–532. [CrossRef]

62. Fehrenbach, H.; Voswinckel, R.; Michl, V.; Mehling, T.; Fehrenbach, A.; Seeger, W.; Nyengaard, J.R. Neoalveolarisation contributes
to compensatory lung growth following pneumonectomy in mice. Eur. Respir. J. 2008, 31, 515–522. [CrossRef]

63. Paxson, J.A.; Gruntman, A.; Parkin, C.D.; Mazan, M.R.; Davis, A.; Ingenito, E.P.; Hoffman, A.M. Age-dependent decline in mouse
lung regeneration with loss of lung fibroblast clonogenicity and increased myofibroblastic differentiation. PLoS ONE 2011, 6,
e23232. [CrossRef]

64. Rawlins, E.L.; Okubo, T.; Xue, Y.; Brass, D.M.; Auten, R.L.; Hasegawa, H.; Wang, F.; Hogan, B.L. The role of Scgb1a1+ Clara cells
in the long-term maintenance and repair of lung airway, but not alveolar, epithelium. Cell Stem Cell 2009, 4, 525–534. [CrossRef]

65. Watson, J.K.; Sanders, P.; Dunmore, R.; Rosignoli, G.; Julé, Y.; Rawlins, E.L.; Mustelin, T.; May, R.; Clarke, D.; Finch, D.K. Distal
lung epithelial progenitor cell function declines with age. Sci. Rep. 2020, 10, 10490. [CrossRef]

66. Ortega-Martínez, M.; Rodríguez-Flores, L.E.; Ancer-Arellano, A.; Cerda-Flores, R.M.; de-la-Garza-González, C.; Ancer-
Rodríguez, J.; Jaramillo-Rangel, G. Analysis of cell turnover in the bronchiolar epithelium through the normal aging process.
Lung 2016, 194, 581–587. [CrossRef]

67. Bernal, A.; Arranz, L. Nestin-expressing progenitor cells: Function, identity and therapeutic implications. Cell. Mol. Life Sci. 2018,
75, 2177–2195. [CrossRef] [PubMed]

68. Muir, H. The chondrocyte, architect of cartilage. Biomechanics, structure, function and molecular biology of cartilage matrix
macromolecules. Bioessays 1995, 17, 1039–1048. [CrossRef] [PubMed]

69. Goldring, M.B.; Marcu, K.B. Cartilage homeostasis in health and rheumatic diseases. Arthritis Res. Ther. 2009, 11, 224. [CrossRef]
[PubMed]

70. Umlauf, D.; Frank, S.; Pap, T.; Bertrand, J. Cartilage biology, pathology, and repair. Cell. Mol. Life Sci. 2010, 67, 4197–4211.
[CrossRef]

71. Henrikson, R.C.; Kaye, G.I.; Mazurkiewicz, J.E. Respiratory system. In Histology; Nieginski, E.A., Ed.; Lippincott Williams &
Wilkins: New York, NY, USA, 1997; pp. 311–321.

72. Ortega-Martínez, M.; Romero-Núñez, E.; Niderhauser-García, A.; de-la-Garza-González, C.; Ancer-Rodríguez, J.; Jaramillo-
Rangel, G. Evidence of chondrocyte turnover in lung cartilage, with the probable participation of nestin-positive cells. Cell Biol.
Int. 2013, 37, 239–241. [CrossRef]

73. Ortega-Martínez, M.; de-la-Garza-González, C.; Ancer-Rodríguez, J.; Jaramillo-Rangel, G. Nestin-positive stem cells participate in
chondrocyte renewal in healthy adult lung cartilage. Int. J. Morphol. 2014, 32, 151–153. [CrossRef]

74. Gopar-Cuevas, Y.; Niderhauser-García, A.; Ancer-Arellano, A.; Miranda-Maldonado, I.C.; Chávez-Briones, M.L.; Rodríguez-
Flores, L.E.; Ortega-Martínez, M.; Jaramillo-Rangel, G. Chondrocyte turnover in lung cartilage. In Cartilage Repair and Regeneration;
Zorzi, A.R., Batista de Miranda, J., Eds.; InTech Publisher: Rijeka, Croacia, 2018; pp. 25–42.

75. Ortega-Martínez, M.; Rodríguez-Flores, L.E.; de-la-Garza-González, C.; Ancer-Rodríguez, J.; Jaramillo-Rangel, G. Detection of
a novel stem cell probably involved in normal turnover of the lung airway epithelium. J. Cell. Mol. Med. 2015, 19, 2679–2681.
[CrossRef]

76. Jaramillo-Rangel, G.; Chávez-Briones, M.D.; Ancer-Arellano, A.; Ortega-Martínez, M. Nestin-expressing cells in the lung: The
bad and the good parts. Cells 2021, 10, 3413. [CrossRef]

77. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

78. Coll, P.P.; Korc-Grodzicki, B.; Ristau, B.T.; Shahrokni, A.; Koshy, A.; Filippova, O.T.; Ali, I. Cancer prevention and screening for
older adults: Part 1. Lung, colorectal, bladder, and kidney cancer. J. Am. Geriatr. Soc. 2020, 68, 2399–2406. [CrossRef]

79. Szymanska, H.; Lechowska-Piskorowska, J.; Krysiak, E.; Strzalkowska, A.; Unrug-Bielawska, K.; Grygalewicz, B.; Skurzak, H.M.;
Pienkowska-Grela, B.; Gajewska, M. Neoplastic and nonneoplastic lesions in aging mice of unique and common inbred strains
contribution to modeling of human neoplastic diseases. Vet. Pathol. 2014, 51, 663–679. [CrossRef] [PubMed]

80. Haines, D.C.; Chattopadhyay, S.; Ward, J.M. Pathology of aging B6;129 mice. Toxicol. Pathol. 2001, 29, 653–661. [CrossRef]
[PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/31312374
https://doi.org/10.3109/15412555.2013.763781
https://doi.org/10.1016/S0022-5223(19)36386-X
https://doi.org/10.1183/09031936.04.10004904
https://doi.org/10.1183/09031936.00109407
https://doi.org/10.1371/journal.pone.0023232
https://doi.org/10.1016/j.stem.2009.04.002
https://doi.org/10.1038/s41598-020-66966-y
https://doi.org/10.1007/s00408-016-9890-3
https://doi.org/10.1007/s00018-018-2794-z
https://www.ncbi.nlm.nih.gov/pubmed/29541793
https://doi.org/10.1002/bies.950171208
https://www.ncbi.nlm.nih.gov/pubmed/8634065
https://doi.org/10.1186/ar2592
https://www.ncbi.nlm.nih.gov/pubmed/19519926
https://doi.org/10.1007/s00018-010-0498-0
https://doi.org/10.1002/cbin.10031
https://doi.org/10.4067/S0717-95022014000100026
https://doi.org/10.1111/jcmm.12653
https://doi.org/10.3390/cells10123413
https://doi.org/10.3322/caac.21660
https://doi.org/10.1111/jgs.16791
https://doi.org/10.1177/0300985813501334
https://www.ncbi.nlm.nih.gov/pubmed/24019352
https://doi.org/10.1080/019262301753385988
https://www.ncbi.nlm.nih.gov/pubmed/11794381


Biomedicines 2023, 11, 2075 22 of 24

81. Sun, C.X.; Robb, V.A.; Gutmann, D.H. Protein 4.1 tumor suppressors: Getting a FERM grip on growth regulation. J. Cell Sci. 2002,
115, 3991–4000. [CrossRef] [PubMed]

82. Tran, Y.K.; Bögler, O.; Gorse, K.M.; Wieland, I.; Green, M.R.; Newsham, I.F. A novel member of the NF2/ERM/4.1 superfamily
with growth suppressing properties in lung cancer. Cancer Res. 1999, 59, 35–43.

83. Yi, C.; McCarty, J.H.; Troutman, S.A.; Eckman, M.S.; Bronson, R.T.; Kissil, J.L. Loss of the putative tumor suppressor band
4.1B/Dal1 gene is dispensable for normal development and does not predispose to cancer. Mol. Cell. Biol. 2005, 25, 10052–10059.
[CrossRef]

84. Chu, P.G.; Weiss, L.M. Keratin expression in human tissues and neoplasms. Histopathology 2002, 40, 403–439. [CrossRef]
85. Jetten, A.M.; Nervi, C.; Vollberg, T.M. Control of squamous differentiation in tracheobronchial and epidermal epithelial cells:

Role of retinoids. J. Natl. Cancer Inst. Monogr. 1992, 13, 93–100.
86. Dakir, E.L.H.; Feigenbaum, L.; Linnoila, R.I. Constitutive expression of human keratin 14 gene in mouse lung induces premalignant

lesions and squamous differentiation. Carcinogenesis 2008, 29, 2377–2384. [CrossRef]
87. Duan, W.; Gao, L.; Wu, X.; Hade, E.M.; Gao, J.X.; Ding, H.; Barsky, S.H.; Otterson, G.A.; Villalona-Calero, M.A. Expression of a

mutant p53 results in an age-related demographic shift in spontaneous lung tumor formation in transgenic mice. PLoS ONE 2009,
4, e5563. [CrossRef]

88. Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 2005, 438, 932–936. [CrossRef] [PubMed]
89. Kärkkäinen, A.M.; Kotimaa, A.; Huusko, J.; Kholova, I.; Heinonen, S.E.; Stefanska, A.; Dijkstra, M.H.; Purhonen, H.;

Hämäläinen, E.; Mäkinen, P.I.; et al. Vascular endothelial growth factor-D transgenic mice show enhanced blood capillary
density, improved postischemic muscle regeneration, and increased susceptibility to tumor formation. Blood 2009, 113, 4468–4475.
[CrossRef] [PubMed]

90. Cook, D.R.; Rossman, K.L.; Der, C.J. Rho guanine nucleotide exchange factors: Regulators of Rho GTPase activity in development
and disease. Oncogene 2014, 33, 4021–4035. [CrossRef]

91. Ognibene, M.; Barbieri, O.; Vanni, C.; Mastracci, L.; Astigiano, S.; Emionite, L.; Salani, B.; Fedele, M.; Resaz, R.; Tenca, C.; et al.
High frequency of development of B cell lymphoproliferation and diffuse large B cell lymphoma in Dbl knock-in mice. J. Mol.
Med. 2011, 89, 493–504. [CrossRef] [PubMed]

92. Guan, L.; Zhao, X.; Tang, L.; Chen, J.; Zhao, J.; Guo, M.; Chen, C.; Zhou, Y.; Xu, L. Thyroid Transcription Factor-1: Structure,
expression, function and its relationship with disease. Biomed Res. Int. 2021, 2021, 9957209. [CrossRef] [PubMed]

93. Kimura, S.; Yokoyama, S.; Pilon, A.L.; Kurotani, R. Emerging role of an immunomodulatory protein secretoglobin 3A2 in human
diseases. Pharmacol. Ther. 2022, 236, 108112. [CrossRef]

94. Tachihara-Yoshikawa, M.; Ishida, T.; Watanabe, K.; Sugawara, A.; Kanazawa, K.; Kanno, R.; Suzuki, T.; Niimi, T.; Kimura, S.;
Munakata, M. Expression of secretoglobin3A2 (SCGB3A2) in primary pulmonary carcinomas. Fukushima J. Med. Sci. 2008,
54, 61–72. [CrossRef]

95. Kurotani, R.; Kumaki, N.; Naizhen, X.; Ward, J.M.; Linnoila, R.I.; Kimura, S. Secretoglobin 3A2/uteroglobin-related protein 1 is a
novel marker for pulmonary carcinoma in mice and humans. Lung Cancer 2011, 71, 42–48. [CrossRef]

96. Doig, K.D.; Fellowes, A.P.; Fox, S.B. Homologous recombination repair deficiency: An overview for pathologists. Mod. Pathol.
2023, 36, 100049. [CrossRef]

97. Sukup-Jackson, M.R.; Kiraly, O.; Kay, J.E.; Na, L.; Rowland, E.A.; Winther, K.E.; Chow, D.N.; Kimoto, T.; Matsuguchi, T.;
Jonnalagadda, V.S.; et al. Rosa26-GFP direct repeat (RaDR-GFP) mice reveal tissue- and age-dependence of homologous
recombination in mammals in vivo. PLoS Genet. 2014, 10, e1004299. [CrossRef] [PubMed]

98. Kimoto, T.; Kay, J.E.; Li, N.; Engelward, B.P. Recombinant cells in the lung increase with age via de novo recombination events
and clonal expansion. Environ. Mol. Mutagen. 2017, 58, 135–145. [CrossRef] [PubMed]

99. Agustí, A.; Celli, B.R.; Criner, G.J.; Halpin, D.; Anzueto, A.; Barnes, P.; Bourbeau, J.; Han, M.K.; Martinez, F.J.; Montes de Oca, M.;
et al. Global Initiative for Chronic Obstructive Lung Disease 2023 Report: GOLD Executive Summary. Eur. Respir. J. 2023, 61,
2300239. [CrossRef]

100. Gomes, F.; Cheng, S.L. Pathophysiology, therapeutic targets, and future therapeutic alternatives in COPD: Focus on the importance
of the cholinergic system. Biomolecules 2023, 13, 476. [CrossRef]

101. Safiri, S.; Carson-Chahhoud, K.; Noori, M.; Nejadghaderi, S.A.; Sullman, M.J.M.; Ahmadian Heris, J.; Ansarin, K.;
Mansournia, M.A.; Collins, G.S.; Kolahi, A.A.; et al. Burden of chronic obstructive pulmonary disease and its attributable risk
factors in 204 countries and territories, 1990-2019: Results from the Global Burden of Disease Study 2019. BMJ 2022, 378, e069679.
[CrossRef]

102. Wasswa-Kintu, S.; Gan, W.Q.; Man, S.F.; Pare, P.D.; Sin, D.D. Relationship between reduced forced expiratory volume in one
second and the risk of lung cancer: A systematic review and meta-analysis. Thorax 2005, 60, 570–575. [CrossRef]

103. Forder, A.; Zhuang, R.; Souza, V.G.P.; Brockley, L.J.; Pewarchuk, M.E.; Telkar, N.; Stewart, G.L.; Benard, K.; Marshall, E.A.;
Reis, P.P.; et al. Mechanisms contributing to the comorbidity of COPD and lung cancer. Int. J. Mol. Sci. 2023, 24, 2859. [CrossRef]
[PubMed]

https://doi.org/10.1242/jcs.00094
https://www.ncbi.nlm.nih.gov/pubmed/12356905
https://doi.org/10.1128/MCB.25.22.10052-10059.2005
https://doi.org/10.1046/j.1365-2559.2002.01387.x
https://doi.org/10.1093/carcin/bgn190
https://doi.org/10.1371/journal.pone.0005563
https://doi.org/10.1038/nature04478
https://www.ncbi.nlm.nih.gov/pubmed/16355210
https://doi.org/10.1182/blood-2008-07-171108
https://www.ncbi.nlm.nih.gov/pubmed/19074006
https://doi.org/10.1038/onc.2013.362
https://doi.org/10.1007/s00109-010-0712-4
https://www.ncbi.nlm.nih.gov/pubmed/21221514
https://doi.org/10.1155/2021/9957209
https://www.ncbi.nlm.nih.gov/pubmed/34631891
https://doi.org/10.1016/j.pharmthera.2022.108112
https://doi.org/10.5387/fms.54.61
https://doi.org/10.1016/j.lungcan.2010.04.001
https://doi.org/10.1016/j.modpat.2022.100049
https://doi.org/10.1371/journal.pgen.1004299
https://www.ncbi.nlm.nih.gov/pubmed/24901438
https://doi.org/10.1002/em.22082
https://www.ncbi.nlm.nih.gov/pubmed/28370323
https://doi.org/10.1183/13993003.00239-2023
https://doi.org/10.3390/biom13030476
https://doi.org/10.1136/bmj-2021-069679
https://doi.org/10.1136/thx.2004.037135
https://doi.org/10.3390/ijms24032859
https://www.ncbi.nlm.nih.gov/pubmed/36769181


Biomedicines 2023, 11, 2075 23 of 24

104. Palmer, L.J.; Celedón, J.C.; Chapman, H.A.; Speizer, F.E.; Weiss, S.T.; Silverman, E.K. Genome-wide linkage analysis of bron-
chodilator responsiveness and post-bronchodilator spirometric phenotypes in chronic obstructive pulmonary disease. Hum. Mol.
Genet. 2003, 12, 1199–1210. [CrossRef]

105. Demeo, D.L.; Mariani, T.J.; Lange, C.; Srisuma, S.; Litonjua, A.A.; Celedon, J.C.; Lake, S.L.; Reilly, J.J.; Chapman, H.A.;
Mecham, B.H.; et al. The SERPINE2 gene is associated with chronic obstructive pulmonary disease. Am. J. Hum. Genet.
2006, 78, 253–264. [CrossRef]

106. Barnes, P.J. Oxidative stress in chronic obstructive pulmonary disease. Antioxidants 2022, 11, 965. [CrossRef]
107. Suzuki, M.; Betsuyaku, T.; Ito, Y.; Nagai, K.; Nasuhara, Y.; Kaga, K.; Kondo, S.; Nishimura, M. Down-regulated NF-E2-related

factor 2 in pulmonary macrophages of aged smokers and patients with chronic obstructive pulmonary disease. Am. J. Respir. Cell
Mol. Biol. 2008, 39, 673–682. [CrossRef] [PubMed]

108. Fischer, B.M.; Voynow, J.A.; Ghio, A.J. COPD: Balancing oxidants and antioxidants. Int. J. Chronic Obstr. Pulm. Dis. 2015, 10,
261–276. [CrossRef] [PubMed]

109. Gould, N.S.; Min, E.; Gauthier, S.; Chu, H.W.; Martin, R.; Day, B.J. Aging adversely affects the cigarette smoke-induced glutathione
adaptive response in the lung. Am. J. Respir. Crit. Care Med. 2010, 182, 1114–1122. [CrossRef] [PubMed]

110. Moriyama, C.; Betsuyaku, T.; Ito, Y.; Hamamura, I.; Hata, J.; Takahashi, H.; Nasuhara, Y.; Nishimura, M. Aging enhances
susceptibility to cigarette smoke-induced inflammation through bronchiolar chemokines. Am. J. Respir. Cell Mol. Biol. 2010, 42,
304–311. [CrossRef]

111. Brasier, A.R. Therapeutic targets for inflammation-mediated airway remodeling in chronic lung disease. Expert Rev. Respir. Med.
2018, 12, 931–939. [CrossRef]

112. Zhou, S.; Wright, J.L.; Liu, J.; Sin, D.D.; Churg, A. Aging does not enhance experimental cigarette smoke-induced COPD in the
mouse. PLoS ONE 2013, 8, e71410. [CrossRef]

113. Ray, D.; Yung, R. Immune senescence, epigenetics and autoimmunity. Clin. Immunol. 2018, 196, 59–63. [CrossRef]
114. Murray, M.A.; Chotirmall, S.H. The impact of immunosenescence on pulmonary disease. Mediat. Inflamm. 2015, 2015, 692546.

[CrossRef]
115. Esme, M.; Topeli, A.; Yavuz, B.B.; Akova, M. Infections in the elderly critically-ill patients. Front. Med. 2019, 6, 118. [CrossRef]
116. Castle, S.C.; Uyemura, K.; Fulop, T.; Makinodan, T. Host resistance and immune responses in advanced age. Clin. Geriatr. Med.

2007, 23, 463–479. [CrossRef]
117. Knight, A.C.; Montgomery, S.A.; Fletcher, C.A.; Baxter, V.K. Mouse models for the study of SARS-CoV-2 infection. Comp. Med.

2021, 71, 383–397. [CrossRef] [PubMed]
118. Winkler, E.S.; Chen, R.E.; Alam, F.; Yildiz, S.; Case, J.B.; Uccellini, M.B.; Holtzman, M.J.; Garcia-Sastre, A.; Schotsaert, M.;

Diamond, M.S. SARS-CoV-2 causes lung infection without severe disease in human ACE2 knock-in mice. J. Virol. 2022, 96,
e0151121. [CrossRef] [PubMed]

119. Kolopp-Sarda, M.N.; Bene, M.C.; Massin, N.; Moulin, J.J.; Faure, G.C. Immunohistological analysis of macrophages, B-cells, and
T-cells in the mouse lung. Anat. Rec. 1994, 239, 150–157. [CrossRef] [PubMed]

120. Yarbro, J.R.; Emmons, R.S.; Pence, B.D. Macrophage immunometabolism and inflammaging: Roles of mitochondrial dysfunction,
cellular senescence, CD38, and NAD. Immunometabolism 2020, 2, e200026. [CrossRef] [PubMed]

121. Shi, J.H.; Sun, S.C. Tumor necrosis factor receptor-associated factor regulation of nuclear factor κB and mitogen-activated protein
kinase pathways. Front. Immunol. 2018, 9, 1849. [CrossRef]

122. Hinojosa, C.A.; Akula Suresh Babu, R.; Rahman, M.M.; Fernandes, G.; Boyd, A.R.; Orihuela, C.J. Elevated A20 contributes to
age-dependent macrophage dysfunction in the lungs. Exp. Gerontol. 2014, 54, 58–66. [CrossRef]

123. Shivshankar, P.; Boyd, A.R.; Le Saux, C.J.; Yeh, I.T.; Orihuela, C.J. Cellular senescence increases expression of bacterial ligands in
the lungs and is positively correlated with increased susceptibility to pneumococcal pneumonia. Aging Cell 2011, 10, 798–806.
[CrossRef]

124. Cheok, Y.Y.; Lee, C.Y.Q.; Cheong, H.C.; Looi, C.Y.; Wong, W.F. Chronic inflammatory diseases at secondary sites ensuing urogenital
or pulmonary Chlamydia infections. Microorganisms 2020, 8, 127. [CrossRef]

125. Ma, Y.; Sun, J.; Che, G.; Cheng, H. Systematic infection of Chlamydia pneumoniae. Clin. Lab. 2022, 68. [CrossRef]
126. Gnarpe, J.; Gnarpe, H.; Gause-Nilsson, I.; Lundorg, P.; Steen, B. Seroprevalence of antibodies to Chlamydia pneumoniae in elderly

people: A two-decade longitudinal and cohort difference study. Scand. J. Infect. Dis. 2000, 32, 177–179. [CrossRef]
127. Little, C.S.; Bowe, A.; Lin, R.; Litsky, J.; Fogel, R.M.; Balin, B.J.; Fresa-Dillon, K.L. Age alterations in extent and severity of

experimental intranasal infection with Chlamydophila pneumoniae in BALB/c mice. Infect. Immun. 2005, 73, 1723–1734. [CrossRef]
128. Mohd-Qawiem, F.; Nawal-Amani, A.R.; Faranieyza-Afiqah, F.; Yasmin, A.R.; Arshad, S.S.; Norfitriah, M.S.; Nur-Fazila, S.H.

Paramyxoviruses in rodents: A review. Open Vet. J. 2022, 12, 868–876. [CrossRef]
129. Jacoby, R.O.; Bhatt, P.N.; Barthold, S.W.; Brownstein, D.G. Sendai viral pneumonia in aged BALB/c mice. Exp. Gerontol. 1994,

29, 89–100. [CrossRef]
130. Binns, E.; Tuckerman, J.; Licciardi, P.V.; Wurzel, D. Respiratory syncytial virus, recurrent wheeze and asthma: A narrative review

of pathophysiology, prevention and future directions. J. Paediatr. Child Health 2022, 58, 1741–1746. [CrossRef]
131. Collins, R.A.; Gualano, R.C.; Zosky, G.R.; Chiappetta, C.L.; Turner, D.J.; Colasurdo, G.N.; Hantos, Z.; Sly, P.D. Lack of long-term

effects of respiratory syncytial virus infection on airway function in mice. Respir. Physiol. Neurobiol. 2007, 156, 345–352. [CrossRef]
[PubMed]

https://doi.org/10.1093/hmg/ddg125
https://doi.org/10.1086/499828
https://doi.org/10.3390/antiox11050965
https://doi.org/10.1165/rcmb.2007-0424OC
https://www.ncbi.nlm.nih.gov/pubmed/18566336
https://doi.org/10.2147/COPD.S42414
https://www.ncbi.nlm.nih.gov/pubmed/25673984
https://doi.org/10.1164/rccm.201003-0442OC
https://www.ncbi.nlm.nih.gov/pubmed/20622027
https://doi.org/10.1165/rcmb.2009-0025OC
https://doi.org/10.1080/17476348.2018.1526677
https://doi.org/10.1371/journal.pone.0071410
https://doi.org/10.1016/j.clim.2018.04.002
https://doi.org/10.1155/2015/692546
https://doi.org/10.3389/fmed.2019.00118
https://doi.org/10.1016/j.cger.2007.03.005
https://doi.org/10.30802/AALAS-CM-21-000031
https://www.ncbi.nlm.nih.gov/pubmed/34610856
https://doi.org/10.1128/JVI.01511-21
https://www.ncbi.nlm.nih.gov/pubmed/34668780
https://doi.org/10.1002/ar.1092390205
https://www.ncbi.nlm.nih.gov/pubmed/8059977
https://doi.org/10.20900/immunometab20200026
https://www.ncbi.nlm.nih.gov/pubmed/32774895
https://doi.org/10.3389/fimmu.2018.01849
https://doi.org/10.1016/j.exger.2014.01.007
https://doi.org/10.1111/j.1474-9726.2011.00720.x
https://doi.org/10.3390/microorganisms8010127
https://doi.org/10.7754/Clin.Lab.2021.210908
https://doi.org/10.1080/003655400750045295
https://doi.org/10.1128/IAI.73.3.1723-1734.2005
https://doi.org/10.5455/OVJ.2022.v12.i6.14
https://doi.org/10.1016/0531-5565(94)90065-5
https://doi.org/10.1111/jpc.16197
https://doi.org/10.1016/j.resp.2006.11.009
https://www.ncbi.nlm.nih.gov/pubmed/17236822


Biomedicines 2023, 11, 2075 24 of 24

132. Giles, B.M.; Bissel, S.J.; Craigo, J.K.; Dealmeida, D.R.; Wiley, C.A.; Tumpey, T.M.; Ross, T.M. Elicitation of anti-1918 influenza virus
immunity early in life prevents morbidity and lower levels of lung infection by 2009 pandemic H1N1 influenza virus in aged
mice. J. Virol. 2012, 86, 1500–1513. [CrossRef] [PubMed]

133. Sheinin, M.; Jeong, B.; Paidi, R.K.; Pahan, K. Regression of lung cancer in mice by intranasal administration of SARS-CoV-2 Spike
S1. Cancers 2022, 14, 5648. [CrossRef] [PubMed]

134. Rydell-Törmänen, K.; Johnson, J.R. The applicability of mouse models to the study of human disease. Methods Mol. Biol. 2019,
1940, 3–22. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/JVI.06034-11
https://www.ncbi.nlm.nih.gov/pubmed/22130546
https://doi.org/10.3390/cancers14225648
https://www.ncbi.nlm.nih.gov/pubmed/36428739
https://doi.org/10.1007/978-1-4939-9086-3_1

	Introduction 
	Studies in Mechanisms of Lung Aging 
	Studies in Lung Cancer 
	Studies in COPD 
	Studies in Infectious Diseases 
	Conclusions 
	References

